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Abstract

Lysophosphatidic acid (LPA) is a lipid mediator that modulates a wide variety of cellular 

functions. Elevated LPA signaling has been reported in patients with colorectal cancer or 

inflammatory bowel diseases, and the tumorigenic role of LPA has been demonstrated in 

experimental models of colon cancer. However, emerging evidence indicates the importance of 

LPA signaling in epithelial wound healing and regulation of intestinal electrolyte transport. Here, 

we briefly review current knowledge of the biological roles of LPA signalling in the intestinal 

tract.
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Introduction

The surface of the intestinal tract is lined with a layer of simple columnar epithelial cells. 

The surface of the small intestine is structurally divided into villus and crypt. The villus 

increases the surface area for absorption that is carried out by fully differentiated 

enterocytes. The crypt harbors stem cells and progenitors cells that regenerate the entire 

population of the intestinal epithelium every three to five days. In addition to carrying out 

digestion of food and absorption of nutrients, intestinal epithelial cells (IECs) form the first 

line of defense by separating the body from the lumen of the gut. The hostile luminal 

microenvironment damages the epithelial barrier that compromises the mucosal innate 
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immunity that can lead to the pathologic conditions, such as inflammatory bowel diseases 

(IBD), infectious enterocolitis, and colorectal cancer (CRC) [1].

The integrity of intestinal epithelial cells is modulated by several factors that present within 

the intestinal lumen or the underling submucosa. These include growth factors (transforming 

growth factor-β, epidermal growth factor, platelet-derived growth factor, and vascular 

endothelial growth factor), regulatory peptides (trefoil and glucagon-like peptide-2), and 

non-peptide regulators (polyamine, adenine nucleotide, and glutamine) [1]. Damage to the 

intestinal surface and the breakdown of cell membrane lipid complexes lead to generation of 

eicosanoids, such as prostaglandins, thromoboxane, and leukotrienes, which are closely 

linked to pro-inflammatory responses, bacterial translocation, vasoconstriction, and cell 

survival [2]. LPA is a pleiotropic lipid molecule with potent effects on cell growth, motility, 

and inflammatory responses. Studies links LPA to inflammation and cancer, but emerging 

evidence indicates the roles of LPA in regulation of physiological functions in the gut.

LPA receptor expression in the intestine

During cell injuries and inflammation, LPA is produced by the activated platelets, 

fibroblasts and even by the injured epithelial cells. The majority of extracellular LPA is 

thought to be generated by at least two pathways. First involves hydrolysis of the fatty acid 

moiety from the membrane derived phosphatidic acid (PA) by phospholipase A1 (PLA1) and 

phospholipase A2 (PLA2). Another pathway requires the removal of choline moiety from 

lysophosphatidylcholine (LPC) by lysophospholipase D known as autotaxin (ATX) [3]. In 

addition to the cellular generation, LPA is present in significant amounts in several types of 

foodstuffs, including egg, soybean, and cabbage leaves [4]. Interestingly, egg yolk 

predominantly contains saturated LPA, whereas unsaturated LPA is the dominant LPA 

species in egg white [4]. Although the amounts of LPA in most of foodstuffs are not known, 

a recent study has shown the presence of PA in vegetables, such as cabbage leaves and 

Japanese radish leaves [5]. In an earlier study, the same group has shown that LPA is formed 

during mastication in the mouth by conversion of PA to LPA by PLA2 [6]. Because the 

gastrointestinal tract is the primary site of digestion, biological effects of food-borne LPA 

carry a great significance. It was shown that unsaturated fat-rich Western diet elevates 

unsaturated LPA levels without altering saturated LPA in the mouse small intestine that 

lacks low density lipid receptor [7]. This study potentially links Western diet to systemic 

inflammation and dyslipidemia via increased levels of unsaturated LPA.

LPA mediates its effects through a family of G protein-coupled receptors, LPA1–6 [8]. 

Multiple LPA receptors are expressed in the intestinal tract. The most abundant LPA 

receptors in mouse ileal and colonic epithelial cells are LPA1 and LPA5 based on 

quantitative RT-PCR [9]. The expression levels of LPA2, LPA3, and LPA4 are relatively low 

in mouse IECs. Similarly, normal intestinal epithelial cell lines such as rat IEC-6, YAMC 

(young adult mouse colonic epithelium), and MSIE (mouse small intestinal epithelium) cells 

express LPA1 at the highest level although expression of other LPA receptors varies 

depending on the cell lines [10]. Many of the colon cancer cell lines express elevated levels 

of LPA2, a trend often observed in other cancer cells [11]. LPA5 mRNA expression is 

abundant in freshly isolated IECs from mouse, but most of the cultured epithelial cells of 
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intestine origin, including YAMC, MSIE, Caco-2, and HCT116, either lack LPA5 or express 

at a low level [9, 10].

The intestinal tract plays a critical role in immune system homeostasis. It was reported that 

LPA2 is expressed in human CD4+ T cells and CD19+ B cells, but not in CD8+ T cells [12]. 

A recent study showed that LPA5 is highly expressed in the intraepithelial lymphocytes of 

mouse intestine, with the highest in CD8+ T cells [13]. In addition, LPA5 is abundantly 

expressed in human mast cells [14].

Role of LPA in CRC

CRC results from the accumulation of multiple independent genetic instabilities and 

activation of oncogenic pathways that transform epithelial cells to cancerous cells [15]. In 

addition, growth factors, angiogenic factors, and motility factors that are produced by the 

tumor cells or surrounding environment play a critical role in malignant transformation. A 

body of evidence supports that LPA such a factor that stimulates proliferation, survival, and 

migration of malignant cells. ATX was originally identified as a motility factor from the 

culture supernatant of human melanoma cells [16]. Up-regulation of ATX in malignancies 

including breast ovarian, thyroid and lung cancer correlates with invasiveness and metastatic 

potential of cancer cells [8]. Similarly, ATX is highly expressed in infiltrating cells in 

human CRC tumor tissue in the submucosal layer. ATX expression shows a positive 

correlation with tumor angiogenesis in the early stage of CRC [17]. However, whether LPA 

levels are elevated in CRC patients is not known. Nevertheless, extracellular ATX enances 

locomotion of Caco-2 and MDCK cells [18], and the pan-antagonist of ATX and LPA 

receptor BrP-LPA is shown to be effective in limiting liver metastasis of HCT116 cells [19].

Among the LPA receptors, LPA2 provides a considerable pathophysiological relevance to 

cancer progression. The first observation of aberrant expression of LPA receptors in cancer 

came from the study by Goetzl et al. [20] that showed increased LPA2 transcript expression 

in ovarian cancer cells. Shida et al. [21] have shown elevated expression of LPA2 and 

concurrent decrease in LPA1 expression in CRC patients. The altered expression of LPA2 is 

a common occurrence in several colon cancer cell lines [11].

Much work has underscored the positive effect of LPA on cancer cell proliferation and 

migration. LPA promotes proliferation and migration of human colon cancer cells, including 

HCT116, LS174T, SW480, and LoVo, via LPA2 or LPA3 [22, 23]. Hepatic metastasis of 

colon cancer 26 cells by LPA is dependent on macrophage migration inhibitory factor (MIF) 

[24]. LPA also stimulates migration of SGC-7901 gastric cancer cells that predominantly 

express LPA2 [25]. Reduced expression of LPA1 in CRC patients and colon cancer cell lines 

[11, 21] appears to suggest that LPA1 has an anti-cancer role, but a line of evidence 

contradicts this. LPA1 stimulates colony scattering and migration of DLD1 cells [26, 27]. 

LPA also stimulates migration of LPA1-expressing NUGC-3 and MKN1 human gastric 

cancer cells in a Boyden chamber, but not in LPA2-expressing MKN28 and MKN74 cells 

[28]. Induction of vascular endothelial growth factor and IL-8 by LPA via LPA1-dependent 

pathways further suggests the potential contribution of LPA1 to cancer cell metastasis [11, 

21]. However, no study has been performed to determine the role of LPA1 in tumor 
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initiation and progression in vivo. Little is known about the role of LPA5. It was shown 

recently that LPA5 has an anti-migratory effect, inhibiting invasion of B16 melanoma cells 

across a Matrigel layer [29].

Colon cancer cell proliferation is achieved in part by activation of β-catenin, a co-activator 

of the TCF/LEF transcription factor in the Wnt pathway [22]. LPA activates β-catenin by 

inhibition of glycogen synthase kinase 3β [22]. Krüppel-like factor 5 (KLF5) is a 

transcription factor highly expressed in proliferation cells in the intestinal tract [30]. We 

have shown that KLF5 expression in colon cancer cells is induced by LPA via PKCδ- and 

MAPK-dependent pathways [23]. Silencing of either β-catenin or KLF5 blocked LPA-

induced proliferation of HCT116, LS174T, and SW480 colon cancer cells, indicating their 

importance in cancer cell growth [22, 23]. It is not known whether β-catenin and KLF5 

cooperatively or independently regulate cell proliferation, but KLF5 can physically interact 

with β-catenin in COS-1 cells to enhance the nuclear localization and transcriptional activity 

of β-catenin [31].

It has been shown that LPA suppresses p53 transcription in A549 lung carcinoma cells and 

protects the cells from actinomycin D-induced apoptosis [32]. Similarly, LPA induces the 

p53-specific ubiquitin ligase Mdm2, which suppresses p53 expression in colon cancer cells 

[33]. The transcription factor hypoxia-inducible factor 1 (HIF-1) is a pivotal regulator of 

cellular adaptation to hypoxia. In cancer cells, various growth factors, activated oncogenes, 

or loss-of-function mutations of tumor suppressor genes can induce HIF-1α expression 

under non-hypoxic conditions. We showed recently that the suppression of p53 is necessary, 

but not sufficient, for the induction of HIF-1α by LPA under non-hypoxic conditions. In 

addition to p53, HIF-1α expression requires KLF5, both of which bind to the Hif1α 

promoter. Hence, KLF5 transcriptionally regulates HIF-1α by displacing p53 from the hif1α 

promoter (Figure 1). However, mutant p53 is resistant to LPA-induced degradation and 

hence HIF-1α induction by LPA is limited to colon cancer cells harboring wild-type p53 

[33]. Given that mutation in the p53 gene occurs at a late stage of colon tumor development, 

this finding implies that LPA may potentiate colon tumor progression by enhancing β-

catenin activation while repressing the tumor suppressor function of p53.

There are reports documenting the role of LPA in protection of IECs from radiation and 

chemotherapy-induced apoptosis. LPA prevents mitochondrial dependent apoptosis of IECs 

by inhibition of caspase-3, upregulation of Bcl-2 expression, and inhibition of apoptotic Bax 

and Bad [34, 35]. In addition, oral administration of a metabolically stable LPA analog 

protects enterocytes from γ-irradiation-induced apoptosis [34]. This protection is LPA2 

dependent since LPA does not protect LPA2-null (Lpar2−/−) mice.

LPA2 contains a unique carboxyl terminal sequence that preferentially binds to Class I PDZ 

domains. Thus far, Na+/H+ exchanger regulatory factor 2 (NHERF2), membrane-associated 

guanylate kinase with inverted orientation-3 (MAGI-3), leukemia-associated Rho guanine 

nucleotide exchange factor (RhoGEF), and PDZ-RhoGEF are known to interact with LPA2 

[8]. Cellular signaling and effects of LPA2 are modulated through the interaction with these 

PDZ proteins. NHERF2 facilitates activation of phospholipase C-β3 (PLC-β3) that activates 

COX-2, NF-κB, and JNK and promotes migration of colon cancer cells. On the other hand, 
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the competitive binding of the LPA2 carboxyl terminus with MAGI-3 shows an anti-tumor 

effect by decreasing colon cancer cell invasion through the Matrigel layer [36].

The importance of LPA and LPA2 in CRC has been demonstrated in the rodent models of 

Apcmin and colitis-induced colon cancer [37, 38]. Oral administration of LPA for one month 

increased tumor incidence in Apcmin mice [38]. Similarly, weekly intraperitoneal injections 

of LPA for 30 weeks in the azoxymethane-induced rat model of adenocarcinoma 

significantly enhanced the development of pleural metastasis [39]. The loss of LPA2 

(Lpar2−/−) in mice shows decreased tumor numbers and growth when exposed to a 

combination of azoxymethane and dextran sodium sulfate (DSS) or in the Apcmin 

background. In parallel, the expression of cyclooxygenase-2 (COX-2), HIF-1α, KLF5, MIF, 

and monocyte chemoattractant protein 1 is decreased in Lpar2−/− mice [37, 38].

Role of LPA in intestinal mucosa repair

When an epithelial surface is damaged, epithelial cells adjacent to the wound migrate to the 

denuded area closing the wound and reestablishing the epithelial barrier. A line of evidence 

shows that LPA stimulates migration of IECs. Migration of IEC-6 cells by LPA is pertussis 

toxin dependent, indicating the presence of a Gαi-couple receptor [40, 41]. On contrary, a 

recent study showed that LPA stimulates migration and proliferation of YAMC and MSIE 

cells by LPA1-and Gαq-dependent mechanisms [10]. Migrating cells undergo striking 

transition in cell shape that is orchestrated by the RhoA family of GTPase, actin cytoskeletal 

reorganization, and focal adhesion kinase (FAK). LPA rapidly induces reorganization of the 

actin cytoskeleton that forms lamellipodial protrusions in the leading edge [10, 41]. FAK 

plays a crucial role in LPA-induced assembly of focal adhesions and migration of IECs [41, 

42]. LPA also shows chemotactic activity and regulates matrix metalloproteases that 

contribute to cell migration and wound healing [18]. We showed recently that Gαq-coupled 

LPA1 activates PLC-β1 and PLC-β2 in YAMC cells [10]. This study showed that PLC-β1 

and PLC-β2 are required for proliferation and migration of YAMC cells, respectively. Gαq 

translocates to the nucleus where it interacts with PLC-β1 to stimulate cell cycle 

programing. PLC-β2, on the other hand, activates Rac1 at the plasma membrane 

contributing to cell migration. Although RhoA is often involved in cell migration, LPA1 

decreases RhoA activity in YAMC cells, suggesting that RhoA may have an inhibitory 

effect. A question remains how migration of normal IECs and malignant cells by LPA 

differs at the cellular and molecular levels. While the mechanistic difference remains 

unclear, it is important to recognize that cancer cells and normal cells share many 

characteristics, such activation PLC-β, RhoGTPase, and FAK. One fundamental difference 

between migration of normal IECs and cancer cell is that normal wound healing is self-

limiting, but cancer cells co-opt and dysregulate normal physiological processes to facilitate 

growth, migration, invasion and angiogenesis. More research is needed to clarify the 

complexity of LPA-mediated effects.

LPA1-null (Lpar1−/−) mice exhibit a cranofacial deformity and defective bone development 

[8]. The intestinal tract of Lpar1−/− mice does not display a gross change. However, a close 

examination revealed alterations that correlate with the role of LPA1 in vitro. The numbers 

of proliferating cells along the intestinal tract and the rate of migration of proliferating cells 
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towards the villus in the small intestine or the crypt surface in the colon are significantly 

decreased in Lpar1−/− mice [10]. In contrast, no difference in proliferation or migration of 

IECs was observed in Lpar2−/− mice. Oral administration of LPA to wild-type but not 

Lpar1−/− mice results in increased proliferation and migration of IECs towards the luminal 

surface of the intestine. As dividing cells are expected to push the existing cells upwards, it 

is difficult to conclude whether the aberrant IEC migration in Lpar1−/− mice is entirely due 

to the defective migration or secondary to altered cell division.

The effect of LPA in wound healing in vivo was first demonstrated by Sturm et al. [40]. The 

authors showed that the extent of injury, assessed by weight loss and macroscopic mucosal 

damage, in the trinitrobenzene model of colitis was markedly decreased by topical LPA 

treatment. The protective potential of LPA was further highlighted by the observation that 

intragastric administration of soybean lecithin-derived LPA or LPA-rich Chinese medicine 

antyusan protected rats from stress-induced gastric ulcer [43]. The direct role of LPA1 was 

demonstrated by an in vivo wound healing assay where a mucosal wound was created by an 

endoscope in the mouse rectum [10]. Oral application of LPA enhanced the closure of the 

mucosal wound only in wild type mice but not in Lpar1−/− mice, demonstrating the role of 

LPA1 in epithelial restitution in vivo. In addition, the recovery from DSS-induced colitis 

was delayed by Ki16425, an antagonist for LPA1 and LPA3 [10, 44]. Our unpublished 

results indicate that Lpar1−/− mice are more susceptible to DSS-induced colitis, consistent 

with the protective effects of LPA1 described above. On the other hand, Lpar2−/− mice 

appear resistance to DSS.

The ATX-LPA axis is up-regulated in several inflammatory diseases, including multiple 

sclerosis, arthritis, fibrosis, and obesity. Increased ATX expression has been reported in 

liver fibrosis and chronic hepatitis [8]. Translocation of lymphocytes into the intestinal 

mucosal layer is of a central importance in the pathogenesis of IBD. It has been shown that 

ATX promotes the entry of T cells into secondary lymphoid organs [45]. A recent study has 

shown that the expression level of ATX is elevated in human patients with IBD [46]. LPA 

induces pro-inflammatory mediators, such as COX-2 and IL-8 [11, 47]. Administration of an 

ATX inhibitor, bithionol, decreased lymphocyte migration to the intestine and ameliorated 

inflammation caused by DSS in mice [46]. However, although DSS-induced colitis has 

some features of human IBD, it is primarily a model for acute inflammation and epithelial 

damage. The effects of ATX inhibition in chronic inflammation of the gut remain to be 

determined.

Regulation of electrolyte transport by LPA

Worldwide, diarrhea claims several million lives annually, mostly those of infants. Although 

its incidence is much lower in the more affluent nations, diarrhea remains one of the two 

most common visits to pediatric emergency rooms and is also common among the 

institutionalized elderly. The human intestine absorbed 8–9 L of electrolyte-rich fluid per 

day. The absorption of water results principally from the osmotic gradient created across the 

epithelium by absorption of electrolytes and nutrients. In the villus of IECs, Na+ absorption 

by the Na+/H+ exchanger type 3 (NHE3 or SLC9A3) is coupled with Cl− absorption by an 

anion exchanger to complete electroneutral absorption of NaCl [48]. In the crypt 
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compartment, Cl− secretion by the cystic fibrosis transmembrane conductance regulator 

(CFTR) predominates [49]. It was shown that LPA2 attenuates cholera toxin-induced Cl− 

secretion in mouse intestine by inhibiting CFTR [50]. LPA2 and CFTR mRNA expression is 

relatively greater in the crypt region and LPA fails to regulate Cl− secretion in Lpar2−/− 

mice, confirming the importance of LPA2 in this regulation [51].

In the intestinal villus cells, LPA facilitates Na+ absorption by activation of NHE3 [9]. 

Unlike CFTR regulation, the activation of NHE3 by LPA is LPA5-dependent [9]. 

Stimulation of NHE3 by LPA5 involves transactivation of EGFR expressed in the apical 

membrane of IECs [52]. EGFR simultaneously activates the RhoA-ROCK (Rho associated 

kinase)-Pky2 (proline-rich tyrosine kinase 2) cascade and the MEK-ERK pathway (Figure 

2). The anti-secretory activity of LPA through targeting NHE3 and CFTR suggests that 

LPA-rich food, single- or dual agonists of LPA2/LPA5 can be considered to have the 

potential for therapeutic intervention of certain forms of diarrheal disease. In this regard, 

LPA2-specific agonists are already under development [53].

Summary

Our understanding of the role of LPA and its receptor in the intestinal tract is rapidly 

growing. Much work has ascribed inflammation and malignant transformation to the LPA 

signaling cascade. Recent development of receptor-specific antagonists and receptor-null 

mice has led to profound insights into the mechanisms by which LPA regulates the epithelial 

integrity and homeostasis. There are additional complexities of LPA and further works is 

warranted to evaluate the balance between the pathological and restorative effects of LPA in 

the intestinal tract.
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Abbreviations

LPA Lysophosphatidic acid

IEC intestinal epithelial cell

IBD inflammatory bowel disease

CRC colorectal cancer

PA phosphatidic acid

PLA phospholipase A

ATX autotaxin

YAMC young adult mouse colonic epithelium

MSIE mouse small intestinal epithelium

HIF-1 hypoxia-inducible factor 1
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KLF5 Krüppel-like factor 5

MIF macrophage migration inhibitory factor

MAGI-3 membrane-associated guanylate kinase with inverted orientation-3

NHERF Na+/H+ exchanger regulatory factor

RhoGEF Rho guanine nucleotide exchange factor

PLC-β phospholipase C-β

DSS dextran sodium sulfate

FAK focal adhesion kinase

MMP matrix metalloprotease

COX-2 cyclooxygenase-2

NHE3 Na+/H+ exchanger 3

CFTR cystic fibrosis transmembrane conductance regulator
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Highlights

• This paper presents multiple effects of LPA in the intestinal tract.

• LPA promotes colon cancer progression.

• LPA induces epithelial wound healing

• An antidiarrheal effect of LPA

Yun and Kumar Page 12

Exp Cell Res. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Regulation of HIF-1α by LPA
A. Under basal conditions, p53 functions as a negative regulator of Hif1α promoter. B. LPA 

stimulates Mdm2, which ubiquitinates and degrades p53. At the same time, LPA induces 

expression of KLF5 that transactivates Hif1α promoter and transcribes HIF1α mRNA. C. 

However, mutant p53 is resistant to LPA-mediated degradation of p53. Although KLF5 is 

induced by LPA in cells harboring mutant p53, KLF5 is unable to displace mutant p53 [33].
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Figure 2. Regulation of intestinal transport by LPA
LPA5 stimulates Na+ absorption by activation of NHE3 in the villus [9]. Regulation of 

NHE3 is mediated by transactivation of EGFR, which activates the RhoA-ROCK-Pyk2 and 

MEK-ERK pathways converging onto NHE3 [52]. In the crypt compartment, LPA2 

decreases cAMP generation by cholera toxin, leading to inhibition of CFTR Cl− channel 

[50].
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