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ABSTRACT
Systemic chemotherapy in combination with local intervention through
surgery and radiotherapy are effective treatments for breast cancers. Chemotherapy
is often used in patients with early signs of disease to effectively shrink the tumor
and prevent metastasis before surgical excision of the tumor. However, relapse
occurs in some of these patients due to the presence of remnant cancer cells that are
resistant to chemotherapy. These cancer cells may acquire additional resistance
mechanisms resulting in multi-drug resistance and treatment failure. Aggressive
tumors show inherently poor sensitivity to chemotherapeutics. Studies primarily
based on cell culture models have identified mechanisms of chemo-resistance. These
mechanisms include alterations in drug accumulation, increased drug metabolism,
altered DNA damage response, evasion of cell-death and decreased ceramide
accumulation. In animal models of cancer, additional complexity arises from
signaling cross-talk among the cancer cells, stroma, extracellular matrix and the
vasculature in the tumor microenvironment that contribute to the development of
multi-drug resistance. Cytokines, chemokines and growth factors secreted into the
tumor microenvironment represent a hurdle to successful chemotherapy by making
the tumors inherently resistant and contributing to development of additional
resistance.
We examined the mechanism by which extracellular lysophosphatidate
(LPA), which is produced by the secreted enzyme, autotaxin (ATX), contributes to
multi-drug resistance using breast, thyroid, liver and lung cancer cells. LPA acts
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through its G-protein coupled receptor, LPA1-6, to promote survival and proliferation
in cancers. We discovered that LPA increased the stability and nuclear localization
of the transcription factor Nuclear Factor, Erythroid 2-Like 2 or Nrf2. Nrf2, a master
regulator of the antioxidant response, promotes resistance to chemotherapeutics
through increased metabolism, conjugation and export of drugs from the cell. We
showed that LPA, through the activation of LPA1 receptors and phosphatidylinositol
3-kinase (PI3K), increased Nrf2 stabilization and the expression of multi-drug
resistance transporters (MDRT) and antioxidant genes. LPA increased the efflux of
substrates of the MDRT, which includes chemotherapeutics such as doxorubicin.
Consequentially, LPA protected cancer cells from doxorubicin- and etoposideinduced apoptosis. We tested these results in vivo using a syngeneic 4T1 breast
cancer model. Blocking LPA production with ONO-8430506, a competitive ATX
inhibitor, decreased the expression of Nrf2 and Nrf2-regulated genes in breast
tumors. Combining 4 mg/kg doxorubicin every third day with 10 mg/kg ONO8430506 every day decreased tumor growth and metastasis to lungs and liver by
>70%, whereas doxorubicin alone had no significant effect on tumor growth.
Additionally, we show increased expression of Nrf2 in the primary tumors of breast
cancer patients, who have a recurrence following surgery and chemotherapy. We
also demonstrate a novel concept of chemotherapy-induced increases in
inflammation and ATX production as a mediator of resistance to oxidative damage
in the 4T1 tumors. Increased expression of Nrf2 and its targets were also observed in
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tamoxifen-treated breast cancer cells and tumors. Inhibition of ATX overcomes this
vicious cycle of inflammation, LPA production and resistance to oxidative damage.
Finally, we examined another aspect of LPA signaling that contributes to
increased resistance to chemotherapeutics. This involves increased activation and
expression of sphingosine kinase 1 (SK1), which results in formation of sphingosine
1-phosphate (S1P) in the cells. LPA-induced translocation of SK1 to membranes,
which constitutes an activation step, is higher in doxorubicin-resistant cancer cells
when compared to their isogenic controls. Additionally, the doxorubicin-resistant
cancer cells have increased expression of the MDRT and S1P receptors. We propose
that extracellular LPA coordinates S1P signaling in cancer cells. This is through
activation of SK1, secretion of S1P through the MDRT and increased signaling of
secreted S1P through the S1P receptors.
Overall, our studies have demonstrated a potentially important role for LPA
signaling in increasing resistance to chemotherapies and development of multi-drug
resistance. This is through the increased expression of Nrf2 and transcription of
antioxidant and MDRT genes. Our study also provides a practical strategy for
targeting LPA signaling in cancers by blocking LPA production with ATX
inhibitors. There are no ATX inhibitors in the clinic. Inhibition of ATX could be a
useful strategy in improving the efficacy of existing cancer therapies and to prevent
the

development

of

chemo-resistance

in

patients.
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CHAPTER 1 – INTRODUCTION

1

1.1 Overview of resistance to chemotherapies in cancer
A major challenge in cancer treatment is to prevent metastasis and the
development of resistance to existing therapies. Chemotherapy is often used in
combination with other treatment options including surgery, radiotherapy, hormonal
therapy and targeted therapies. Systemic chemotherapy is the primary treatment in
patients diagnosed with late stages of locally invasive and metastatic cancers.
However, resistance to chemotherapeutics occurs frequently. The progressive
development of resistance to multiple chemotherapeutics is termed multi-drug
resistance (MDR) and results in treatment failure, relapse and death (reviewed in (13)). MDR has been studied in the laboratory through cell culture and animal models
(4). Investigations using cell culture and animal models have offered mechanistic
insights into the diverse signaling pathways that are altered, leading to resistance to
chemotherapeutics.
In this work, I have investigated the role of extracellular LPA in promoting
chemo-resistance in cell culture and animal models. The common mechanisms of
chemo-resistance in cancer cells include 1. Decreased drug accumulation; 2.
Increased drug metabolism; 3. Decreased DNA damage response; 4. Evasion of
cell-death; and 5. Decreased ceramide accumalation (2, 3, 5). These aspects will be
described in more detail in the following section. The role of LPA in promoting
resistance to therapies is discussed in Section 1.3. The role of sphingolipids,
including ceramides, in promoting resistance to chemotherapies (6, 7) is discussed in
Section 1.4.

2

1.1.1

Uptake and efflux of chemotherapeutic drugs

The accumulation of drugs in cancer cells at the level of plasma membrane is
controlled by uptake and efflux mechanisms. Once the drug has crossed the plasma
membrane, additional mechanisms exist to decrease cell drug concentrations in the
cell through increased compartmentalization, metabolism and finally efflux of the
drug and its metabolites. Increased efflux activity through ATP-binding cassette
(ABC) drug transporters is the most frequently cited mechanism of drug resistance
(8). ABC transporters are membrane proteins that regulate the efflux of drugs against
their concentration gradient in an ATP-dependent manner. The ABC superfamily
includes 48 functional ABC transporters encoded by the human genome and these
are further divided into 7 sub-families - A through G. ABCB1 (9), ABCC1 (10) and
ABCG2 (11) are best characterized for their role in multidrug resistance.
The clinical importance of the MDRT are still under investigation (4). Increased
ABCB1 expression has been clinically correlated to poor prognosis and
chemotherapy response in adult leukemia (12). ABCC1 is expressed in many solid
tumors such as breast, ovarian, lung and prostate cancers as well as in hematological
malignancies. However, the clinical association between ABCC1 expression and
treatment outcomes are not clear (13). High ABCG2 expression has been reported in
drug-resistant cells that do not express ABCB1 or ABCC1. ABCG2 expression has
been linked to poor chemotherapy response in many solid tumors and leukemia (13).
A comprehensive gene signature using overlapping MDRT genes has been suggested
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as an alternative approach for predicting survival and chemotherapy responses in
clinics (14).
ABCB1 was the first identified MDRT. It consists of two transmembrane
domains (TMD) and 2 nucleotide-binding domains (NBD), which is typical for the
ABC superfamily (Figure 1.1). ABCC1 contains an additional transmembrane
domain (TMD0) at the N-terminus. ABCG2 is a half-transporter and is thought to
homodimerize to function as a full transporter (2, 8). The mechanism of drug
transport in human MDRT is still under investigation. However, it is thought to be a
two-step cycle of ATP hydrolysis coupled to substrate transport across the
membrane based on homology models from bacterial transporters (13).

4

FIGURE 1.1- Topological structure of the ABC transporters: ABCB1, ABCC1 and
ABCG2 – ABCB1, ABCC4, ABCC5 have two TMD domains, which is typical for the
ABC-family. ABCC1 has an extra TMD (TMD0), which is also seen in ABCC -2, -3, -6 and
-7. ABCG2 is a half-transporter. NBD: Nucleotide binding domain; TMD: Transmembrane
domain.
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TABLE 1: List of chemotherapeutic MDRT substrates (13).

ABCB1

ABCC1

ABCG2

Vinca alkaloids
(Vincristine,
Vinblastine)
Anthracyclines
(Doxorubicin,
Daunorubicin)
Epipodophyllotoxins
(Etoposide, Teniposide)
Campothecins
(Topotecan, Irinotecan)
Taxanes
Anthracenes
(Bisantrene and
Mitoxantrone)

Vinca alkaloids
(Vincristine,
Vinblastine)
Anthracyclines
(Doxorubicin,
Daunorubicin)
Epipodophyllotoxins
(Etoposide, Teniposide)
Campothecins
(Topotecan, Irinotecan)
Methotrexate

Vinca alkaloids
(Vincristine,
Vinblastine)
Anthracyclines
(Doxorubicin,
Daunorubicin)
Epipodophyllotoxins
(Etoposide, Teniposide)
Campothecins
(Topotecan, Irinotecan)
Methotrexate
Anthracenes
(Bisantrene and
Mitoxantrone)

Drug Conjugates
(Doxorubicin-SG,
Cyclophosphamide-SG,
Melphalan-SG,
Etoposide-glucuronide,
SN-38-glucuronide)

MDRT are highly expressed in pharmacologically relevant regions such as in
blood-brain barrier, placenta, liver, gut and kidney. They play a physiological role in
tissue

defense

and

protection

from

xenobiotic-induced

toxicity

(15).

Chemotherapeutics that are substrates for ABCB1, ABCC1 and ABCG2 are listed in
the Table 1. In addition to chemotherapeutics, several toxins, carcinogens,
pesticides, metal/metalloids and lipid peroxidation products are amongst their
substrates (8, 15, 16). The ABCC- (MRP) family can also transport organic anions
and by-products that are conjugated with glutathione, sulfate or glucuronides (2, 8).
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Other members of the ABCC family, such as ABCC2 confer resistance to drugs such
as taxanes (17) or platins (18). As many as 31 members of the 48 member ABC
transporter superfamily decrease the sensitivity of cancer cells to chemotherapeutics
(19). Non-ABC transporters have also been implicated in drug resistance (20, 21).
RALBP1 (22), a GTPase activating protein, increases the efflux of doxorubicin and
glutathione conjugates in an ATP-dependent manner. Significantly, RALBP1
accounted for the export of 80% of total conjugated 4-hydroxynonenal (4-HNE), a
major lipid peroxidation metabolite formed as a result of increased oxidative stress.
4-HNE glutathione conjugates are also effluxed by ABCC1 (23-25). Several
clinically relevant drugs such as antibiotics, tyrosine kinase inhibitors and statins are
substrates for the MDRT. Hence, new drug candidates are often pre-screened for
their interaction with ABC-transporters (13).
The mechanism of uptake for many chemotherapeutics by cancer cells is
poorly understood (16) . The solute carrier superfamily (SLC) of transporters (~360
members) includes ion-coupled transporters, exchangers and passive transporters.
They are localized to the plasma membrane and also to intracellular organelles such
as the mitochondria (26). They also facilitate passive diffusion, co-transport or ionexchange across the concentration gradient. The SLC families that have been
previously linked with uptake of chemotherapy drugs include organic cation
transporters (SLC22A1-3), organic cation/carnitine transporter (SLC22A4-5),
organic anion transporters (SLC22A6-8), organic anion-transporting polypeptides
(SLCOs) and copper transporters (CTR). For example, the solute carrier SLCO1B3
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was shown to take up paclitaxel (27). Overexpression of another solute carrier,
SLC22A4, confers increased sensitivity to doxorubicin (28). The folate transporters,
SLC19A1 and SLC46A1, have been implicated in resistance to methotrexate (29). In
addition to their role in chemotherapeutic drug uptake, certain SLC family members
may influence the survival of tumors by increased uptake of nutrients (29).

1.1.2

Drug metabolism in cancer cells
Drugs that have crossed the plasma membrane encounter cell defense

mechanisms, which decrease their effectiveness. Chemotherapeutic drugs such as
doxorubicin and cisplatin are compartmentalized to lysosomes, Golgi and
melanosomes leading to decreased DNA damage, increased efflux and acquisition of
chemoresistance (21, 30-33).

Cancer cells isolated from doxorubicin-resistant

tumors also show nuclear exclusion of doxorubicin and increased expression of
ABCB1 (34).
Cells respond to xenobiotics, including drugs, by making them less toxic, more
water-soluble and more easily excreted. The coordinated regulation of the enzymes
involved in drug metabolism and export can be broadly divided into 3 phases (35).
Phase I reactions are mainly oxidation, reduction and hydrolysis reactions. The
hepatic cytochrome P450 complex is the primary Phase I oxidation system against
xenobiotics and is localized to the endoplasmic reticulum. The overall result of
Phase I is conversion of lipophilic drugs into more polar metabolites. The Phase II
biotransformation reactions involve conjugation reactions such as glucoronidation,
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sulfonation and acetylation (36-38). Phase II reactions result in detoxification of
xenobiotics through formation of conjugated-metabolites. The resulting metabolites
are more readily excreted by the cell in the next phase. Phase III detoxification
involves efflux of the conjugated metabolites outside the cell by the ABC
transporters. Many of these Phase I, II and III gene products are also expressed
outside the liver where they play a similar role in cell detoxification and antioxidant
defense.
It is now well documented that expression of many of these Phase I, II, III genes
are coordinately regulated by transcription factors (35) such as Nrf2 (Nuclear Factor,
Erythroid 2-Like 2). This battery of coordinately-regulated enzymes plays an
important role in cellular defense against xenobiotics. For example, γ-glutamylcysteine synthetase (γ-GCS) and ABCC1 were initially discovered to be coordinately
induced by toxic agents such as arsenite (39), by cisplatin through generation of
ROS (40) and by the pro-oxidant tert-butylhydroquinone (t-BHQ) (41). Nrf2 is
activated as an adaptive response to oxidative stress induced by xenobiotics and it is
the master regulator of the antioxidant response (42). Induction of drug metabolizing
enzymes by Nrf2 requires a cis-acting element, the antioxidant response element
(ARE) (Table 5), leading to increased detoxification and elimination of exogenous
and some endogenous chemicals. Hence, it is not surprising that several of these
enzymes are overexpressed in cancers and linked to efficient antioxidant system and
increased drug resistance (35, 43). For example, the commonly cited Nrf2-target and
redox enzyme NADPH quinone oxidoreductase 1 (NQO1) is involved in the
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conversion of doxorubicin to its semiquinone and 7-deoxyaglycone metabolites (44).
Increased NQO1 expression has been linked to resistance to doxorubicin and other
chemotherapeutics and overall poor prognosis in breast and lung cancer patients (45,
46).

1.1.3

DNA damage response
Cancer cells are constantly dealing with DNA damage, which occurs from

increased metabolism, replication stress, reactive oxygen species and inflammation
(47). A variety of chemotherapeutic agents target DNA, at the level of synthesis or
they trigger single- or double-strand breaks. For example, doxorubicin-treatment
induces double strand breaks and ROS generation resulting in activation of the DNA
damage response pathway (48). Hence, the efficient activation of DNA repair
mechanisms is a necessary step in survival of cancer cells and resistance to
chemotherapeutics (49). The repair pathways are regulated by genes that are
frequently mutated in cancers such as p53 and BRCA1/2 (2). The cell-dependent
DNA damage response involves a complex mechanism that can be divided into the
following steps: 1. DNA lesions are detected, 2. Cell cycle checkpoint kinases and
repair signaling pathways are activated and 3. DNA is repaired successfully. When
DNA repair is not successful, the regulators of DNA damage response alternatively
activate programmed cell death pathways (50). The DNA damage response pathway
can promote resistance to radiation (51), platinum drugs (52), anti-metabolites (53),
alkylating agents (54) and topoisomerase poisons (55).
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1.1.4

Evasion of cell death
Resisting cell death is one of the hallmarks of cancer cell (56). Overcoming

this resistance to cell death remains the overall objective of a cancer therapy.
Chemotherapeutics such as doxorubicin induce more than one form of cell death.
Cell death can occur in the form of apoptosis, necrosis, mitotic catastrophe,
senescence and autophagy (57). Both apoptotic and non-apoptotic mechanisms can
contribute to the drug-resistant phenotype seen in cancer cells (57, 58). The
mitochondrial Bcl2 family members (~30) have been mainly implicated in chemoresistance associated with evasion of apoptosis (59). In cancers, frequent mutations
are found in the Bcl2 family members resulting in suppression of pro-apoptotic
proteins like Bax and overexpression of anti-apoptotic proteins like Bcl2. Such
mutations in apoptotic pathway can lead to escape from apoptosis and drug
resistance. Yet clinical validation on the predictive value of the expression of the
Bcl2 family members and other apoptotic pathways on chemotherapy response has
not been clear (60-62). A causal link between ABC-transporter efflux activity and
resistance to caspase-dependent apoptosis has been demonstrated (63-65). These
studies suggest that regulation of apoptosis can also contribute towards the
development of multi-drug resistance.
Alterations in the cell-cycle represent another factor that contributes to
multidrug resistance. Activation of apoptotic pathways by chemotherapeutics have
been reported to be both cell-cycle dependent and independent. An example of a
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cell-cycle-specific chemotherapeutics would be the taxanes, which enhance
microtubule stabilization to induce a G2/M arrest and G1-S arrest to a lesser extent
(66). Other mechanisms such as Bcl2 hyperphosphorylation have also been
suggested for taxane-induced killing (66). Similar to taxanes, cisplatin is maximally
sensitive at the G1-phase even though it can induce killing in other phases of cell
cycle (66). Signal transduction pathways are frequently altered in cancers to favor
growth and suppress programmed cell death. Activation of receptor tyrosine kinases
contribute to multidrug resistance through negative regulation of cell death pathways
and increasing growth and proliferation (67). For example, acquired resistance to
PI3K inhibition correlated with increased expression of the insulin growth factor
receptor. Targeting the insulin growth factor receptor pathway led to sensitization of
the resistant cells to the PI3K inhibitor (68). Activation of other signal transduction
pathways such as WNT- and integrin-signaling pathways can also increase cancer
cell survival and proliferation. Thus activation of alternate survival pathways can
additionally contribute to MDR.

1.1.5

Tumor microenvironment
The tumor microenvironment presents additional complexity to the

mechanisms of resistance already discussed (56). Solid tumors are heterogeneous
structures made of cancer cells, stromal cells, extracellular matrix and vasculature
(69). When compared to normal tissue, the tumor stroma is made up of increased
numbers of fibroblasts, which play an important role in tumor progression,
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metastasis and sensitivity to chemotherapy (69, 70). In another example, the
concerted action of tumor-associated macrophages and cancer cells was shown to
facilitate proliferation and metastasis in an experimental breast cancer model (71).
How this complex environment influences the drug sensitivity of the tumor though
secretion of several factors is an active area of investigation (72). The tumor
microenvironment contributes to increased secretion of cytokines, chemokines,
growth factors and adhesion molecules. Immune cells, cancer-associated fibroblasts,
adipocytes and cancer cells themselves are sources of these secreted factors. These
secreted factors represent a hurdle to successful chemotherapy by making the
cancers inherently resistant and contributing to development of acquired resistance
mechanisms (56, 73). For example, integrins can protect lung cancers from DNA
damage-induced apoptosis (74). Several groups have reported similar effects of
integrins on increasing resistance to chemotherapies (72). This has led to testing of
integrin inhibitors to overcome chemo- and radio-resistance (75). The association
between tumor microenvironment and drug resistance has been demonstrated in
metastatic breast cancers that are inherently resistant to therapy (76, 77). Here the
disseminated cancer cells must establish a stromal relationship by secreting growth
factors and extracellular matrix fragments in the invaded tissue. For example,
hematopoietic progenitor cells are recruited early by the cancer cells to the site of
metastasis resulting in the formation of a so called “pre-metastatic niche” (78). Thus
cytokines, chemokines, growth and matrix factors derived from micro-environment
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play a major role in determining sensitivity to chemotherapy both at the primary
tumor and metastatic sites.

1.1.6

Cancer stem cell paradigm
Another active area of investigation is the cancer stem cell paradigm and its

role in drug resistance (56). The cancer stem cell is a “small subset of cancer cells
within a cancer that constitute a reservoir of self-sustaining cells with the exclusive
ability to self-renew and to cause the heterogeneous lineages of cancer cells that
comprise the tumor” (79). Cancer stem cells are identified by markers associated
with the stem cell phenotype since no unique marker has yet been identified for
them. High expression of the ABC transporters has been reported both in stem cells
and cancer stem cells (80). For example, ABCG2 has been used to identify both stem
cell (81) and cancer stem cell populations (82-84) in a flow cytometry sorting assay.
The implication of the cancer stem cell phenotype to drug resistance is that
success to chemotherapy depends mainly on the cancer stem cell sensitivity (85).
Several recent studies support the hypothesis, also called ‘dandelion hypothesis’, that
a tumor subpopulation is intrinsically less sensitive to chemotherapy and gives rise
to drug-resistant tumors. Breast cancer patients treated with neo-adjuvant
chemotherapy such as docetaxel and doxorubicin display an enhanced cancer stem
cell signature in the residual tumors (86, 87). The survival and maintenance of
cancer stem cells in a tumor are dependent on the microenvironment, which is also
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called a “niche”. Here again, the stromal fibroblasts are thought to play a major role
in maintaining the cancer stem cells and protecting them from chemotherapy (88).

1.1.7

Targeted therapies
To improve efficacy and prevent toxicity associated with cytotoxic

chemotherapeutics discussed above, a new line of cancer-targeted therapies (or
targeted therapies) were developed. Tamoxifen is widely regarded as the first
targeted therapy in breast cancer. It is prescribed as an adjuvant therapy in estrogenreceptor alpha (ER-α) positive patients, who represent more than half of total breast
cancer patients (89-92). Active tamoxifen metabolites processed by the hepatic
cytochrome P450 complex, such as 4-hydroxytamoxifen and 4-hydroxy-Ndesmethyltamoxifen, show strong affinity to the estrogen receptors and prevent
estrogen-receptor dependent growth signaling in breast cancer (93, 94). However,
resistance frequently develops to tamoxifen and also other anti-hormonal therapies
(90, 95). Tamoxifen and its metabolites can build up to µM concentrations in breast
cancer tissue (96, 97). Higher dosage tamoxifen is also used as adjuvant therapy in
glioblastoma and melanoma based on its inhibitory effects on protein kinase C
(PKC) activity. At higher concentrations, tamoxifen can induce oxidative stress
independently of ER status (98, 99). Increased antioxidant response has been linked
to tamoxifen resistance in MCF-7 xenografts (100). ABCB1 efflux activity was
linked to decreased accumulation of tamoxifen metabolites in the brain but not in the
circulation (101, 102). However, a role of ABCB1 in tamoxifen resistance is not
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clear since the transporter is not usually expressed in breast cancers. Tamoxifenresistant MCF-7 cells also show higher ABCG2-expression and a cancer stem celllike phenotype (103). Phase II glucurodination and sulfation reactions decrease the
activity of tamoxifen metabolites (104) and is associated with poor tamoxifenresponse in breast cancer patients (105). Similarly, several drug metabolizing
enzymes have been linked to poor tamoxifen response in patients (104). The ABCCfamily of transporters primarily mediate the transport of metabolites and conjugated
drug-products. ABCC2 activity was linked to poor tamoxifen-response in breast
cancer patients (104). Cells which are clonally selected in the presence of tamoxifen
show increased expression of Nrf2, antioxidant genes and drug transporters (106)
including ABCC2 (107). However, a direct link from tamoxifen and its metabolites
to increased expression of Nrf2 and its transcriptional targets has not been
established. The small molecule tyrosine kinase inhibitor, imatinib, is another widely
used targeted therapy in leukemia. Imatinib is a substrate for the ABC transporters
ABCB1 and ABCG2 (108, 109). Other small molecule tyrosine kinase inhibitors
used in cancer therapy have also been shown to be substrates for the ABC
transporters (8). Potential inhibitors are now routinely screened for their efflux
activity by ABC-transporters at the drug-development stage (2).

1.1.8

Summary
Multiple factors can promote resistance to chemotherapies. Growth factors,

cytokines, chemokines and matrix factors secreted in the tumor microenvironment
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coordinate these mechanisms and drive tumor progression, metastasis and resistance
to therapy (56, 72). Genetic risk factors, such as gene polymorphisms and mutations,
contribute towards resistance to therapies in certain patients (110). Pharmacological
and

pharmacokinetic

factors

additionally

influence

the

sensitivity

to

chemotherapeutics in cancer patients.

1.2 Overview of ATX/LPA signaling
Lysophosphatidate

(LPA)

is

a

bioactive

lipid

produced

from

lysophosphatidylcholine (LPC) by the secreted protein autotaxin (ATX/ENPP2).
Much of what we know today about ATX/LPA signaling comes from the last 30
years of work. Here, I will discuss some of the literature on ATX/LPA signaling
with relevance to their biological actions in cancer progression, metastasis and drug
resistance.

1.2.1

Historical perspective
LPA was initially discovered as an intermediate in the phospholipid

metabolism pathway involved in the synthesis of glycerolipids (111). Tokumura and
colleagues first described the signaling effects of plasma LPA in transient
hypertension in rats and other species (112, 113). The lysophospholipase D activity
leading to the formation of plasma LPA from LPC was not discovered until 1986
(114). Purification of this lysophospholipase D activity in 2002 identified that it was
in fact the secreted enzyme, ATX, which produces LPA from LPC (115, 116). ATX
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had been identified in the 1980s at the National Cancer Institute, NIH from the
culture medium of malignant melanoma and named “autocrine motility factor”. It
took almost a decade for the motility factor to be identified as ATX (117) and
another decade to be linked to its lysophospholipase D activity (115, 116).

1.2.2

LPA mediated G protein-coupled receptor signaling
Most biological actions of LPA are mediated by its binding to G-protein

coupled receptors (111). However, this was not known until the identification of an
orphan GPCR, endothelial differentiation gene 2 (EDG2) as the LPA receptor
(LPA1) from the brain (118). Subsequently, several orphan GPCRs were also found
to have high affinity for LPA with at least 6 identified as LPA receptors (LPA1-6)
(111). The LPA1/2/3 (EDG2/5/7) receptors are endothelial differentiation gene family
members, which also includes S1P receptors (119). These receptors typically couple
to the G-proteins Gi, Gq and G12/13. LPA4,6 belongs to the purinergic family of
GPCRs (119) and couple to Gq, G12/13 and Gs. A variety of signaling effects have
been attributed to LPA based on tissue receptor expression levels, coupling to
different G-proteins and subsequent activation of signaling cascades. These include
activation of MAPK (120), PI3K (121), PLC (122), Rho GTPase (123) and
activation or inhibition of adenylate cyclase (122) depending on their coupling to Gs
and Gi respectively (Fig. 1.2). The biological effects of LPA in cancer, including
wound healing, inflammatory response and tissue remodeling, promote cell growth,
proliferation, chemokine secretion, differentiation, motility and survival (124-126).

18

LPA also transactivates other signaling pathways, such as through the EGF receptor
(127) or PDGF receptor (128) to promote migration and invasion. The actions of
ATX/LPA signaling on the various LPA receptors are summarized in Figure 1.2.
There is redundancy in function observed among the various LPA receptors. Gene
knockouts for each receptor have been generated in mice and investigated
thoroughly (111). This has led to identification of several physiological and
pathological roles for individual LPA receptors including LPA1 in fibrosis (129) and
neuropathic pain (130), LPA3 in embryo implantation and spacing (131) and LPA6 in
maintenance of hair growth (132).

Figure 1.2: Illustration of ATX mediated LPA receptor signaling - Extracellular LPA
formed by ATX (A) activates at least 6 different LPA receptors (LPA1-6) to activate Gprotein coupled signaling pathways (B). Reproduced with permission from Benesch et
al.,(133)
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1.2.3

ATX and circulating LPA levels
ATX plays a major role in the regulation of circulating LPA levels from the

abundant

LPC.

In

addition

to

LPC

other

minor

lysolipids

such

as

lysophosphatidylserine and lysophosphatidylethanolamine have been proposed to be
substrates for ATX. The concentration of saturated, mono- and poly-unsaturated
LPC present in human blood is >200 μM (134). Unsaturated LPC is secreted directly
by the liver and activated platelets (135). Additionally, lecithin-cholesterol
acyltransferase (LCAT) contributes to formation of mainly saturated LPC from
phosphatidylcholine (PC) in high-density lipoproteins (136).
The combined concentration of all the molecular species of LPA (~0.1 µM)
in circulation is three orders of magnitude lower than LPC levels (137). A rapid
turnover of circulating LPA (t1/2 <180 s) has been reported by several studies (138141). ATX inhibitors have been shown to decrease LPA levels in circulation,
particularly the polyunsaturated LPA species (138, 140). Blocking LPA production
during embryonic development by generation of ATX-/- knockout resulted in death
due to defective vasculature and neural crest formation (142, 143). Similarly,
heterozygous ATX+/- mice show 50% decrease in normal plasma LPA levels (143).
Mice with liver-specific transgenic expression of ATX show 1.5-2-fold increase in
the circulating LPA levels (144). Adipose-specific disruption of ATX decreased
circulating LPA levels by 38%, suggesting that adipocytes are a major source of
ATX activity (145). Plasma ATX activity and LPA levels are also increased in
certain cancers such as follicular lymphoma and ovarian cancers (146).
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1.2.4

Other LPA biosynthetic pathways
LPA can be generated by other pathways besides the ATX pathway. This is

mainly through hydrolysis of PA to generate LPA. Secretory phospholipase A2
(sPLA2) generates extracellular LPA from phosphatidate (PA) in microvesicles that
are shed during inflammation (147). The intracellular Ca2+-dependent and independent PLA2 (cPLA2, iPLA2) and possibly PLA1 can also generate intracellular
LPA from PA (147). Other intracellular synthetic pathways include glycerol-3phosphate acyltransferase (GPAT) in ER and mitochondria and acylglycerolkinase
in mitochondria. Thus ATX independent pathways could also be involved in tissuelevel production and signaling by LPA.

1.2.5

Structure studies of ATX and model for generation of LPA
ATX is a glycoprotein containing a signal peptide at its N-terminus, which is

responsible for its secretion and autocrine signaling (148). ATX (ENPP2) was
grouped into the ectonucleotide pyrophosphatase/phosphodiesterases (ENPP1-7)
family, based on its sequence homology. Indeed, ATX has phosphodiesterase
activity in vitro, a common feature in the ENPP family members. ATX additionally
has lysophospholipase D activity. The physiologically significant lysophospholipase
D activity was initially proposed based on the following evidence. First, ATX was
secreted into the extracellular space where it can access LPC. Second, ATX shows
increased affinity for LPC and LPA formation compared to its nucleotide
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phosphodiesterase activity. Finally, the autocrine motility properties attributed to
ATX are explained by increased LPA formation and not nucleotide recycling (133).
The physiological lysophospholipase D activity was validated by evidence from
mice models of ATX discussed earlier. In addition to its catalytic sites, ATX has a
nuclease-like domain and two somatomedin-B-like domains. The somatomedin-Blike domain was suggested to mediate binding to integrins or heparan sulfate and
thus bring ATX closer to the LPA receptors (149-151). The crystal structure of ATX
revealed some interesting details on its catalytic mechanisms. The catalytic site is
sandwiched between the somatomedin-B-like domains and nuclease domains. The
lipid tail of LPA fits into the hydrophobic pocket, which accommodates the kinked
unsaturated fatty acids, such as in 22:6-LPC and 18:1-LPC, while restricting access
to saturated fatty acids, such as 18:0-LPC. Unsaturated LPA was also a binding
partner for ATX, which suggests that ATX may have non-catalytic functions in
delivering LPA to its receptor (152, 153). LPA was proposed to act as a natural
competitive ATX inhibitor using low µM concentrations of a fluorescent substrate –
FS-3. However, the competitive inhibition of ATX by LPA does not occur when
physiological LPC concentrations (>200 µM) are used (154). Instead, LPA-treatment
inhibits ATX production and secretion. This normal feedback regulation is overcome
by inflammatory mediators, which drive continuous ATX and LPA production
(154). This explains why high levels of ATX and LPA concentrations co-exist in
inflammatory conditions.
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1.2.6

ATX/LPA signaling in disease – wound healing, inflammation and
cancer
One of the main roles for ATX/LPA signaling in adults is its function in the

acute inflammatory process of wound healing and tissue remodeling (133). Platelet
aggregation results in buildup of ATX/LPA levels in the blister fluid. Conversely,
LPA itself increases aggregation of platelets and fibronectin assembly (144, 155,
156). Increased ATX/LPA levels leads to closure of the wound by formation of an
epithelial cover in animal models of wound healing (157, 158). LPA promotes the
growth and migration of fibroblasts, keratinocyte migration and new blood vessel
formation (133). In chronically inflamed tissue, ATX/LPA signaling has additional
roles in lymphocyte homing, mast cell activation, smooth muscle cell contraction
and cytokine/chemokine production (159). LPA increases the production of
inflammatory mediators by activating NFκB (160), AP1 (161), STAT3 (162),
p38MAPK (163) and HIF-1 (164).
Increased LPA signaling through its receptors has been linked to a variety of
pathological conditions. The role of ATX/LPA signaling in chronic inflammatory
conditions like rheumatoid and osteo-arthritis, asthma, atherosclerosis, fibrosis,
obesity and cancer has received a lot of attention recently (reviewed by Liu et al.,
(165), Bourgoin et al., (166), and Benesch et al., (133)). For example, ATX activity
and LPA levels were found to be increased in the bronchoalveolar lavage fluid of
patients with lung fibrosis (129), in asthmatic patients (167, 168) and in synovial
fluid of arthritic patients (169), where there is increased cytokine/chemokine
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production. ATX and LPA signaling have also been linked to early and late
formation of plaques during atherosclerosis. Here, LPA accumulates in
thrombogeneic cores of atherosclerotic plaque. This results in release of proinflammatory chemokines, cytokines and recruitment of leukocytes (144, 170, 171).
The link between inflammation and cancers was initially proposed based on
observations that tumors occur in chronically inflamed regions and there is
infiltration of immune cells in tumors (172). Patients with chronic inflammatory
conditions are predisposed to certain cancers, such as in inflammatory bowel disease
patients and colorectal cancer. An inflammatory component is seen in most cancers,
including breast cancers (172). Increased inflammation is frequently studied by the
presence of inflammatory mediators like cytokines, chemokines, growth factors and
prostaglandins in the tumor microenvironment.

In chronic conditions such as

cancer, impaired wound healing and unresolved tissue damage results in further
inflammation and disease progression. Thus, inflammation has been described as an
enabling characteristic that promotes multiple hallmarks of cancers (56).
Direct and indirect roles in inflammation-driven initiation and progression of
tumorigenesis have been proposed for ATX/LPA signaling (165). The indirect
evidence includes the involvement of ATX/LPA in inflammatory processes and
positive correlation between ATX/LPA levels and pro-inflammatory mediators in
chronic inflammatory conditions including cancers.

For example, hepatitis C

infection, which induces chronic inflammation in the infected tissue, is a significant
risk factor in hepatocellular carcinoma. ATX expression is elevated in hepatitis-
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infected livers and hepatitis-infected liver carcinomas when compared to other liver
carcinomas. Further, ATX expression is positively correlated to cirrhosis in all
patient groups (173, 174). In another example, ATX levels were higher in the
inflamed mucosa of patients suffering from inflammatory bowel disease, a risk
factor in colorectal cancer (175). Our group recently discovered that ATX/LPA
levels and inflammatory mediators were elevated in patients with malignant thyroid
cancers (176). The direct evidence comes from mouse models of cancer, and
inhibition of ATX/LPA signaling, which are discussed in Section 1.3. The role of
ATX/LPA signaling in inflammation and cancers will also be considered in the
Discussion Section. ATX/LPA signaling has been proposed to be a mediator of
chronic

inflammation

in

cancers,

where

inflammation

in

the

tumor

microenvironment increases ATX/LPA levels which in turn increased further
inflammation through cytokine/chemokine production (176) (Fig 1.4).

1.2.7

Degradation of extracellular LPA by lipid phosphate phosphatases
Lipid phosphate phosphatases (LPPs) consist of three related proteins named

LPP1, LPP1a (a splice variant), LPP2 and LPP3. LPPs are broad specificity
phosphatases,

which

dephosphorylate

many

lipid

phosphates

and

lipid

pyrophosphates. Their substrates include lysophosphatidate (LPA), sphingosine-1phosphate (S1P), phosphatidate (PA), ceramide-1-phosphate (C1P), diacylglycerol
pyrophosphate and N-oleoyl ethanolamine phosphatidate (177-179).

LPPs are

transmembrane proteins localized to the plasma membrane (180). This localization
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allows for their catalytic site facing the extracellular space where LPPs can
dephosphorylate extracellular bioactive lipids such as LPA and S1P (177).

Figure 1.3: Illustration of proposed model for LPA formation and degradation Extracellular LPA produced by ATX is normally degraded by LPP1-3 into
monoacylglycerol and inorganic phosphate.

LPP1 expression is decreased in the majority of ovarian cancers and breast
cancers, where extracellular LPA protects from apoptosis and increases proliferation
(181, 182). Overexpression of LPP1/3 reverses many of these effects and can
decrease tumor growth in vivo (181, 183, 184). Our group demonstrated that LPP1
overexpression in 4T1 breast cancer cells has intracellular effects independent of its
ecto-phosphatase activity on LPA (183, 185). LPP1 overexpression attenuated breast
cancer cell migration in the presence of LPP1-resistant LPA analog, wls31, and the
protease-activated receptor-1 peptide. LPP1’s effects on cell migration were due to
decreased Ca2+ mobilization and Rho activation downstream of receptor activation.
These results support previous observations that LPP1 can act downstream of LPA,
S1P and thrombin activation by unknown mechanism (186, 187). LPPs hydrolyze
intracellular lipids like PA (187) and S1P (188), which are increased downstream of
GPCR activation by PLD1/2 and SK1/2 activities respectively. Additionally, some
non-catalytic functions have been proposed for LPPs (189).
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1.3 ATX/LPA signaling in tumor progression and metastasis
ATX/LPA signaling is part of the chronic inflammatory response that
supports multiple hallmark capabilities and drives tumor progression (56).
ATX/LPA signaling sustains tumor proliferation together with oncogenes such as cmyc (190), helps cancer cells evade growth suppressors such as p53 (191, 192),
activates tissue remodeling, invasion and metastasis (193-196), induces angiogenic
signaling (197-200) and protects from the cytotoxic effects of chemotherapy
(Section 1.3.3).
Our group proposed autocrine and paracrine models for ATX/LPA
production in cancers leading to increased tumor growth, proliferation, metastasis
and chemotherapy resistance (See Fig. 1.4). In breast cancers, ATX is mainly
derived from the cancer-associated and peritumoral fibroblasts and mammary
adipocytes. The growing tumor increases inflammation in the surrounding adipose
tissue triggering a paracrine loop of ATX/LPA production. Increased LPA signaling
in the tumor and surrounding tissue further increases the production of proinflammatory mediators. By contrast, cancers expressing higher ATX mRNA levels
such as thyroid cancers, melanoma and glioblastoma, act through an autocrine
feedback loop of increased inflammation and ATX/LPA production. Inhibition of
ATX/LPA signaling blocks this vicious cycle of inflammation-driven tumor
progression (133, 154, 176).
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Figure 1.4: Illustration of autocrine and paracrine models for inflammation-driven
ATX production in tumors- Tumor-promoting inflammation drives an autocrine feedback
loop in cancer cells expressing high levels of ATX such as in glioblastoma, melanomas and
thyroid cancer. In the autocrine model, pro-inflammatory mediators secreted by the growing
tumor drives ATX/LPA production (red arrows). LPA further fuels inflammation by
increasing the production of cytokines, chemokines and growth factors (blue arrows). In
cancer cells expressing little or no ATX such as in breast cancer, fibroblasts and the
surrounding mammary adipocytes contribute to ATX/LPA production. Here, proinflammatory mediators in the tumor microenvironment trigger a paracrine feedback loop of
ATX production in the surrounding tissue (yellow). This vicious cycle of ATX/LPA
production leads to increased tumor proliferation, metastasis and resistance to
chemotherapy. Figure reproduced with permission from Benesch et al (133).

1.3.1

Expression of ATX and LPA receptors in various cancers
The role of ATX/LPA signaling in cancer progression is perhaps best

understood in ovarian cancers, where a number of studies have been done on various
aspects of tumor biology. Elevated levels of bioactive LPA have been shown in both
plasma and ascites of ovarian cancer patients (201-203). LPA2/3 receptors were also
found to be upregulated in ovarian cancers (204, 205).

LPP1 and LPP3 were
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decreased in ovarian cancer patients resulting in overall increased LPA signaling
(181, 184). LPA has been suggested as a potential biomarker for ovarian cancers
along with LPC and S1P (206, 207). However, ATX alone was not useful as a
biomarker in serum of ovarian cancer patients (208).
Even before the ATX-LPA link had been uncovered, LPA was shown to play
a role in breast cancer invasion (203). Normal mammary epithelial cells express
mainly LPA1 and LPA2. Both LPA1 and LPA2 were implicated in LPA-induced
chemotaxis of human breast cancer cells (209). Expression of LPA1 was also
implicated in MDA-MB-231 cell migration and bone metastasis (194). Increased
expression of LPA2 is commonly observed in ductal carcinomas of post-menopausal
women (210). Our group previously reported the effects of ATX on migration and
chemo-resistance of MCF-7, MDA-MB-231 breast cancer and MDA-MB-435
melanoma cells (211, 212). Mice that overexpress ATX or LPA1, LPA2 or LPA3
receptors in mammary epithelium show increased incidence of spontaneous tumors
and metastasis (193). ATX was identified amongst the 40 most upregulated genes in
metastatic cancers, suggesting increased ATX expression contributes to the
metastatic phenotype (195). Increased expression of ATX in stromal cells and LPA3
in epithelial cell has been correlated with aggressive breast carcinomas and higher
clinical stage of disease (213).
Increased expression of ATX was also observed in other cancers such as
glioblastoma and prostate cancer (214). In prostate cancer, LPA1 signaling can
mediate survival, migration and invasion (215-217). In glioblastoma, ATX-induced
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LPA formation promotes cancer cell migration (218). In cervical cancers,
knockdown of LPA2/3 receptors in the cancer cells decreased tumor growth due to
decreased angiogenesis and decreased expression of IL-8 (199, 219). In endometrial
cancers, LPA increases invasion by stimulating the activity of tissue remodeling
proteins such as MMPs (220, 221). ATX is increased in the serum of patients with
hematological malignancies like Hodgkin’s lymphoma and B-cell lymphoma,
leading to efforts on developing it as a clinical biomarker (146). Thus ATX/LPA
plays an important and diverse role in many cancers.

1.3.2

ATX/LPA signaling in mice models of cancer
Nam et al., (222) first established an autocrine model of ATX expression in

tumor growth and metastases. They showed that subcutaneous injection of NIH3T3
fibroblasts transfected with ATX in nude mice gave rise to spontaneous, slowgrowing sarcomas. Ras-transformed 3T3 fibroblasts overexpressing ATX produced
rapidly growing solid tumors and increased incidence of experimental metastases
compared to their ras-transformed controls. LPA1,2,4 expression in c-myc expressing
mouse embryonic fibroblasts (MEFs) induce tumor formation in nude mice
(LPA1>LPA2>LPA4), whereas the control or LPA3 expressing MEFs did not produce
any tumors for over 75 days in this model (190).
To address the role of increased ATX and LPA receptor signaling in the
development of breast cancers Liu et al., (193) overexpressed ATX or LPA1, LPA2 or
LPA3 under the control of MMTV-promoter in mouse mammary epithelium. These
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conditions resulted in spontaneous development of late-stage tumors in these mice.
Varying levels of metastases were observed (LPA3>LPA1>ATX>LPA2) in lung and
lymph nodes. Chronic mastitis prior to development of tumors was observed in the
mammary glands of these mice and there was increased expression of inflammatory
markers in the tumors, suggesting a role for inflammation in breast tumor
development.
Genetic ablation of LPA2 in C57BL/6 mice decreased tumor incidence and
progression of intestinal cancers in an inflammatory mouse model of colitis (223).
Similarly, LPA2-/- knockout decreased tumor progression in another cancer model of
adenomatous polyposis coli (APC) gene point mutation resulting in multiple
intestinal neoplasia in mice (224). Unlike the MMTV breast cancer model,
transgenic overexpression of LPA2, in the gonads did not produce malignancy in the
ovaries in C57BL/6 mice. However, LPA2 overexpression was found to amplify
VEGF signaling through VEGF receptors 1 and 2, a growth factor linked to
increased metastasis and angiogenesis (200).
Peyrchaud et al., (225) reported the creation of a metastatic cell line MDABO2 cells from MDA-MB-231 breast cancer cells by repeated intracardial injections
of the resulting bone metastases in nude mice. Boucharaba and colleagues (194, 226)
intravenously injected an MDA-BO2 variant, which overexpresses LPA1, to show
increased bone metastases and tumor burden in these mice. Alternatively, silencing
LPA1 decreased bone and soft tissue metastasis. Overexpression of ATX also
increased tumor growth and bone metastasis (227). The likely source of ATX were
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platelets (226), which were activated by the cancer cells in a αvβ3 integrin-mediated
process (228). It was concluded that the ATX/LPA-rich microenvironment supports
LPA1-driven tumor progression, metastasis and bone resorption through secretion of
pro-inflammatory mediators. The results described above on the effects of LPA1
signaling on lung and liver metastasis were confirmed by another group. A 4T1
syngeneic model, which results in spontaneous lung and liver metastasis was used in
these experiments (229). Alternatively, MDA-MB-231 was injected by tail-vein
resulting in experimental lung metastasis. LPA1 knockdown in cancer cells or LPA1
inhibition by a small-molecule inhibitor decreased metastasis in both models (229).
Our group reported increased expression of ATX and inflammatory
cytokines in the tumor-adjacent but not contralateral mammary fat-pads in the 4T1
syngeneic model. Since the 4T1 breast cancer cells themselves express very little
ATX mRNA, it was concluded that the inflamed mammary fat pad bearing the tumor
was the likely source of increased ATX activity (137). LPA production in the tumor
microenvironment

increases

the

production

of

pro-inflammatory

cytokines/chemokines in the cancer cell and drive further tumor growth (Fig 1.4)
(133). A recent study comparing LPA1,2,5 knockout and wild-type animals showed
that there were no differences in subcutaneous tumor formation when melanoma
cells expressing LPA receptors were injected in these animals. This indicates that
stromal LPA signaling does not influence tumor growth directly (230).
These results indicate that ATX/LPA/LPA receptor signaling may promote
tumorigenesis, albeit indirectly by acting alongside primary oncogenic events that
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drive proliferation. Additionally, LPA signaling may have a more prominent role in
tissue remodeling and metastatic events.

1.3.3

Role for ATX/ LPA signaling in protection against cancer therapies
Much of the information on the role of LPA signaling in chemo-resistance

comes from earlier observations that LPA can protect cells from apoptosis and drive
proliferation (214). LPA levels in plasma and ascites were increased in ovarian
cancer patients (202, 231). Increased LPA signaling can protect ovarian cancers from
cisplatin-induced killing. Cancer cells selected for cisplatin-resistance express higher
levels of LPA1 receptors (232, 233). In colon cancers, LPA protected against 5fluorouracil and cisplatin-induced apoptosis in a PI3K-dependent manner (234).
ATX was identified amongst the highly upregulated genes in a screen of
ovarian tumors, which were resistant to carboplatin/paclitaxel-therapy (235). Our
group found that ATX/LPA signaling protects against paclitaxel-induced apoptosis
in breast cancer cells by activation of PI3K-signaling and decreasing ceramide
production (211). These results were confirmed by Vidot et al., who also showed
that ATX/LPA signaling can protect from paclitaxel- and carboplatin-induced
apoptosis (236). The mechanism suggested for the protective effects of LPA was
through reversing G2/M-arrest induced by paclitaxel (237). It is possible that these
cancer cells acquire other adaptive resistance mechanisms.
LPA2 receptor-dependent mechanism was shown to mediate resistance to
radiotherapy (238). This was mainly through the C-terminal intracellular loop of
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LPA2 receptor, which acts as an interaction partner to recruit zinc-finger domain
proteins. LPA2 recruits the anti-apoptotic protein, Siva1, to prevent a p53 damage
response induced by radiation (239). Another LPA2 receptor-activated complex was
shown to protect from radiation or doxorubicin-induced killing through increased
PI3K-Akt, MAPK and NFκB signaling (240). The same group reported a decrease in
various markers of apoptosis, which were induced by γ-radiation, by selective
activation of LPA2-receptors (241).
Rat hepatoma cell lines stably overexpressing LPA3 show increased survival
to cisplatin or doxorubicin (242, 243). The authors also reported an increased
expression of the ABCB1 gene (Mdr1a, Mdr1b) and glutathione transferase (Gstp1)
in these cell lines when compared to the parental RH7777 cells. Inhibition of LPA1/3
signaling was able to overcome resistance to the tyrosine kinase inhibitor, sunitinib,
in renal carcinoma (244). Additionally, LPA5 expression has been suggested to
promote growth advantages in rat hepatomas (245). In summary, ATX/LPA/LPA
receptor signaling has been shown to protect against chemotherapies in various
cancers. The mechanisms of protection offered by LPA are not understood
completely and these will be investigated in the thesis.

1.3.4

ATX/ LPA signaling targeted therapies
The pharmacological inhibition of the ATX/LPA/LPA receptor axis has

generated considerable interest in the last decade (246). Most of the current
inhibitors targeting LPA signaling are either lipid analogs or small molecule
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inhibitors of LPA receptors. Lipid analogs tend to have poor pharmacokinetic profile
and often lack the specificity to a particular LPA receptor. Small molecule inhibitors
that decrease ATX activity in vitro have also been developed. Here, I will detail
some of the LPA receptor antagonists and ATX inhibitors, which have been tested as
a potential therapeutics in cancer.
A number of small molecule antagonists to LPA1-3 have been reported (246).
The LPA receptor agonists and antagonists used in our study are shown in Table 2.
Most of these compounds were screened in vitro using a functional assay such as a
Ca2+ transient assay for the specific receptors, cell migration assays or using receptor
activation assays like the GTPγ-binding assay. Evidence from experiments in vivo is
limited. The Kirin breweries compound, Ki16425 or its stereoisomer Debio0719 are
perhaps the best studied of them. Ki16425 is a dual LPA1/3 antagonist and it blocks
bone metastasis formation in the MDA-BO2 xenograft model described earlier
(194). Debio0719 decreased lung metastasis in a 4T1 breast tumor model (247).
Several of the LPA antagonists such as Debio-0719 or BMS-986020 are either
already in clinical trials or on their way to being tested (248).
Monoclonal antibodies against LPA and S1P (Lpath Inc) can be used to
target extracellular lipid signaling (249-252). The effectiveness of the LPA
monoclonal antibody has not yet been tested in cancers. However, they are in
clinical trials to improve outcomes in traumatic brain injury and neuropathic pain
(253). The anti-LPA, Lpathomab, decreased lesion volume and improved outcomes
following traumatic brain injury and spinal cord injuries (251, 254).
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Currently there are no ATX inhibitors in the clinic. A phosphonate analog
with pan-LPA receptor antagonist and ATX inhibitor activities, BrP-LPA (255), was
shown to decrease tumor growth and angiogenesis in breast and lung cancer
xenografts (197, 256). BrP-LPA also demonstrated radiosensitization effects in a
subcutaneous model of glioma (257). BrP-LPA’s protective effects were mediated
by blocking fibroblast differentiation in a subcutaneous model of hepatocellular
carcinoma (258). It is not clear if these effects of BrP-LPA were mediated by ATX
inhibition and decreased LPA production.
Amongst the inhibitors, which target ATX, an analog of cyclic-phosphatidate
(c-PA) was shown to reverse metastasis in an experimental model of lung metastasis
using melanoma cells in C54BL/6 mice (259). PF8380, a competitive ATX inhibitor
developed by Pfizer, had limited bioavailability in vivo. PF8380 was reported to
reduce plasma LPA levels and LPA levels in sites of local inflammation after 4 h
even though these decreases were not sustained (141). When PF8380 was combined
with radiation in a mouse model of glioblastoma, a delay in tumor growth was
reported (260). This was attributed to the effect of PF8380 on the tumor vasculature
(260). PF8380 had very little effect on its own either on subcutaneous tumor growth
or on the tumor vasculature (260).
ONO-8430506 (ONO pharmaceuticals, Osaka, Japan; USPTO reference
number – 13807947 (261)) is an ATX inhibitor, which was able to suppress plasma
ATX activity potently (262). Additionally, ONO-8430506 decreased plasma LPA
levels in both regular and cancer bearing BALB/c mice at 24 h following
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administration (137). ONO-8430506 decreased mainly the polyunsaturated LPA
species. Furthermore, ONO-8430506 delayed tumor growth in a 4T1 orthotopic
model and thyroid xenograft models in addition to its effect on metastasis (137,
176).
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TABLE 2: LPA agonists and antagonists used in the study
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1.4 Sphingosine kinase in development of resistance to chemotherapies
Sphingosine 1-phosphate (S1P) is the sphingolipid equivalent of LPA with a
wide variety of roles in cellular signaling. ATX has been proposed to generate
extracellular S1P from sphingophosphorylcholine based on its catalytic activity
(263). However, the concentration of sphingophosphorylcholine in plasma is very
low compared to LPC and therefore sphingophosphorylcholine is unlikely to be an
effective substrate in vivo. This statement is supported by evidence from ATX+/heterozygous knockout mice, which demonstrates that extracellular LPA and not
S1P is the major product of ATX (143). Also, inhibition of ATX did not alter S1P
levels in the plasma or tumors of mice (137). Extracellular S1P is mainly produced
inside cells by the two sphingosine kinases, SK1 and SK2, before being secreted
outside the cell. SK1/2 account for most of the S1P produced in the developing
mouse embryo (264). A large body of evidence points to a role for sphingolipid
pathway in mediating resistance to chemotherapies (see Section 1.4.9). In this
Section, I will introduce some concepts of sphingolipid metabolism, signaling and
their relevance to disease. I will focus on mechanisms of activation of SK1 by
external stimuli with relevance to LPA signaling. Finally, I will describe the current
evidence linking SK1 to cancer progression, metastasis and resistance to therapies.

1.4.1

Bioactive sphingolipids in cellular signaling
Extracellular signals activate various lipid kinases and phospholipases to

generate bioactive lipid intermediates and activate signaling cascades in the cell.
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These lipid intermediates can promote lipid-lipid interactions that affect the
membrane bilayer or lipid-protein interactions that modulate the functions of
proteins. Sphingolipids are enriched in ‘lipid-rafts’ or ‘membrane-rafts’, which are
cholesterol-rich domains capable of acting as a signaling platform in the cell (265).
Even complex sphingolipids like glycosphingolipids, which were initially thought of
as structural lipids, have been found to play a major role in cellular signaling (7).
S1P is formed inside the cell by sphingosine kinases, SK1 and SK2, from
sphingosine. SK1 and SK2 belong to the lipid kinase family, which also includes
ceramide kinase and acylglycerolkinases (266). SK1 can be activated by many
extracellular stimuli and it amplifies signaling cascades by production of S1P. S1P is
involved in a variety of roles from regulating cell growth, migration, differentiation,
proliferation, stress-response and angiogenesis through GPCR signaling (267). The
sphingolipid backbone present in sphingosine and S1P is also shared by ceramides,
glycosphingolipids and sphingomyelin. It consists of sphingosine base (long-chain
aliphatic alcohol) to which a fatty acid is attached to the amine-group (Fig. 1.5).
Ceramides have hydrogen in their R-group whereas sphingomyelin has
phosphocholine and glyosphingolipids have complex sugar linked by a β-glyosidic
bond.
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Figure 1.5: Illustration of sphingolipid backbone - All sphingolipids consist of sphingoid
backbone and variable amide-linked fatty acid linkage and R-group.

1.4.2

Sphingolipid pathway
Sphingolipids are tightly regulated in the cell and their synthesis pathway is

highly conserved across eukaryotes (268, 269). Both simple and complex
sphingolipids are synthesized by the de novo pathway, which results in formation of
ceramide from serine and palmitoyl-coA as initial precursors (270). The de novo
synthesis of sphingolipids takes place in ER and Golgi before transport to plasma
membrane where they are retained as

complex

sphingolipids

such as

glycosphingolipids or sphingomyelin (271). In the alternative salvage pathway,
complex sphingolipids are constantly taken up by endocytosis within acidic
compartments where they can be recycled or degraded to ceramides from
sphingomyelin or glycosphingolipids (272). Several lysosomal disorders arise from
mutations in sphingolipid-modifying enzymes present in lysosomes (273). For
example,

Niemann-pick

disease

is

characterized

by

mutations

in

acid
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sphingomyelinase. In Farber disease, ceramide cannot be converted to sphingosine
by acid ceramidases.
Ceramides are a diverse group of lipids with different signaling roles due to
the differences in acyl species added to the sphingoid base resulting in >200
different species (274). In response to stimuli such as chemotherapeutics or
irradiation, sphingomyelin and glycosylceramides can be converted to ceramides by
the action of sphingomyelinases and β-glucosidases/galactosidases respectively,
which can result in formation of S1P by the sequential action of ceramidases and
SK1 (269).
The pathway for formation of various sphingolipids is shown in Figure 1.6.
Ceramides are phosphorylated to the bioactive ceramide 1-phosphate by ceramide
kinase and this action is reversed by LPPs (275). Ceramidases convert ceramides
into sphingosine and non-esterified fatty acid. This is reversed by ceramide
synthases that utilize fatty acids to N-acylate sphingoid bases. The sphingosine
resulting from ceramidase action is rapidly converted to S1P in the presence of ATP
by SK1 and SK2. S1P is hydrolyzed to sphingosine by the two specific S1P
phosphatases (276) or the broad-specificity lipid phosphate phosphatases (277). The
terminal products of S1P degradation result in the formation of hexadecenal and
phosphoethanolamine and this reaction is catalyzed by S1P-lyase.
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Figure 1.6: Sphingolipid metabolism and the role of SK1 in doxorubicin-mediated
killing and survival of cancer cells.

1.4.3

SK1 structure, catalysis and S1P formation
Two mammalian isoforms of sphingosine kinase – SK1 and SK2- have been

characterized. SK1 is expressed ubiquitously and is highly conserved across various
species (278-280). SK1 is a predominantly cytosolic protein with a nuclear exclusion
sequence motif, whereas SK2 is localized to the nucleus with a nuclear localization
sequence motif. SK1 is activated by a variety of extracellular agonists, whereas SK2
does not respond to these stimuli. SK1 activity in vitro is enhanced by TritonX-100
and inhibited by high salt concentration (281). These properties can be used to
differentiate between the two isoforms by supplying the sphingosine in mixed
micelle Triton X-100 or in BSA-solution in 1 M KCl respectively. A single knockout
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of SK1 or SK2 is viable in mice demonstrating that these enzymes can compensate
for each other although they have different biochemical functions. However, a
double knockout of SK1/2 result in embryonic lethality emphasizing the importance
of S1P, while also suggesting that the roles of SK1 and SK2 during embryogenesis
may be redundant (264).
The protein structure of SK1 contains two domain lobe similar to the DAG
kinases and the phosphofructokinase superfamily (282). The ATP-binding lobe is
conserved amongst the family members whereas the C-terminal lobe varies allowing
for specific substrate recognition (ie. sphingosine for SK1). Mutation of SK1 in the
ATP-binding lobe resulted in complete loss of catalytic activity or decreased ATPbinding and hydrolysis (283, 284).

The basis for sphingosine recognition and

binding into the lipid-binding pocket remains unclear from the crystal structure
model (283). A recent study proposed that a C-terminal hydrophobic domain, which
lines the cavity of the catalytic site, could be involved in substrate recognition and
tunneling by direct interaction with the acidic phospholipids in the lipid bilayer
(285).

1.4.4

Agonist activation of SK1
SK1 can be activated by a variety of stimuli. These include serum (286);

growth factors and hormones like PDGF (287), TGFβ (288), nerve growth factor
(289), EGF (290), VEGF (291), estrogens (292); cytokines like TNF-α (293); GPCR
ligands like PAR1 (294), acetylcholine (295), LPA (296), SIP itself (297); phorbol
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esters (298); other complex regulators like LDL (299) and vitamin D3 (300) have
also been identified as SK1 activators.
The activation of SK1 is biphasic for many agonists such as phorbol esters
(301), estrogen and prolactin (302). The first phase is a rapid increase in SK1
activity and S1P formation. This is followed by a transcriptional increase in SK1
protein expression and S1P-dependent signaling. EGF (290) and LPA through
transactivation of EGFR (127) can also activate SK1 transcription in colon and
breast cancer cells. AP-1 and SP-1 have been identified as transcription factors
responsible for the action of some of these agonists (303, 304). The oncogene v-Src
induces SK1 synthesis by increasing its mRNA stability rather than transcription
(305).
External stimuli activate intracellular factors, like Ca2+ mobilization (295),
protein kinases like PKCα or ERK1/2 (298, 306) and phospholipases like PLCγ
(307), leading to increased SK1 activation. This activation is thought to occur in
plasma membrane (308) or endocytic vesicles (309), where the cytosolic SK1 can
access its substrate, sphingosine. There is also some evidence that secreted SK1 can
be directly activated outside the cell where it can form S1P and access S1P receptors
(310, 311). However, the amount of S1P formed from secreted extracellular SK1
activity, in cells overexpressing SK1, is very low and its biological significance is
not clear.
Multiple mechanisms have been suggested for increased agonist-induced
activation of SK1 activity. These include 1) Reversible phosphorylation of SK1
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(306, 312, 313), 2) Interaction with other proteins, which help in its membrane
translocation (308, 314) and 3) Association with acidic phospholipids like
phosphatidate (PA) , phosphatidylserine (PS) and phosphatidylinositol (PI).

1.4.5

Phosphatidate and SK1 activation
Several studies have shown the involvement of negative charged

phospholipids like PA in SK1 activation. An early report identified that acidic
phospholipids like PA, PS, PI but not the neutral diacylgylcerol can increase SK1
activity (315). The macrophage-specific receptor, FcγRI, can activate SK1 through
increased PA formation (316). Delon et al., (317) showed that SK1 has a selective
affinity for PA-rich regions of the plasma membrane. The C-terminal region of SK1
was implicated for this binding (Fig. 1.7). Stahelin et al., (318) identified the more
abundant PS as a selective lipid-binding partner for human SK1. Mutational analysis
identified the conserved regions Thr54 and Asn89 to be essential for PS-binding. In
plants, it appears that PA can bind to both SK1 and SK2 (319). The crystal structure
of SK1 is now available (283) and a recent report has shed more light on the PA/PS
lipid-interaction of SK1 (285). Shen et al., (285) reported that membrane targeting of
SK1 occurred by a direct interaction of the lipid-bilayer to a hydrophobic patch in
SK1. The hydrophobic region of SK1 was shown to control movement of its
substrate, sphingosine, into the interior of the protein. Mutations to key residues in
the C-terminal hydrophobic region (L194Q and F197A/L198Q) reversed the acidic
phospholipid binding and resulted in a diffuse cytosolic localization of SK1.
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PS is synthesized in the ER from phosphatidylethanolamine and
phosphatidylcholine and then transported to inner leaflet of the plasma membrane. In
contrast, PA is a short-lived signaling lipid, which can be synthesized in the plasma
membranes. A major role for PA is in membrane curvature, formation of vesicles
and cytoskeletal reorganization (320). PA in the plasma membrane is generated by
hydrolysis of phosphatidylcholine by phospholipase D (PLD) activity. Delon et al.,
(317) demonstrated a co-localization of phospholipase D1 with SK1 upon its
activation mostly to perinuclear membranes (Golgi, ER and late endosomes).
Phospholipase D2 on the other hand is predominantly localized to the plasma
membrane although it can localize to other compartments like Golgi (321).
Diacylglycerol kinases can also translocate to membranes to produce PA from DAG
(321). The LPAATs (lysophosphatidate-acyltransferases) synthesize the majority of
PA in organelles where it is quickly converted to DAG by lipins for synthesis of
more complex phospholipids (189). PA has also been shown to recruit other
important signaling proteins such as SOS, RAF, GRB2, SHP2, PP1c, etc (Reviewed
in (321)). It is likely from these results that PA is involved in retaining SK1 in acidic
regions of membrane.
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Figure 1.7: Recruitment of the cytosolic protein SK1 by PA formation to sphingosinerich regions of the membrane.

1.4.6

S1P function, trafficking and inside out signaling
Extracellular S1P signaling and function can vary depending on the

localization, tissue expression of S1P receptors (S1P1-5) and S1P receptor coupling to
different G-proteins. S1P1 was initially identified in an angiogenesis screen as an
orphan GPCR, edg1 (endothelial differentiation gene -1) (322). S1P1-/- mice die in
utero due to vascular defects resulting in embryonic hemorrhaging (323). Although
S1P2-5-/- mice are viable, these receptors have been shown to be involved in various
inflammatory processes, endothelial function and regulation of the immune system
(324). SK1/2 double knockout mice are embryonic lethal due to major defects in
neurogenesis and angiogenesis (264). A variety of pathways including ERK1/2
(325), p38MAPK (326), PI3K/Akt (327) and NFκB (293) have been shown to be
activated by S1P receptor signaling.
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The de novo synthesis of simple and complex sphingolipids in ER and Golgi
was described earlier. The delivery of ceramides from ER to Golgi is thought to be
directly facilitated by the ceramide transfer protein or CERT (328). However, the
delivery of complex sphingolipids to the plasma membrane is mediated by
exocytosis. Glycosphingolipids and sphingomyelin are degraded and recycled by the
endosomal-lysosomal pathway. Intracellular S1P degradation is mainly controlled by
S1P lyase and S1P phosphatases activities, which are localized mainly to ER with
active sites facing the lumen and cytosol respectively (329, 330).
S1P can be transported outside the cell by the ABC transporters, ABCA1
(331), ABCC1 (332) and ABCG2 (333). However, only the newly identified spinster
homolog 2 (Spns2) was both a specific and physiological S1P transporter (334-336).
The source of plasma S1P (100 nM - 1 μM) is unclear with studies suggesting they
may arise from activated platelets (337), hematopoietic stem cells (338),
erythrocytes (339) and vascular endothelium (340). It is likely more than one source
contributes to its formation under various conditions. Outside the cell, where S1P is
more abundant, it is carried by HDL and to a lesser extent it can bind to albumin and
LDL (341). Lipoprotein-bound S1P is not degraded as easily as albumin-bound S1P
by LPP activity localized to the plasma membrane (342). Additionally, erythrocytes
were proposed to act as a buffer to store S1P (343). Most of the signaling functions
of S1P are attributed to its secretion and inside-out signaling through its GPCRs
(S1P1-5). However, intracellular second messenger roles for S1P have also been
identified. For example, intracellular SK1 activity is required for ERK1/2 activation
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downstream of the VEGF receptor (291). SK1 binds to TRAF2 (TNF receptorassociated factor 2), where S1P is a cofactor for TRAF2’s E3 ubiquitin ligase
activity (314, 344). Intracellular S1P is a direct binding partner for histone
deacteylases linking it to gene regulation (345, 346).

1.4.7

Role for S1P in disease and development of S1P-modulating drugs
SK1 and its product S1P have important roles in immune cell trafficking,

vascular development, cardiac function and inflammatory diseases besides its role in
cancer. Several S1P modulators are currently in clinical trials for various disorders
like multiple sclerosis, ulcerative colitis, cancer, rheumatoid arthritis, psoriasis, etc
(Reviewed in (347)). Here, I will briefly discuss the role of S1P in inflammatory
conditions and cancer.

1.4.7.1

Inflammatory disorders
Fingolimoid

(FTY720),

which

was

originally

identified

as

an

immunomodulator, is a S1P receptor regulator and a clinically approved treatment in
multiple sclerosis (348). The FTY720 prodrug is phosphorylated by SK2 to
FTY720-P, which can potently activate multiple S1P receptors and target them for
proteosomal degradation (338, 349). Immune cells are desensitized to the effects of
S1P due to degradation of S1P1 receptor by FTY720 and remain in the lymphoid
organs. Extensive work from Dr. Cyster’s group has established the involvement of
S1P-S1P receptor signaling in lymphocyte egress from lymphoid organs (339, 350-
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352). FTY-720 can also stimulate S1P1 receptor degradation in other cell types in the
central nervous system and may have other therapeutic effects in multiple sclerosis
patients.
S1P levels are increased in the synovial fluid of patients with rheumatoid
arthritis. Inhibition of SK1 blocked the production of inflammatory cytokines and
thus reduced disease incidence and progression in a mouse model of arthritis (353).
Overexpression of SK1 was linked to diabetic nephropathy in an ex vivo model,
where S1P increased the expression of glomerular extracellular matrix protein,
fibronectin (354). S1P has also been linked to fibrotic diseases, where elevated S1P
promotes EMT-like phenotype (355). Serum S1P levels were also elevated in
systemic sclerosis patients (356).
Sphingosine kinase activity has been linked to ulcerative colitis using the
dextransulfatesodium (DSS) model in SK1-/- mice and IHC analysis of SK1 on
patient samples (357). Small molecule inhibitors of sphingosine kinases effectively
targeted chemically-induced inflammatory cytokines and S1P production in the
colon carcinoma model (358, 359). KRP-203, a synthetic immunomodulator
structurally similar to FTY720 (360), suppressed colitis in IL10-/- model by
decreasing the infiltration of lymphocytes and blocking cytokine production (360).
SK1 activity has also been reported to be increased in colon cancer (361). SK1
increases the severity of chemically induced colitis in SK2-/- mice by persistent
activation of the inflammatory mediators, NFkB and STAT3, thus linking colitisassociated cancer to chronic inflammation (362).
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1.4.7.2

Cancer
S1P’s mitogenic and anti-apoptotic role prompted many investigators to

work on its role in cancer. Overexpression of SK1 protected cancer cells from
apoptosis. Xia and colleagues showed increased tumorigenesis in 3T3 fibroblastsoverexpressing SK1 (312, 363). Results from clinical studies show several cancers
including thyroid (364) , breast (365), glioblastoma (366) and lung cancers (367) are
characterized by increased expression of SK1. Estimating S1P levels and SK1
expression have potential as a biomarker in breast (365) and prostate cancers (368).
Mice with 4T1 orthotopic tumors have elevated S1P levels in circulation and an
increase in SK1 expression was observed in the tumors (369).
The idea of tumor-derived S1P autocrine/paracrine signaling loop was
challenged by a study recently (252). By injecting SK1-expressing cancer cells in a
SK1-/- or wild type mice and the authors were able to differentiate between the
effects of systemic and tumor-derived S1P. The authors showed that proliferating
tumors induce systemic increases in S1P in wild-type but not SK1-/- mice.
Furthermore, a knockdown of SK1 in the cancer cells had only a modest effect on
tumor growth and no effect on metastasis. Their results suggest that the extracellular
S1P gradient alone determines lung metastases irrespective of cancer cell SK1
activity.
The monoclonal antibody against S1P, sphingomab, was shown to decrease
tumor proliferation and angiogenesis in breast, ovarian and lung cancer xenografts in
pre-clinical models (249). This has now progressed into Phase II trials. A specific

52

inhibitor of SK1 (SK1-I or BML-258) prevents tumor growth and angiogenesis in a
xenograft model of glioblastoma (370) and leukemia (371). The same inhibitor
decreased tumor growth, heme- and lymph-angiogenesis in a syngeneic model of
breast cancer (369). However, another potent inhibitor of SK1, PF-543, decreased
S1P levels without any effect on the survival of cancer cells in vitro (372). Another
small molecule inhibitor SKi (SKi-II) was shown to induce proteosomal degradation
of SK1 and apoptosis in cancer cells (373). These compounds show great promise
for the future development of more potent and selective SK1 inhibitors. The role of
S1P in cancer and chemo-resistance is discussed further in the following section.
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Figure 1.8: Functions of SK1-derived S1P from various cell sources in the tumor
microenvironment – SK1 is activated by growth factors, hormones, GPCR ligands and
other agonists in the cancer and stromal cells. Intracellular S1P has distinct signaling roles in
the cancer cell resulting in increased survival. Intracellular S1P is also secreted outside the
cell by the action of ABC- or Spns2- transporters. S1P in the circulation is derived from
various sources such as erythrocytes, endothelium, and platelets and is bound to HDL, LDL
or albumin. S1P gradients in the tumor microenvironment drive survival, proliferation,
metastasis and angiogenesis by activation of the S1P receptors.

1.4.8

S1P and ceramide rheostat
The rapid turnover of S1P from ceramide breakdown, terminal degradation

of S1P by S1P-lyase and the opposing effects of ceramide/S1P on stress signaling
and cell survival suggest that SK1 is a key regulator of sphingolipid metabolism. The
ceramide rheostat model argues that the metabolic conversion of ceramide to S1P
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determines cell survival. Apoptotic ceramides (and sphingosine) feature on one end
while S1P is on the other end of the death-survival balance (Fig. 1.6). Any
sphingolipid modifying enzyme activity that tips this balance, can affect cell survival
and apoptotic pathways. This was supported by an initial study in Cuvillier et al.,
(374) where SK1 activity counteracted ceramide-induced effects on apoptosis.
Several studies have since come out in support of this model (See Section 1.4.9).
The validity of the ceramide rheostat model has been questioned because of the
differences in relative abundance of these lipids in cell. These are explained by
differences in the localization, diversity of the ceramide species (>200) and existence
of other ceramide regulatory pathways (Fig. 1.6).

1.4.9

SK1 activation and resistance to therapy
The role of SK1 activation in cancer progression and chemo-resistance has

been well described in many cancers such as breast, prostate, colon cancers,
glioblastoma and leukemia (267, 375). MCF-7 breast cancer cells showed increase
sensitivity to doxorubicin when SK1 was silenced (376). Bonhoure et al., (377)
showed the S1P-ceramide rheostat contributed to resistance to doxorubicin and
etoposide, which could be circumvented by addition of ceramides to these cells. The
authors also reported sustained activation of SK1 and decreased accumulation of
ceramides in drug-resistant cells. The SK1/S1P axis reduced C18-ceramide levels
and blocked apoptosis in chronic myelogenous leukemia cells that are resistant to
imatinib (378). SK1 overexpression increased resistance to docetaxel treatment and
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reversed ceramide-induced apoptosis (379), whereas siRNA knockdown of SK1 lead
to increased docetaxel sensitivity (380) in a mouse model of prostate cancer. SK1
overexpression caused resistance to platins, doxorubicin and vincristine and
interfered with ceramide synthase-induced sensitivity to these drugs (381). SK1
overexpression increases the resistance of breast cancer cells to tamoxifen, whereas
knocking down SK1 was enough to restore sensitivity of resistant cells (382).
Expression of SK1 and S1P1,3 receptors were inversely correlated with tamoxifen
sensitivity in breast cancer patients (365). SK1 expression was also inversely
correlated with survival in glioblastoma patients (366). Further, inhibition of SK1
activity in glioblastoma results in increased apoptosis (383) and restores sensitivity
to temozolomide (384).
Dimethylsphingosine (DMS), a non-specific inhibitor of SK1, was shown to
increase apoptosis in leukemia and colon cancer cells. DMS also decreased the
growth of tumors independently or in combination with doxorubicin in epidermoid
carcinoma cells injected subcutaneously into female BALB/c mice (385). Safingol, a
competitive SK1 inhibitor, sensitizes multi-drug resistant cancer cells to doxorubicin
(386). A role for oxidative stress mediated cell death has been proposed in these
actions (387). A Phase I trial for Safingol with cisplatin in combination therapy is
now complete (388) and could be the first of SK1 inhibitors to make it to the clinics.
French et al., (389) compared SK1 expression in several solid tumors to the normal
tissue of patients and found it was increased. Furthermore, a library of small
molecule inhibitors of SK1 was shown to induce apoptosis in several cancer cell
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lines including drug-resistant cells and decrease tumor growth in a subcutaneous
BALB/c cancer model.
Experiments on S1P degrading enzymes show most of the above mentioned
effects of SK1 are mediated by S1P itself and not its metabolites. For instance,
genetic ablation of S1P lyase can cause increased tumor formation in nude mice and
resistance to doxorubicin and etoposide-treatments (390). S1P phosphatases are a
target for miR-95, which promotes radiation resistance in a prostate cancer xenograft
model (391).

1.4.10 Alternate sphingolipid pathways in drug resistance
Decreased ceramide generation by both de novo synthesis and the salvage
pathway (Fig. 1.6) has been linked to drug resistance (375). Thus targeting the
enzymes involved in modulation of ceramide levels has been suggested as a strategy
for overcoming drug resistance (392). Several chemotherapeutic agents and radiation
have been shown to induce ceramide formation. Doxorubicin, for example, produces
ceramides both by de novo synthesis and activation of sphingomyelinases. Our group
showed that LPA protects from paclitaxel-induced cell killing in breast cancer cells
by decreased ceramide production (211). The role of extracellular LPA in regulation
of ceramide generation pathways remains poorly understood. The existing literature
on ceramide generation pathways and drug resistance are discussed in the following
sections.
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1.4.10.1

Ceramide synthesis by de novo pathway

Multiple chemotherapeutics can increase ceramide production by de novo
pathway (Fig. 1.6). These include daunorubicin (393), doxorubicin (394),
campothecins (394), paclitaxel (395), cisplatin (381) and etoposide (396).
Alterations in ceramide synthase activity have been commonly linked to resistance
to apoptotic ligands, chemotherapies and radiotherapy (397, 398).

1.4.10.2

Sphingomyelinases

Increased sphingomyelin synthase activity has been linked to doxorubicin
resistance

in

leukemia

patients

(399).

Mutations

in

acid

or

neutral

sphingomyelinases can cause a loss of ceramide production and lead to resistance to
γ-radiation therapy (400, 401). Overexpression of acid sphingomyelinase reduced
tumor burden together with γ-radiation in a subcutaneous melanoma model (402).
Acid sphingomyelinase-/- knockout mice with fibrosarcomas develop radiation
resistance (403). Generation of ceramides from sphingomyelin was found to be
decreased in TNF-α resistant cells (404). However, other ceramide pathway enzymes
such as glycosylceramide synthase, ceramidase may also be involved in ceramide
generation and resistance to γ-radiation (405).

1.4.10.3

Glycosylation of ceramides
The formation of glycosylceramides has been shown to be a major pathway

by which resistant cells avoid ceramide-induced apoptosis. Initial work showed an
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increase in glycosylceramide levels in multi-drug-resistant cancers (406). A
correlation was also made between the expression of MDRT, ABCB1 and ABCC1,
and

generation

of

glycosylceramides

(407,

408).

Overexpression

of

glycosylceramide synthase confers resistance to drugs like doxorubicin (399, 409).
Galactosylceramides (410) and complex gangliosides have also been linked to
increased

tumorigenesis

and

resistance

to

chemotherapy.

Targeting

glycosylceramide synthase alone did not have any effect on altering the sensitivity of
melanomas to doxorubicin and reversing multi-drug resistance because of the
existence of other de novo and salvage pathways for ceramide generation (411). A
multi-inhibitor approach was used to target ceramide conversion pathways and this
resulted in enhanced ceramide levels and sensitization of radio-resistant carcinomas
(405). The MDRT modulator, PSC833 (412), a cyclosporineA analog, was able to
reverse glycosylceramide-mediated resistance to chemotherapy by increasing
ceramide levels (406). Interestingly, MRP1 can flip glycosylceramides and
sphingomyelin across the membrane (413).

1.5 Summary and thesis objectives
ATX is a wound healing and tissue remodelling factor recruited by cancer
cells to generate LPA in the tumor microenvironment. Strong evidence supports a
role for ATX/LPA signaling in early stages of tumorigenesis, tumor progression and
advanced metastatic disease in breast and other cancers. Additionally, LPA signaling
promotes survival and confers resistance to various chemotherapies in cell culture

59

and animals models of cancer. The mechanism for LPA’s role in the acquisition and
maintenance of resistance to various chemotherapeutics is not clear. The first aim of
my thesis was to determine the role of LPA signaling in initiating adaptive
mechanisms that result in acquisition of multi-drug resistance to chemotherapeutics
in cancers.
Cell lines have been used primarily to investigate multi-drug resistance
mechanisms. However, recent studies suggest that cell culture models are limited in
their usage to model clinical resistance since they lack the heterogeneity associated
with tumors (414). Additionally, cell lines cannot entirely account for the role of
tumor microenvironment in development of resistance to therapies. The second aim
of my thesis was to investigate the role of ATX/LPA signaling in promoting
resistance to doxorubicin in a syngeneic orthotopic model of breast cancer. LPA
levels in these mice were decreased by inhibition of ATX activity with ONO8430506. The experiments with doxorubicin were extended to investigate resistance
to tamoxifen, another widely used first line therapy in breast cancer.
Alterations to sphingolipid metabolism have been reported as one of the
mechanisms contributing towards chemo-resistance. S1P generated by SK1 activity
plays an important role in cell survival both as intracellular second messengers and
as an extracellular factor with mitogenic properties. The final aim of my thesis was
to investigate the mechanism of activation of SK1 by LPA in doxorubicin-resistant
breast cancer cells.
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CHAPTER 2 – MATERIALS AND METHODS
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2

MATERIALS AND METHODS

2.1 Reagents
All chemicals and reagents were from Sigma-Aldrich (Oakville, ON) unless
stated

otherwise.

DMEM,

RMPI-1640,

DMEM-F12,

OPTI-MEM,

penicillin/streptomycin and trypsin-ethylenediaminetetraacetic acid, G418 and
blasticidin were from Life Technologies (Gaithersburg, MD, USA). LB powder,
granulated agar was from Difco Laboratories (Detroit, MI, USA). Ampicillin,
kanamycin, spectinomycin and choloroamphenicol were from Sigma. FBS was from
Medicorp Inc (Westmount, QC). MEGM (Lonza, Mississauga, ON). Doxorubicin
HCl (Cayman Chemicals, Ann Arbor, MI, USA), etoposide (Sigma); PA (mixed
species) was from Sigma-Aldrich. Caspase 3/7 Glo assay kit, GSH-Glo and
Luciferase assay kit were from Promega (Mississauga, ON).
The following LPA receptor agonists and antagonists were used: 18:1-LPA,
VPC31143(R) and VPC32183 were from Avanti Polar lipids (Alabaster, AL, USA).
Ki16425, 2S-OMPT, tetradecylphosphonate were from Cayman Chemicals (Ann
Arbor, MI, USA). LP-105 was obtained from Enzo Lifesciences (Farmingdale, NY,
USA). wls31 (415, 416) was synthesized by Mr. N. Patwardhan and kindly provided
by Dr. W. Santos, Department of Chemistry, Virginia Tech (Blacksburg, VA, USA)
(See Table 2).
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TABLE 3: Pharmacological activators/inhibitors used in the study
Name

Supplier

Action

LY294002
PD98059
GÖ6983
AG1296

BIOMOL
Calbiochem
Calbiochem
Calbiochem

AG1478

Calbiochem

Wortmannin
Pertussis toxin
U73122
ActinomycinD

Sigma
Sigma
Sigma
Sigma

MG132

Sigma

t-BHQ
Probenecid
CyclosporineA
MK571
FTC
VU0155056
VU0359595
VU0285685-1
FIPI
ZVAD-FMK

Sigma
Sigma
Sigma
Sigma
Sigma
Avanti
Avanti
Avanti
Sigma
Enzo Lifesciences

PI3K inhibitor
MEK inhibitor
PKC inhibitor
PDGFR kinase
inhibitor
EGFR kinase
inhibitor
PI3K inhibitor
Gi inhibitor
PLC inhibitor
Transcription
inhibitor
Proteosomal
inhibitor
Nrf2 activator
MRP inhibitor
MDR inhibitor
ABCC1 inhibitor
ABCG2 inhibitor
Pan PLD inhibitor
PLD1 inhibitor
PLD2 inhibitor
Pan PLD inhibitor
Pan caspase
inhibitor

Final
concentration
10 μM
20 μM
10 μM
10 μM
10 μM
1 μM
0.1 μg/ml
1 μM
10 μg/ml
10-25 μM
10-25μM
1-5 mM
5 μM
20 μM
20 μM
1 μM
0.5 μM
0.5 μM
1 μM
50 μM

The following pharmacological activators and inhibitors were used: MG132,
t-BHQ, probenecid, cyclosporineA, MK-571, FTC, DAPT and FIPI were from
Sigma-Aldrich. VU0155056, VUO359595, VUO285685-1 were from Avanti.
PD98059, GÖ6983, AG1296, AG1478 were from Calbiochem (Millipore, Etobicoke,
ON). Wortmannin, pertussis toxin, U73122, rapamycin, cucurbitacin 1 and
actinomycin D were from Sigma. LY294002 was from BIOMOL (Enzo
Lifesciences, Farmingdale, NY, USA). See full list and details in Table 3.
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2.2 Cell culture
2.2.1

Cell lines
MCF-7 (HTB-22), MDA-MB-231 (HTB-26), MDA-MB-468 (HTB-132),

MDA-MB-453 (HTB-131), Hs578T (HTB-126), Hs578Bst (HTB-125), MCF10A
(CRL-10317), MCF12A (CRL-10782), 4T1 (CRL-2539), MDA-MB-435S (HTB129), A549 (CCL-185), HEL299 (CCC-137), MRC-5 (CCL-171), WI-38 (CCL-75),
HT1080 (CCL-121), GM-10 (Dr. Mirzayans), GM-0637 (Dr. Mirzayans), HepG2
(HB-8065), HEK293 (CRL-1573) and HEK 293T (CRL-11268), were all purchased
from ATCC (Manassas, VA, USA). BCPAP (ACC-273), 8305C (ACC-133) were
from DSMZ (Braunschweig, Germany).

TPC-1 was obtained from Dr. Todd

McMullen, University of Alberta. HUVECs were obtained from Dr. Denise
Hemmings, University of Alberta. 4T1-12B cells were purchased from Dr. G.
Sahagian (Department of Physiology, Tufts University School of Medicine, Boston,
MA, USA). All cells were used at low passage number. Growth media and
characteristics are described in the Table 4. All cells were maintained in an incubator
at pH 7.4, humidity, 5% CO2 atmosphere at 37⁰C. The inducible, minimal
antioxidant response element (ARE) cell line, AREc32 (417), was a kind gift from
Prof. Roland Wolf and Cancer Research UK. It was made by stably expressing a
pGL3 luciferase vector inserted with 8 repeats of the short, functional cis element of
rat Glutathione-S-Transferase α2 (GSTA2) in MCF-7 cells (Table 5).
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TABLE 4: LIST OF CELL LINES USED IN THE STUDY
CELL LINE

SUPPLIER

Type

MDA-MB-231

CULTURE
MEDIUM
DMEM + 10% FBS

ATCC

Breast adenocarcinoma

MCF-7

DMEM + 10% FBS

ATCC

Invasive ductal carcinoma

MDA-MB-468

DMEM + 10% FBS

ATCC

Breast Adenocarcinoma

MDA-MB-453

DMEM + 10% FBS

ATCC

Breast adenocarcinoma

4T1

DMEM + 10% FBS

ATCC

Murine carcinoma

4T1-12B

DMEM + 10% FBS

Dr. Sahagian

4T1 stably expressing firefly
luciferase

AREc32

DMEM+ 10% FBS
+G418

Cancer
research UK

Derived from MCF-7 cells

Hs578T

DMEM+ 10% FBS

ATCC

Invasive ductal carcinoma

Hs578Bst

DMEM + 10%FBS

ATCC

Peripheral tissue to Hst87T

MCF10A

ATCC medium

ATCC

Breast epithelial cells

MCF12A

ATCC medium

ATCC

Breast epithelial cells

MCF-7 DOX

DMEM + 10% FBS

Dr. Parrissenti

Derived from MCF-7 cells

MCF-7
TAX

DMEM + 10% FBS

Dr. Parrissenti

Derived from MCF-7 cells

HepG2

DMEM + 10% FBS

ATCC

Hepatacellular carcinoma

A549

DMEM+10% FBS

ATCC

Lung adenocarcinoma

WI-38

DMEM + 10% FBS

ATCC

Lung fibroblasts

HEL-299

RPMI + 10%FBS

ATCC

Lung fibroblasts

MRC-5

RPMI + 10%FBS

ATCC

Lung fibroblasts

HT-1080

DMEM+ 10% FBS

ATCC

Fibrosarcoma

MDA-MB-435S

DMEM + 10% FBS

ATCC

Melanoma

GM-10

HamF12/DMEM

Skin fibroblasts

GM-0637

HamF12/DMEM

Skin fibroblasts

8305C

RPMI + 10% FBS

DSMZ

Thyroid carcinoma

BCPAP
TPC1

RPMI + 10% FBS
RPMI + 10% FBS

DMSZ
Dr. McMullen

Thyroid carcinoma
Thyroid carcinoma

Dr. Hemmings

Human umbilical vascular
endothelial cells

HUVECs
HEK293

DMEM + 10% FBS

ATCC

Human embryonic kidney

HEK293T

DMEM +10% FBS

ATCC

Human embryonic kidney
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TABLE 5: Comparison of antioxidant response element (ARE) for Nrf2-regulated
genes used in this study

GENE

Species

5’- ARE Sequence – 3’
nTGACnnnGCn

Reference

PGL-8x ARE

-

(417)

Gsta2

Rat

GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCACCC
GTGACAAAGCA
GTGACAAAGCA

Nqo1
nqo1
NQO1
HMOX1 – 1
HMOX1 - 2
HMOX1- 3
ABCC1 -1
ABCC1 – 2
abcc1 – 1
abcc1 – 2
ABCC2 – 1
ABCC2 – 2
ABCC2- 3
abcc2
abcc3
abcc4
ABCG2

Rat
mouse
Human
Human
Human
Human
Human
Human
mouse
mouse
Human
Human
Human
mouse
mouse
mouse
Human

GTGACTTGGCA
GTGAGTCGGCA
GTGACTCAGCA
GTGACTCAGCG
GTGACTCAGCG
GTGACTCAGCA
GTGACTCAGCT
GTGAGCGGGCG
TTGAGTTAGCT
TTGAGACAGCA
AAGACTGTGCA
GTGACAGTACA
CTGATGCTGCC
ATGACATAGCA
ATGACTCTGCT
GTGACCTGGCA
GTGACTGGGCA

(418)
(418)
(418)
(419)
(419)
(419)
(420, 421)
(421)
(422)
(422)
(422)
(422)
(422)
(423)
(422)
(422)
(83)

(417)

Abbreviations:
PGL-8x ARE – 8x putative Nrf2 binding site (TGACnnnGCn) from rat GSTA2 ARE core
sequence; GSTA2 – Glutathione-S-Transferase α2; NQO1–NAD(P)H quinone
oxidoreductase-1; HMOX1 –heme oxygenase 1; ABCC/G – human or mouse ATP-binding
cassette transporters, subfamily C or G members.
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Doxorubicin-resistant MCF-7DOX2 and isogenic control MCF-7cc cell lines
were described earlier (424) and were a kind gift from Dr. Amadeo Parissenti
(Laurentian University, Sudbury, ON). Dose 8, 10, 12 correspond to selection
doxorubicin doses of 19.4, 43.6, 98.1 nM respectively. CTRL cells were MCF-7
cells cultured similar to MCF-7DOX2 without any drug present to account for any
changes associated with long-term handling and culture of these cells. The cell lines
were maintained at their selection doses. MCF-7DOX1 cells, which express high levels
of ABCB1, were maintained at 300 nM doxorubicin (425).

2.2.2

Transient transfection of cultured cells with plasmids
N-terminal hemaglutanin (3xHA) tagged LPA1,2,3 receptor ORFs inserted into

Kpn1 (5') and Xho1 (3') sites within the MCS of a pCDNA3.1 vector (Life
Technologies) were purchased from University of Missouri cDNA Resource Center
(Rolla, MO, USA). The insert sizes were 1179, 1140 and 1146 bp respectively. An
empty pCDNA3.1 vector expressing 3xHA was used as control. EGFP (13031) or
EGFP-Nrf2 plasmid (21549) on a pCDNA3 vector was from Addgene (Cambridge,
MA, USA) (426). mCherry-SK1, SK-eCFP and 3xHA-SK1 plasmids were obtained
from GeneCopoeia (Rockville, MD, USA). The plasmids were transformed in
Subcloning Efficiency DH5αTM (Life Technologies), plated in LB Agar (1.5% w/v
agar in LB medium) plates containing 100 μg/ml Ampicillin and incubated at 37⁰C
for obtaining Escherichia Coli colonies. They were propagated further for obtaining
plasmid DNA. The plasmid DNA was isolated using the QIAprep kits (Qiagen,
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Toronto, ON) and quantified using a nanodrop spectrophotometer ND-1000 (Thermo
Scientific, Rockford, IL, USA). Plasmid transfections were achieved with Polyjet
(Signagen, Gaithersburg, MD, USA) according to the manufacturer’s instructions.
Protein expression was verified by immunoblotting. Gene expression was verified by
qRT-PCR and by immunoblotting for protein expression and insert sequences were
verified in the Applied Genomics Core, University of Alberta.

2.2.3

siRNA knockdown of LPA1/2/3 and Nrf2
siRNAs for human LPAR1 (a-SI00376229, b-SI00376236), Allstars Negative

Control siRNATM with no homology to any mammalian gene (SI03650318) and a
positive control siRNA targeting human or mouse MAPK1TM (SI03650367) were
from QIAGEN (Qiagen, Toronto, ON). siRNA transfections were achieved with
INTERFERin reagent (POLYPLUS Transfection, Illkirch, France) according to the
manufacturer’s instructions. The siRNA conditions were initially optimized by
monitoring cell death induced by Allstars Celldeath ControlTM siRNA (SI04939025).
MDA-MB-231 cells were seeded in 6- or 12-well plates at 150,000 and 50,000 cells
per well respectively. Transfections were done at 50% confluency with siRNAINTERFERin complex prepared in OPTI-MEM. The final concentration of siRNA
resulting in a knockdown was 50-100 nM after 36-48 h incubation after transfection.
The target sequences were as follows:
siRNA A 5'–CAAGACTTGATATATATTGAA-3',
siRNA B 5'-CACTATAATATTGTTCCCATA-3'.
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For RNAi silencing of Nrf2, 5 dicer-substrate siRNA (DsiRNA) duplexes were
designed using Predesigned DsiRNA selection tool from Integrated DNA
Technologies Inc. (Coralville, IA, USA). A non-targeting siRNA duplex that does
not target any sequence in human, mouse and rat transcriptomes was used as a
control. The sequences are shown below:

TABLE 6: Nrf2 DsiRNA sequences

200,000 4T1 cells were seeded in 6 well plates and allowed to grow for one day.
After 24 h the DsiRNAs were added in a fresh antibiotic-free medium at a final
concentration of 40 nM per well. The DsiRNA transfections were done using
Lipofectamine RNAiMAX transfection reagent (Life technologies) and Opti-MEM
reduced serum medium (life technologies) according to the manufacturer’s protocol.
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2.2.4

Preparation of charcoal-treated serum (FBS-C)
Two grams of activated charcoal (Nortit Nederland BV, Amsterdam,

Netherlands) was washed twice with PBS and then added to 50 ml FBS. The mixture
was rotated overnight at 4°C, centrifuged in 2800 rpm for 20 min and the
supernatant filtered through 0.22 µm filter (Millipore, Mississauga, ON). The
amount of LPA in the supernatant was determined to be <98% of that in the original
serum as determined by the recovery of [32 P]LPA (211). Ten % delipidated serum
was prepared and used similarly to 10 % FBS in DMEM containing antibiotics.

2.2.5

Adenoviral inoculation of cells
Adenoviral overexpression of wild type or catalytically inactive mutants of

PLD1 and PLD2 in a human cell line was described earlier (128). They were
originally a gift from Dr. Natarajan (University of Chicago, IL, USA) and were
prepared by the Gene Transfer Vector Core, University of Iowa (Iowa City, IA,
USA). The adenovirus was produced using the pAdEasy-1 system (Stratagene, La
Jolla, CA, USA) (427) from cDNAs encoding wild-type human PLD1 and mouse
PLD2 or catalytically inactive PLD1(K899R) and PLD2(K758R) mutants.
Adenovirus made from β-galactosidase-expressing vector backbone was used as a
control in experiments. To infect cancer cells we used 50 plaque forming units/ cell
of the adenovirus, which was diluted in full growth medium. We observed no
significant cell death at this concentration for up to 48 h. Briefly, MDA-MB-231 or
Dose12 MCF-7 dox-resistant cells were plated in 6 well dishes with antibiotic-free
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growth medium before inoculation with virus. The virus-containing medium was
replaced after 12 h. The cells were allowed to grow for another 24 h before
starvation and subsequent treatments.

Figure 2.1: Adenoviral overexpression of phospholipase D in cancer cells – MCF-7 cells
were infected with adenovirus as described in Section 2.2.5 before being analyzed by
immunoblotting for PLD1 and PLD2. The catalytically inactive PLD1-K899R and PLD2K758R are also shown.

2.2.6

shRNA knockdown of PLD1/2 in cancer cells
shRNA targeting PLD1 and 2 were a kind gift from Dr. Guangwei Du,

University of Texas Health Sciences Center (Houston, TX, USA) (428). siRNAs
were designed matching hPLD1 ORF 547-565 and two mPLD2 ORFs 723-741 and
1145-1164 under a H1 promoter in pCDNA6/SUPER or RFP-expressing pDsRed2
backbone. They were used for transient transfections in Dose12 MCF-7 dox-resistant
cell lines using PolyJet (Signagen), according to the manufacturer’s instructions.
Transfection efficiency determined by RFP fluorescence was about 20%.
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Figure 2.2: shRNA knockdown of phospholipase D in cancer cells – MCF-7 DOX cells
transfected with PLD1 or PLD2 shRNAs as described in the protocol were analyzed by
immunoblotting for their protein expression.

2.2.7

Plasmids, lentiviral production and stable expression in cancer cells
EGFP (Addgene: 25899), SPHK1 (Addgene: 23704), SPHK2 (Addgene:

23714) ORFs in entry vectors (429) were cloned into the destination vector PLX304
(Addgene: 25890) using the gateway LR reaction™ and transformed in chemically
competent DH5α cells. Lentiviral plasmids were propagated in cultures grown at
30°C for 24 h to avoid spontaneous recombination. The inserts were verified by
sequencing and restriction digestion with BsrG1 (New England BioLabs, Beverly,
MA, USA) in 1% agarose gel. HEK293T cells were seeded in flasks and pre-coated
with 50 µg/ml poly-L-lysine before transfection. Lentivirus particles were prepared
by transiently transfecting 2 μg of the destination vector with the third generation
packaging vectors. The packaging vectors encode the gag/pol/rev genes required for
producing replication-incompetent lentivirus from the tat-independent, CMV
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promoter-driven PLX304 vector. The final concentrations for the vectors were 2 μg
of pMDLg (Addgene: 12251), 0.7 μg of pRSV-Rev (Addgene: 12253) and 0.7 μg of
an envelope vector pMD2.G (Addgene: 12259), using GenJet (Signagen,
Gaithersburg, MD, USA) transfection reagent according to the manufacturer’s
instructions. The virus containing medium was collected for up to 48 h and a high
titer was prepared by ultracentrifugation (Beckman Coulter).
Cancer cells grown in 10-cm dishes were pre-treated with hexadimethrine
bromide (8 μg/ml) containing medium before viral transduction. They were selected
in 2 μg/ml blasticidin containing medium (Life Technologies) for a week before
using them in experiments. Gene expression in cells was verified by immunoblotting
for the C-terminal V5 tag fused to the ORFs (Fig. 2.3). Constitutive or inducible cell
lines expressing catalytically inactive R217K or WT LPP1 were made by Dr.
Xiaoyun Tang, University of Alberta. 4T1 cells inducibly expressing catalytically
inactive R217K or WT LPP1 were used previously in animal experiments (183).
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Figure 2.3: Lentiviral expression and selection of SK1 and SK2 expressing cell
lines: MDA-MB-231 cells were infected with lentivirus and selected for a week
with blasticidin (2 μg/ml) as described in the protocols. An immunoblot is shown on
the left and confocal images are on the right for over-expression of V5-tagged
sphingosine kinase-1. Scale bar – 25 µm.

2.2.8

Transfection of PA probes
To study PA-formation and localization in different membranes we used a

specific PA-biosensor prepared by Dr. Guangwei Du. This used the PA-binding
domain of the yeast spo20 in a pEGFP-C1 plasmid background (430) to generate a
monomeric RFP-PASS, monomeric GFP-PASS or enhanced GFP-2XPASS plasmids
as reported earlier (430). The plasmids were used at 1 μg of each plasmid/well in a
Polyjet complex as described in Section 2.2.2 above. At 18 h post-transfection, the
cells were starved for 12 h before treating them with 1 μM LPA for 5 min.
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2.3 Measurement of doxorubicin sensitivity and accumulation
2.3.1

Cell viability assays
MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was

used to assess relative cell viability after treatment with doxorubicin or etoposide.
The MTT viability assay was the first to be used in a 96-well format for highthroughput screening (431). The yellow tetrazolium salt is positively charged and
enters the cell readily. It is reduced by metabolically active live cells to purple
formazan in the presence of a reducing agent like NADH and NADPH. The cells
were then subsequently solubilized in DMSO and the formazan was quantified by
measuring the absorbance at 570 nm. Under conditions of apoptosis, the cells lose
their ability to convert formazan and this can be used to differentiate viable cells
from dead cells. The conditions were initially optimized to obtain linear cellular
absorbance with low background and interference. Cells (50,000) were seeded into
each well of a 96-well plate in full growth medium and allowed to grow overnight.
The medium was replaced with starvation medium (DMEM + 0.1% BSA) for 12 h.
LPA was added to this directly or in charcoal-treated medium (DMEM + 10% FBSC) and the chemotherapeutic drug was added subsequently for up to 48 h. MTT dye
(500 μg/ml) was then added for 1 h, the cells solubilized with DMSO for 10 min in a
shaker and absorbance was measured at 570 nm in a spectrophotometer.

2.3.2

Caspase 3/7 activity assays
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Cells (2500) were plated in each well of white-walled 96-well plates and
allowed to grow for 24 h. They were starved for 12 h and treated with 10 μM LPA
for 6 h. They were then treated with doxorubicin (0, 1, 2.5, 5 μM) for another 12 h.
A pan-caspase inhibitor, 50 μM ZVAD-FMK (Enzo), was added 60 min before the
treatment. A BCA protein assay was performed in the first plate while a caspase 3/7
assay was performed in the other plate. This assay is based on the conversion of a
caspase 3/7 substrate (Z-DEVD-aminoluciferin) into amino-luciferin, which is used
by luciferase to produce light. The Caspase-Glo reagent (100 μl) was added to each
well containing 100 μl medium from the blank, no-treatment or drug-treated cells.
The covered plates were incubated at room temperature for 2 h with gentle shaking.
The resulting luminescence readings in the plates were then measured using a
luminometer (Perkin-Elmer).

2.3.3

Doxorubicin fluorescence analysis
Cancer cells (250,000) were grown on 6-well plates for 24 h, incubated with

starvation medium containing 0.1% BSA with or without the addition of 10 μM LPA
for 12 h. The cells were then treated with 0.5 µM doxorubicin in the presence or
absence of inhibitors for up to 48 h. Cells were washed, trypsinized and resuspended
in PBS + 1% BSA at 4⁰C. The cells were immediately subjected to FACS Canto II
(BD Biosciences, Mississauga, ON) for fluorescence measurements. Mean
doxorubicin fluorescence for at least 100,000 events was determined in the PEchannel.

76

For localization experiments, cancer cells were seeded on glass coverslips,
loaded with 5 μM doxorubicin for 4 h, washed and immediately fixed,
permeabilized, counterstained with Hoescht 33342 and mounted on glass slides. Cell
images were collected with an inverted fluorescence microscope (Axiovert 200, Carl
Zeiss, Toronto, ON), which was equipped with a 63x/1.4 NA oil-immersion lens and
a CCD camera coupled to the Northern Eclipse imaging program (Empix Imaging
Inc,. Mississauga, ON). Images were obtained from at least 3 fields of view and the
experiment was repeated 3 times.

2.3.4

[14C]doxorubicin and Fluo3-AM efflux
For Fluo3-AM efflux, MDA-MB-231 cells were grown in 6-well dishes.

After 12 h starvation, the medium was changed 10% delipidated serum containing
medium (211) with or without 10 µM LPA for 24 h. Cells were trypsinized, labeled
with 0.4 µM Fluo3-AM (Life Technologies) for 1 h, centrifuged and washed twice.
Fresh medium was then added with or without 5 mM probenecid. Cells were
collected, washed and at least 100,000 cells were taken for analysis. Mean Fluo3
fluorescence was determined in the FITC-channel in FACS Canto II.
For measuring the uptake of doxorubicin, MDA-MB-231 cells were plated at
10000 cells/well in a 96-well plate. After 24 h they were treated with or without 10
µM LPA overnight. The cells were then pretreated with 1 mM probenecid to inhibit
efflux before labeling with starvation medium containing 5 μM non-radioactive
doxorubicin mixed with 5 nCi [14C]doxorubicin (Perkin Elmer, Boston, MA, USA)
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or approximately 10,000 dpm. The level of [14C]doxorubicin in the medium/cells at
various times was determined by collecting 10 μl of the 200 μl/well total medium or
150 μl of 200 μl total cell lysate collected in 0.2 M NaOH. A blank of medium alone
or 0.2 M NaOH was subtracted from the final counts. A few drops of glacial acetic
acid were added to neutralize the solution and decrease background signal before
adding two ml of scintillation fluid and counting.

2.4 Measurement of gene expression
A two-step RT-PCR was carried out to measure expression of several genes
at the level of mRNA. This involved mRNA isolation from protein and DNA,
reverse transcription of the mRNA into cDNA and finally detection of the amplified
transcripts by PCR as described below.

2.4.1

RNA isolation
RNAqueous kit (Life Technologies) was used for isolation of mRNA from

cell lysates. Cells grown in 3.5- or 6-cm dishes were collected using the
Lysis/Binding buffer, which denatures cell proteins and inactivates RNAses. The
viscosity was reduced by passing the samples through a 26-gauge needle and
diluting in ethanol. Samples were extracted into a glass fiber pad-based filter
cartridge, which can bind to RNA/DNA under chaotropic conditions. The bound
nucleic acids were eluted into a low ionic strength buffer pre-heated to 80⁰C.
Genomic DNA was removed using the DNA-free kit (Life Technologies). qScript
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cDNA Supermix (Quanta Biosciences, Gaithersburg, MD, USA) or RT2 first Strand
kit (Qiagen) was used for reverse-transcription of 100-500 ng of isolated mRNA.
The thermocycler conditions were as follows: Step 1 - 25⁰C for 10 min; Step 2 42⁰C for 60 min; Step 3 -95⁰C for 5 min; Step 4 - 4⁰C 10 min. The samples were
stored in -20⁰C until needed.

2.4.2

Quantitative real time PCR
The cDNA samples were assayed with RT2 SYBR green qPCR mastermix

(Qiagen) in the Applied Biosystems 7500 real-time RT-PCR system (Life
Technologies). A singleplex PCR with only one set of primers per well was used. A
standard dilution curve from a mixture of the cDNA samples was used to calculate
changes between the treatment and control. The thermocycler conditions were as
follows: STEP 1 – 50⁰C for 2 min; STEP 2 - 95⁰C for 10 min, STEP 3 – 40 x 95⁰C
for 15 s and 60⁰C for 1 min. The increase in fluorescence following denaturation of
cDNA, primer annealing and amplification of PCR product was detected by the
instrument. SYBR-Green dye in the mastermix binds non-specifically to all doublestranded DNA sequences and was used for detection of the amplified products in
STEP 3. The change in SYBR-dye fluorescence was quantified by a specific-filter
and the ROX-dye was used as a passive reference dye.

Primer-dimers and non-

specific products compete with the target gene for amplification, which can reduce
the efficiency of the PCR. Dissociation curves were established for detection of
non-specific product formation as follows: STEP 1 - 95⁰C for 15s; STEP 2 - 60⁰C
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for 1 min; STEP 3 - 95⁰C for 15s. The melt curves plot the real-time changes in
fluorescence as a function of the first derivative temperature versus temperature.
This displays changes in fluorescence as distinct peaks. Melting temperature for the
primer was verified from this step. Also primer-dimers, which appear as peaks at
lower temperatures or non-specific products, which can appear elsewhere were
monitored. When a primer-dimer or non-specific product was detected, the primers
were discarded and new primers were designed. Amplified products were verified on
a 2% agarose gel. Primers were designed with Primer-BLAST web software (NCBI)
with default specificity and prepared by Integrated DNA Technologies Inc
(Coralville, IA, USA). Results were expressed relative to cyclophilin A (PPIA).
Similar results were obtained using hypoxanthine-guanine phosphoribosyltransferase
(HPRT). The primer sequences used for the RT-PCR analysis are listed in Table 7.

2.4.3

Pathway gene expression array
Tumors were collected in TRIzol reagent (Invitrogen) and kept at -80⁰C until

needed. mRNA was isolated by chloroform extraction, purified by alcohol
precipitation and by treatment with DNA free kit. RNA (1 µg) was reverse
transcribed into cDNA. The samples were initially analyzed for PCR efficiency with
HPRT as before. Samples with similar PCR efficiencies were analyzed using the
mouse Oxidative Stress and Antioxidant Defence PCR array and cancer drug
resistance PCR arrays (Qiagen). The arrays have built-in validated primers in each
well, which allow analysis of 84 unique genes in a 96-well plate. The PCR analysis
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was done as before with a melt curve to confirm the specificity of the PCR products.
Ct numbers generated from plates corresponding to 6 control or 6 ONO-8430506
treated tumors were used to calculate fold change relative to the built in
housekeeping gene. Housekeeping genes used for normalization were Actb, GAPDH
and

hsp90ab1.

The

analysis

was

performed

online

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) for fold change
using the ΔΔCt method (432) and statistical significance between the two treatments
for individual genes were calculated using the student’s t-test (P<0.01). Significantly
decreased genes in ONO-8430506-treated tumors were represented as fold changes
(ONO-8430506 versus CTRL) and 95% confidence intervals.

2.4.4

Tissue microarray data from breast cancer patients
The protocol for tissue microarray of breast tumor biopsies was published

previously (433, 434). All experiments were performed jointly with Raie Bekele and
Matthew Benesch from arrays obtained from Dr. John Mackey. Briefly, tissue
microarrays were generated from 176 treatment-naive breast cancer patients and 10
normal breast tissue samples (from breast reduction surgery) obtained from
Canadian Breast Cancer Foundation tumor bank. Tissue microarray slides were
immunostained for RALBP1 (1:50), developed and counterstained as described in
detail in Section 2.7.3. Tissue staining intensity was quantified for 142 cancer
samples and 5 normal tissue samples using ImageJ analysis.
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TABLE 7: PRIMER SEQUENCES USED IN PCR

Gene

5'- Forward primer- 3'

5'-Reverse primer-3'

ABCC1
ABCG2
ABCB1
ABCC2
ABCC3
ABCC4
ABCC5
ABCC6
ABCC7
ABCC8
ABCC9
ABCC10
ABCC11
ABCC12
ABCC13
LPA1
LPA2
LPA3
LPA4
LPA5
LPA6
LPA7
LPA8
Nrf2
HMOX1
NQO1
mNrf2
mNQO1
mHMOX1
mSOD1
mABCC1
mABCG2
mABCC2
mABCC3
mRALBP1
CYPA
mCYPA

GTGGAATTCCGGAACTAC
AGATGGGTTTCCAAGCGTTCAT
GGCTGATTGGCTGGGCAGGAA
TCAGCGAGACCGTATCAGG
GTCTCCTGTATGTGGGTCAAAGTG
ATGATTTGCTGCCGCTGAC
CAAGAGACCATCCGAGAAGC
GTCCCCACTCTTCAAAGCCA
GCAACAGTGGAGGAAAGCC
AAGATCCAGATCCAGAACCTGAGC
TTGGTGTTGCCTTTTATTTTATCC
CCTTCATCCTCAACATCCTCC
CGTGGCTTTTGGCATTTCC
CATCACCTATCACCTCCTCTAC
GACTCTGGCTGCTATGTGG
TTCACAGCCCCAGTTCACAG
TGCTCCTGGATGGTTTAGGC
TGGGACGTTTTTCTGCCTGT
TGCGCTTCCCAAGCTATTACT
CTTGGCCCGTGTGGGGTTGG
AAATTGGACGTGCCTTTACG
GGCATACGGCAGTCACCTAT
CCAGCTAAGCTCCAGGGAACCA
TCCATTCCTGAGTTACAGTGTC
AACTTTCAGAAGGGCCAGGT
TGAAGGACCCTGCGAACTTTC
CAAGACTTGGGCCACTTAAAAGAC
AGCTGGAAGCTGCAGACCTG
GCTAGCCTGGTGCAAGATACTG
CCAGTGCAGGACCTCATTTT
GCGCTGTCTATCGTAAGGCT
TGGACTCAAGCACAGCGAAT
ACTCAACACACGCCCCATCA
GGGCTCCAAGTTCTGGGAC
CTGGCCACTCTTGTTTGTGC
CCACCGCCGAGGAAAACCGT
CACCGTGTTCTTCGACATCAC

CGGAGGTCGTGCAGGCCG
CCAGTCCCAGTACGACTGTGACA
TGGAACGGCCACCAAGACGTG
TCACCAGCCAGTTCAGGG
CTGTGGCGAGCGTATCTTGTTG
CTGACACCTCTCTTCTGCTTTG
GAAACACACAAGCCAATCCG
CGTGGTGAGCCACACAGTAG
TGGGTTCATCAAGCAGCAAG
TGTCCACCATGCGGAAGAAGG
CCGAATGGTGGTGAGTCC
GCAAACTGGCACCTCTGG
GGGTCTCTTGTCTCTGTATTTC
GGCTTGCGTCTCTGTTCC
CTCGCTTCCTCTCTCAACC
TTCCAAGTCCCATCACCAGC
CTCAGCATCTCGGCAAGAGT
TTCCAGCGAAGAAATCGGCA
GGCTTTGTGGTCSSSGGTGT
GGCTGGGGCCTAGAGGCTGT
TAACCCAAGCACAAACACCA
GAATTGCCTGCTGGATTTGT
AGCAGAGCAGGCAAAGGCT
GCTGAAGGAATCCTCAAAAGC
CTGGGCTCTCCTTGTTGC
GAACACTCGCTCAAACCAGC
AGTAAGGCTTTCCATCCTCATCAC
CCTTTCAGAATGGCTGGCA
CACATTGGACAGAGTTCACAGC
CACCTTTGCCCAAGTCATCT
AGAGGGGCTGACCAGATCAT
ATCCGCAGGGTTGTTGTAGG
TGATCGTCTTAAACTTGCTGGTGA
CCGTCTTGAGCCTGGATAAC
AAGAGGCCTTTGCTGATCCC
AAAGGAGACGCGGCCCAAGG
CCAGTGCTCAGAGCTCGA AAG
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HPRT
mHPRT
SK1
SK2
S1P1
S1P2
S1P3
S1P4
S1P5
SPNS2
mSPNS2
PLX ORF
MAPK1
ENPP2
m/h
IL-1α
IL-1β
IL-6
IL-8
TNFα
IP10
MCP1
GAPDH
m/h

CGACGAGCCCTCAGGCGAAC
GCTGGTGAAAAGGACCTCT
GCTCTGGTGGTCATGTCTGG
AGGAGCTGACCGGGAGCTGG
CCGGGCTCTCCGAACGCAAC
CAGGAGACGACCTCCCGCCA
CCCATCTGGCATTCGAGCGCA
GCACGCAGCCTCGCCTGTAT
GTGCCACGAAGACGCCTCC
ACTTTGGGGTCAAGGACCGA
AGAAGCCGCATCCTCAGTTAGC
CACCAAAATCAACGGGACTT
CCAGCTGAACCACATTTTGGG
CATTTATTGGTGGAACGCAGA

CGGGTCGCCATAACGGAGCC
CACAGGACTAGAACACCTGC
GCAATAGCGTGCAGTTGGT
AGGCCGCTGAGTCTGAGGGG
CGGGGTGGCGCTACTCCAGA
GCTTGAGCGGACCACGCAGT
AAAAGGGCTCCTCCGTCGGCT
ACGGGGAGGTGGGGTGGTTG
CCTACGCCGCCAACATCCTAC
AATCACCTTCCTGTTGAAGCG
CAGGCCAGAATCTCCCCAAATC
CAACACCACGGAATTGTCAG
TCAGCATTTGGGAACAGCCT
ACTTTGTCAAGCTCATTTCC

CTTCTGGGAAACTCACGGCA
AACAGGCTGCTCTGGGATTC
AGTTCCTGCAGAAAAAGGCAAAG
CCACCGGAAGGAACCATCTC
CCCATGTTGTAGCAAACCCTC
AGCAGAGGAACCTCCAGTCT
AGCAGCAAGTGTCCCAAAGA
ACTTTGTCAAGCTCATTTCC

AGCACACCCAGTAGTCTTGC
AGTCATCCTCATTGCCACTGT
AAAGCTGCGCAGAATGAGATG
CTCCTTGGCAAAACTGCACC
CCCATGTTGTAGCAAACCCTC
ATGCAGGTACAGCGTACAGT
TTTGCTTGTCCAGGTGGTCC
TCTTACTCCTTGGAGGCCAT

Abbreviations:
LPA1-8 - human LPA receptors 1-8; S1P1-5 - human S1P receptor 1-5; Nrf2, mNrf2 – human
or mouse nuclear factor, erythroid 2-like 2; NQO1, mNQO1 –human or mouse NAD(P)H
quinone oxidoreductase-1; HMOX1, mHMOX1 – human or mouse heme oxygenase 1;
mSOD1 – mouse superoxide dismutase 1; ABC – human or mouse ATP-binding cassette
transporters; SPNS2, mSPNS2 –human or mouse spinster homolog 2 (drosophila); PLX
ORF – sequencing primers for ORF in PLX plasmid; MAPK1- human mitogen-activated
protein kinase 1 or p42 MAPK; CYPA, mCYPA – human or mouse peptidylprolyl
isomerase A/cyclophilin A; HPRT, mHPRT – human or mouse hypoxanthine
phosphoribosyltransferase 1; ENPP2 m/h – human or mouse ATX; IL-1α, IL-Iβ, IL-6, IL8 – human interleukins; TNFα – human tumor necrosis factor alpha; IP10 or CXCL10 –
human interferron gamma induced protein 10; MCP1 or CCL2 – human monocyte
chemotactic peptide 1; GAPDH – human or mouse glyceraldeyde 3-phosphate
dehydrogenase.
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TABLE 8: ANTIBODIES USED IN THE STUDY
Antibody, Clone

Dilution

Detection

Supplier

ABCC1, MRP1-m6

1:100

HRP

Enzo Lifesciences

ABCG2, BXP-21

1:250

HRP

Novus Biologicals

ABCB1, MDR1-D11

1:500

IR680

Santa Cruz

Nrf2, H-300

1:500

IR800

Santa Cruz

Nrf2, C-20

1:500

IR800

Santa Cruz

NQO1, A180

1:1000

IR680

Santa Cruz

HMOX1, H-105

1:1000

IR800

Cell Signaling

Ki67, D3B5

1: 400

HRP

Cell Signaling

Cleaved caspase 3, D175

1 :75

HRP

Cell Signaling

PARP #9542

1:1000

IR800

Cell Signaling

Calnexin

1:1000

IR800

Enzo Lifesciences

β-Actin, ab8227

1:2000

IR800

Abcam

GAPDH , 71.1

1:2000

IR680

Sigma

α-tubulin, B512

1:1000

IR680

Sigma

Lamin A/C , H-110

1:1000

IR800

Santa Cruz

HA-tag

1:2000

IR680

Covance

V5-tag

1:1000

IR680

Life Technologies

Flag-tag

1;1000

IR680

Clontech

PLD1, 44-322

1:1000

IR800

Invitrogen

PLD2

1:1000

IR800

Dr. Sylvain Bourgoin

SK-1

1:1000

HRP

RALBP1

1:1000

IR800

Abcam /
Novus Biologicals
Cell Signaling
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2.5 SDS-PAGE gel electrophoresis
Total cell extracts were sonicated in RIPA buffer containing 100 nM
microcystin-LR and protease inhibitor cocktail to inhibit protein serine/threonine
phosphatases and proteases, respectively. Tumor samples were homogenized using
the Tissuelyser II system (Qiagen), centrifuged and transferred to fresh tubes. Fifty
to hundred μg total protein as determined by BCA assay (Pierce) was prepared in
RIPA buffer containing 1X Sample loading buffer (6X- 375 mM Tris-HCl pH 6.8,
6% SDS, 48% glycerol, 0.003% bromophenol blue with 10% 2-mercaptoethanol
added freshly before use). The samples were boiled for 5 min, spun down briefly and
loaded into a 15- or 10-well SDS-PAGE gel. Precision Plus Protein All Blue
Standards (Bio-Rad, Mississauga, ON) were loaded as a molecular weight ladder
consisting of 250, 150, 100, 75, 50, 37, 25, 20, 15 and 10 kDa protein standards. For
western blots of membrane proteins (eg: LPA receptor) the samples aggregated
when they were boiled leading to poor resolution. These samples were treated with a
urea-containing buffer with a loading dye (3x – 62 mM Tris-HCl pH 6.8, 6 M urea,
10% glycerol, 2% SDS, 0.003% bromophenol blue, 5% 2-mercaptoethanol) and
loaded without boiling for improved recovery. Nitrocellulose membranes were
blocked with 5% non-fat dry milk in TBST buffer (10 mM Tris-HCl pH 7.4, 150
mM NaCl, 0.1% Tween-20) and incubated with primary antibodies overnight at 4⁰C
with gentle shaking. Blots were washed three times with TBST and incubated with
horseradish peroxidase-conjugated secondary antibodies (1:10,000). Immunocomplexes were detected using Immunstar Western C kit (Biorad). PVDF

85

membranes were treated with blocking buffer (LI-COR Biosciences, Lincoln, NE,
USA) in PBS containing 0.1% Tween-20 and incubated with primary antibodies
overnight at 4°C with gentle shaking. Alexa Fluor ® 680- and IRDye® 800CW(LICOR) conjugated secondary antibodies (1:10,000) were used for staining and the
fluorescent signals were visualized with the LICOR Odyssey® Imaging System. The
antibodies used are as follows: Nrf2 (H-300), Nrf2 (C-20), MDR1 (D11), NQO1
(A180), Lamin A/C (H-110) were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); PARP, HMOX1 (H105), Ki67 (D3B5), RALBP1 (I33) and cleaved caspase 3
(D175) were from Cell Signaling (Danvers, MA, USA); GAPDH and α-tubulin were
from Sigma-Aldrich; MRP1 (m6) and calnexin was from Enzo Lifesciences;
ABCG2 (BXP-21), SK1 were from Novus Biologicals (Oakville, ON); PLD1 was
from Biosource international (Invitrogen); Rabbit polyclonal antibody against PLD2
was a gift from Dr. Sylvain Bourgoin (Université Laval, QC); HA-tag antibody was
from Covance (Princeton, NJ, USA); Flag-tag was from Clontech; V5-tag was from
Life Technologies; β-Actin and SK1 were from Abcam (Toronto, ON).

2.5.1

Nuclear fractionation
Cells were grown in 15-cm dishes, starved for 12 h and then treated with

LPA or wls31 for 6 h. Cells were then trypsinized, pelleted and resuspended in 2 ml
of hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
DTT and protease/phosphatase inhibitors) maintained on an ice-bath. The hypotonic
buffer was used to swell the cells prior to breaking them open. Cells were then
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homogenized with a pre-chilled Dounce homogenizer by applying 10-15 tight
strokes. The lysates were then centrifuged at 2000 rpm for 10 min at 4⁰C to obtain a
supernatant and nuclear pellet. The supernatant was retained as the cytoplasmic
fraction. The nuclear pellet was re-suspended in 1 ml of sucrose buffer I (0.25 M
sucrose/10 mM MgCl2) layered over 1 ml of sucrose buffer II (0.88 M sucrose/0.5
mM MgCl2) and centrifuged at 13,000 rpm (DeSaga, Darmstadt, Germany) for 30
min at 4⁰C to obtain a cleaner nuclear pellet. The resulting 0.1 ml nuclear fraction
was dissolved in 0.9 ml of RIPA buffer containing protease and phosphatases
inhibitors. RIPA buffer (5X, 0.4 ml) was added to 1.6 ml of the resulting
cytoplasmic fraction. Both fractions were sonicated on ice, centrifuged at 13,000
rpm (Desaga) and transferred to another tube (435). Protein concentrations were
determined by BCA and equal amounts were loaded for immunoblotting.

2.6 Immunocytochemistry
Cells were seeded on glass coverslips in a 12-well plate pre-coated with
fibronectin (10 µg/ml) and grown for 24 h. Twenty four h after transfections, the
cells were starved overnight followed by treatments as before. After treatments, cells
were immediately fixed with 4% paraformaldehyde (freshly prepared) for 30 min,
permeabilized with 10% Triton-X 100, blocked with 1% donkey serum in PBS for 1
h and washed. Samples were then treated with mouse anti-HA in blocking buffer at
4⁰C overnight and washed thrice. Coverslips were stained with donkey anti-mouse
Alexa Fluor 555 (Life Technologies) for 1 h. They were then treated with Hoechst
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33342 (Life Technologies) for 10 min to stain the DNA, washed, mounted with
Prolong Gold Antifade (Invitrogen, Carlsbad, CA, USA) and sealed. Coverslips were
then viewed in Leica TCS SP5 confocal microscope (Concord, ON) and at least 20
random cells from 3 different experiments were used for quantification.

2.7 Mouse model of breast cancer
The syngeneic orthotopic mouse model of breast tumor growth and
metastasis was described previously (137). All procedures were performed in
accordance with the Canadian Council of Animal Care as approved by the
University of Alberta Animal Welfare Committee. Female BALB/c mice were from
Charles River (Kingston, ON). Mice were maintained in the animal facility at 21°C,
55% humidity and a standard 12 h light/dark cycle with free access to standard
laboratory diet and water. For the orthotopic model, 4T1 or 4T1-12B cells (400,000
cells/ml) grown in cell culture were washed, trypsinized and resuspended in phenol
red- and serum-free medium. An equal volume of Matrigel (BD Biosciences,
Mississauga, ON) was added and a total of 100 μl of the mixture (20,000 cells +
Matrigel) was injected using a 27-gauge needle into the fourth mammary fat pad of
anesthetized mice. For the tail-vein metastatic model, 4T1 cells were injected
directly into the tail-vein of the healthy mice in a total of 100 µl (1.5 x 105 cells in
PBS).

2.7.1

Preparation and administration of drugs
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ONO-8430506 (Ono Pharmaceuticals Ltd., Osaka, Japan) was used as an ATX
inhibitor in vivo as described previously (137, 262). ONO-8430506 stock solution
was (10 mg/ml in 25 mM NaOH, heated to 60ºC for 5 min) dissolved in water and
administered at 10 mg/kg every day. Doxorubicin (0.32-0.64 mg/ml) was dissolved
in PBS by briefly warming at 37⁰C and filtered through a 0.22 μm filter. Tamoxifen
was prepared in 100% peanut oil at stock concentration of 50 mg/ml. For
experiments with the ATX inhibitor and doxorubicin, >60 mice were randomly
divided into 4 groups. Group 1 and 2 were gavaged daily with water and Groups 3
and 4 were gavaged daily with 10 mg/kg ONO-8430506 in water. Groups 1 and 3
received PBS by intraperitoneal (i.p.) injections while 2 and 4 received 4 mg/kg
doxorubicin i.p. every third day starting from 3 days after tumor injection. Body
weights were measured every day before the next gavage. Tumor volumes were
estimated every day after Day 4 by taking caliper measurements of length and width
using the formula 0.52 x width2 x length. On Day 12 or Day 21 the mice from all 4
groups were sacrificed, primary tumor and various organs were collected by
dissection and flash frozen for various applications. For experiments with tamoxifen,
the drug was given orally to mice with a loading dose of 400 mg/kg on Day 1 and 2,
followed by a maintenance dose of 200 mg/kg for next four days and finally at 100
mg/kg for the remaining four days before tumor excision. All control mice received
just the peanut oil. Mice with 4T1 tumors were euthanized on Day 11 and the
primary tumors were excised and weighed. Collected tissue and tumors were either
placed in 10% formalin for paraffin imbedding or flash frozen in liquid nitrogen.
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2.7.2

Measurement of spontaneous and experimental metastasis
To measure spontaneous metastasis, paraffin-embedded sections of the lungs

and livers at Day 21 were prepared and stained with hematoxylin and eosin stain by
the histology core at Alberta Diabetes Institute, University of Alberta. Images were
acquired at 5X and 63X magnification using a Zeiss Axioskop 2 imaging system
(Carl Zeiss Canada, Ltd, Toronto, ON). To measure experimental macro-metastasis,
surface nodules were counted on the left lung after staining with Bouin’s solution
(picric acid, saturated aqueous solution – 75 ml; formalin, 37% aqueous solution –
25 ml; acetic acid, glacial – 5 ml).
2.7.3

Immunohistochemistry analysis
The paraffin-embedded 5 µm tumor sections were coated on glass slides and

immunostained using the Dako LSAB™+ Universal Kit (K0679) (137). The
technique is based on antigen retrieval through a Labeled Strepatividin Biotin
(LSAB) staining reagent. The primary antibody is bound to a biotinylated antibody,
which is then linked to an alkaline phosphatase-labeled strepatividin. Staining was
visualized using Dako Envision™+ Rabbit HRP (K4002) (Burlington, ON). Slides
were initially dipped 3 times in xylene for 10 min. This was followed soaking in
100% ethanol for 3 x 20 dips, 80% ethanol for 1 x 20 dips, 50% ethanol in 1 x 20
dips and finally in running distilled water for 5 min. The slides were microwaved in
a hydrated pressure cooker chamber for 20 min in 10 mM citric acid buffer pH 6.0.
Cooled slides were again washed in running water. The slides were then blocked
with 9:1 solution of methanol: 30% hydrogen peroxide to remove background from
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endogenous peroxidase activity. They were soaked in PBS for 10 min, outlined in a
wax pen and incubated with Dako blocking buffer for 30 min. Primary antibody
incubation was done in the same buffer overnight at 4⁰C. Following PBS washes
after every step, the slides were incubated with the secondary antibody for 30 min
and developed using DAKO chromogen, which stains the sections brown. The
reaction was quenched with a PBS wash followed by washing with running distilled
water. One % copper sulfate was added to enhance the staining followed by another
wash. Harris modified method hematoxylin (Fisher Scientific) was used to
counterstain the slides for 3 min. The slides were then rinsed gently under warm tap
water followed by washing in ethanol and xylene baths. Cover slips were mounted
on the dry slides with xylene-based mounting medium (Fisher Scientific). Images
were acquired at 5X and 63X using a Zeiss Axioskop 2 imaging system (Carl Zeiss
Canada, Toronto, ON). 5X magnification images were used for counting and image
analysis.

2.7.4

Glutathione (GSH) measurements
Reduced GSH was measured from freshly collected tumors using a specific

GSH-Glo assay (Promega) according to the manufacturer’s instructions. The assay is
based on the conversion of the synthetic luciferase substrate into luciferin in the
presence of reduced glutathione (GSH). The free luciferin thus reacts with luciferase
buffer and the chemi-luminescent reaction is measured in a luminometer as relative
light units. Total Glutathione (GSH + GSSG) levels were also measured
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simultaneously by performing the assay in the presence of a reducing agent, Tris-(2carboxyethyl) phosphine. A GSH standard curve was performed in the same plate.
Samples were normalized to protein concentrations as measured using the BCA
assay. Five mg of freshly extracted tumor sample was homogenized in 1 ml of PBS
containing 2 mM EDTA. The samples were centrifuged and the supernatant was
collected in a different tube. Fifty µl of the sample was added to wells of a whitewall 96 well plate and incubated with 50 µl of the 2x GSH-Glo reagent for 30 min at
room temperature with gentle shaking. Identical steps were performed to a well
containing TCEP (500 µM) to measure total glutathione. One hundred µl of the
luciferin detection reagent was added and the samples were incubated for another 15
min at room temperature before measurement in a luminometer (Perkin Elmer).

Figure 2.4: Measurement of reduced and total glutathione from standards –
Luminescence readings from reduced and total glutathione standards were assessed as
described in Section 2.7.4.
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2.7.5

Leukocyte counts
Blood was drawn from the mice using heparanized capillary tubes and

immediately centrifuged in a bench top centrifuge at 13000 rpm for 5 min. The
supernatant was transferred to a new tube for analysis of LPA by mass spectrometry.
Ten µl of the pellet was added to 190 µl red blood cell lysis buffer (388 mM NH4Cl,
29.7 mM NaHCO3, 25 µM Na2EDTA; pH 7.2). This buffer is a hypotonic solution
that lyses red blood cells selectively by osmosis and leaves the white blood cells
intact. The remaining white blood cells from each sample were counted using a
hemocytometer.

2.7.6
2.7.6.1

Enzyme-linked immunosorbent assay (ELISA)
Multiplex cytokine/chemokine arrays
Mouse cytokines, chemokines and growth factors were analyzed by Eve

Technologies

Corp.

(Calgary,

AB)

using

a

MILLIPLEX

mouse

Cytokine/Chemokine 31-plex kit (Millipore, St. Charles, MO, USA), according to
the manufacturer's protocol on a Luminex 100 system (Luminex, Austin, TX, USA).
The following cytokine, chemokines and growth factors were analyzed from the
multiplex array using individual standard curves: Eotaxin, G-CSF, GM-CSF, IFNγ,
IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 p40, IL-12 p70,
IL-13, IL-15, IL-17, IP-10, KC/GRO, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1a,
MIP-1b, MIP2, RANTES, TNFα and VEGF. Tumor or mammary adipose tissues
specimens (20 mg) were homogenized in 400 μl of 20 mM Tris HCl (pH 7.5) buffer
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with 0.5% Tween 20, 150 mM NaCl and protease inhibitor, then centrifuged for 10
min at 4°C and the supernatant was transferred to a fresh tube. Protein content was
measured using the BCA protein assay (Fisher Scientific) and adjusted to 0.5-2
μg/μl. One hundred µl of the normalized protein samples were shipped to Eve
Technologies for analysis.
2.7.6.2

ATX Sandwich ELISA
ATX protein concentration was quantified from 2x 100 μl of tumor or fat pad

tissue preparation (from 400 μl/20 mg supernatant prepared as before for the
cytokine/chemokine arrays) using the ATX sandwich ELISA Kit (K-5600) from
Echelon Biosciences Inc (Salt Lake City, UT, USA). A standard curve was run
simultaneously with samples using recombinant ATX (0, 1.5625, 3.125, 6.25, 12.5,
25, 50 and 100 ng/ml). Samples and standards were incubated on the sandwich
detection plate for 1 h at room temperature with gentle shaking. The plate was
washed three times with 200 μl per well of PBST (PBS + 0.1% Tween 20). The plate
was incubated with ATX antibody solution (100 μl per well) for 1 h at room
temperature with gentle shaking and washed again with PBST three times. This was
repeated with the secondary detection reagent. Blue color was allowed to develop in
the dark using TMB solution (100 μl per well) added onto the plate for 30 min. The
reaction was stopped with 50 μl of 1 N H2SO4. Absorbance was measured at 450 nm.
ATX concentrations were determined by interpolating the standard curves and
normalized to protein concentrations determined by the BCA assay (Thermo
Scientific).
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2.7.7

ATX activity assay

The assay is based on release of choline by ATX under saturating LPC
concentrations. The released choline is treated with choline oxidase to form
hydrogen peroxide. The hydrogen peroxide formed is then detected in a HRP-based
colorimetric

detection

kit

that

oxidizes

TOOS

(N-Ethyl-N-(2-hydroxy-3-

sulfopropyl)-3-methylaniline, sodium salt, dehydrate) and 4-aminoantipyrine to form
a purple product. One set of samples was separately treated with excess ONO8430506 to block ATX activity completely and this provides the choline background
for the total choline detected (154).
Ten μl of plasma from 10 vehicle or doxorubicin-treated mice was mixed with 10
μl of Buffer A (100 mM Tris-HCl pH 9.0, 500 mM NaCl, 5 mM MgCl2, 0.05% (v/v)
Triton X-100). Five μl of Buffer A containing 10% DMSO or 10% DMSO
containing 1 mM ONO-8430506 was added to the plasma samples and incubated at
37°C for 30 min. Twenty five μl of 6 mM C14:0 LPC in Buffer A was then added to
the samples and incubated for 6 h at 37°C. Twenty μl of each sample in duplicates
was pipetted into a 96-well plate and incubated with 90 μl of Buffer C [9.65 ml
Buffer B (100 mM Tris-HCl, pH 8.5, 5 mM CaCl2), 110 μl of 30 mM TOOS
(Dojindo Molecular Technologies, Rockville, MD, USA), 110 μl of 50 mM 4aminoantipyine, 6.6 μl of 1000 units/ml horseradish peroxidase, and 110 μl of 300
units/ml choline oxidase]. Choline formation was measured after 20 min incubation
using a spectrophotometer at 550 nm.
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2.8 Measurement of SK1 activity
The radioactive assay for determining sphingosine kinase activity was
performed as described (436) with the following modifications : 0, 20, 40 μg protein
lysates were incubated 100 μM sphingosine in 4 mg/ml BSA solution, 15 mM
MgCl2 and 3.5 mM ATP containing 2.5 μCi of [γ-32P]ATP (Perkin-Elmer,
Mississauga, ON) in sphingosine kinase buffer (20 mM Tris-HCl pH 7.4, 1 mM
EDTA, 0.5 μM deoxypyridoxine, 15 mM NaF, 2 mM DTT, 1 mM sodium
orthovanadate, 20% glycerol, 8.64 mg/ml β-glycerolphosphate, 30 nM microcystinLR, 0.01 mg/ml trypsin inhibitor and protease inhibitor cocktail) for 60 min at 37⁰C.
The activity of SK1 was measured in the presence of 0.5% Triton X-100. The
activity of SK2 was determined in the presence of 0.5 M KCl (437). [32P]S1P was
extracted into water-saturated butanol containing 10 nmoles of non-radioactive S1P
as carrier (436), resolved on a silica TLC plate and visualized by spraying with
0.25% ninhydrin in acetone. The position of [32P]S1P was confirmed by
autoradiography. Bands containing radioactive S1P were cut out. Two hundred µl of
distilled H2O was added to hydrate the silica followed by 2 ml of scintillation fluid
and the 32P was quantified using a liquid scintillation counter.

2.8.1

Separation of cytosol from cell ghost by digitonin lysis
Membrane and soluble fractions were prepared by digitonin lysis as

described earlier (438). Briefly cells were treated with agonists for various times
before adding the digitonin lysis buffer (10 mM HEPES, 0.5 mM DTT, 0.081 mM
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digitonin, pH 7.4, protease and phosphatase inhibitors) on ice. The digitonin-soluble
cytosolic fraction was collected after 5 min, the dishes were washed and the
membrane fraction was collected in cell ghost buffer (10 mM HEPES, 0.5 mM DTT,
250 mM sucrose, pH 7.4, protease and phosphatase inhibitors). Alternatively, the
membrane preparations were extracted in SK1 buffer described above for activity
assays. The effectiveness of membrane/cytosolic separation was verified by LDH
activity in the extracts and western blotting for calnexin and GAPDH (Fig. 5.5). To
determine LDH activity, the conversion of NADH to NAD+ was measured in a
freshly made buffer (167 mM Tris pH 7.4, 1.33 mM sodium pyruvate and 0.33 mM
NADH) containing cytosolic/membrane extracts in a multiwell plate and measuring
absorbance at 340 nm (Spectramax 250; Molecular devices corporation, Sunnydale,
CA, USA). Between 85-90% of total LDH activity was detected in the cytosolic
fractions under these conditions indicating a successful lysis.
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Figure 2.5: Optimization of SK1 assay conditions – Variable assay conditions were
optimized for linearity of detection of sphingosine kinase activity from cell lysates as
described in the protocol.
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Figure 2.6: TLC separation of [3H]S1P and [3H]sphingosine by differential extraction –
S1P estimation by [3H]sphingosine labeling and differential extraction as described in the
protocol.

2.9 Sphingosine labeling and S1P secretion
S1P

measurements

were

performed

by

labeling

the

cells

with

[3H]sphingosine (Perkin Elmer) and differential extraction of the sphingolipids as
described previously (332, 439). Briefly, cells grown on 6-well plates were labeled
with [3H]sphingosine (1.5 μM and 0.4 μCi) in starvation medium for 30 min.
Treatment was done in fresh medium for 1 h before collecting the medium and cells.
The lipids were extracted with methanol: choloform: 1 M NaCl: 3 N NaOH
(1:1:1:0.1). This resulted in selective partitioning of S1P into the aqueous phase at
alkaline pH. Sphingosine, ceramides and other sphingolipids were still retained in
the organic phase (332, 439). The differential separation of [3H]sphingosine from
[3H]S1P is shown after TLC separation and ninhydrin staining of the aqueous and
organic phase extracts (Fig. 2.6). Five hundred μl of each extract was used for
scintillation

counting.

Alternatively,

endogenous/agonist-induced

long-term
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secretion of S1P was measured by LC-MS (440). Briefly, cells were incubated in
medium containing 1 mM semicarbazide (335) for 24 h. Cells were collected in 1 ml
of PBS + 0.2% SDS. Five hundred µl of medium or cell lysate was mixed with 60
µl of 200 mM citric acid + 270 mM phosphate buffer (pH 4). Twenty ng of 13C2D2S1P (Toronto Research Chemicals, ON) was added as internal standard and the
samples were sonicated. One ml of butan-1-ol and 500 μl of water-saturated butanol
were added to extract S1P. The butanol phase was dried down completely and redissolved in 200 μl of ethanol. The results were expressed as pmol of S1P
secreted/ml of medium or pmol of S1P/μg of protein.

2.10

Measurement of PLD activity by formation of phosphatidylbutanol
The PLD assay was performed as described earlier (185). Briefly, cells

(200,000) were labeled with 1% BSA containing [3H]palmitate (5 μCi for 18 h). The
medium was removed and the cells were then pre-treated with or without PLD
inhibitors for 1 h before adding 30 mM butan-1-ol for 15 min. Phosphatidylbutanol
(PB) formation were measured in the presence of 5 μM LPA for 5 min to determine
PLD activity. The reactions were stopped by ice-cold HEPES washes, cells were
collected by scraping twice in 0.5 ml methanol. One molar KCl containing 0.2 M
HCl (0.9 ml) was added to this to extract lipids. The bottom organic phase was dried
under N2 before re-dissolving in choloroform/methanol (9:1) containing 50 µg of 1,2
dioleoyl-sn-glycerol 3-phosphobutanol (Avanti). The lipids were resolved on a silica
gel TLC plate (Merck, Germany) using ethylacetate/iso-octane/acetic acid/water
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(130:20:30:100 v/v). Iodine staining was used to detect phosphatidylbutanol and the
radioactivity of individual bands was measured by liquid scintillation. PLD activity
was calculated as percentage of PB formed relative to the total labeling of
phosphatidylcholine (PC) + phosphatidylethanolamine (PE).

2.11

Statistical Analysis
Results were expressed as mean ± SEM. A paired or unpaired two-tailed t-

test was used to determine p values. For multiple comparisons, one-way or two-way
ANOVA with a Bonferonni post-hoc test was used. *, P<0.05 was considered
significant. All analysis was performed in Graphpad Prism 6 (Graphpad, La Jolla,
CA, USA).

2.12

Ethics approval
Animal procedures were performed in accordance with the Canadian Council

of Animal Care as approved by the University of Alberta Animal Welfare
Committee. Human samples were obtained with approval of University of Alberta
Health Research Ethics Board ID Pro00018758. De-identified patient data was
obtained with approval from the Health Research Ethics Board of Alberta – Cancer
Committee (“Lysophosphatidate Signaling as a Promoter of Breast Cancer Therapy
Resistance and Metastasis”, ID 26195,01/16/2014).
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CHAPTER 3 – LYSOPHOSPHATIDATE SIGNALING REGULATES THE
EXPRESSION OF MDRT AND ANTIOXIDANT GENES THROUGH
INCREASED NRF2 EXPRESSION

A version of this chapter has been published in:
Venkatraman G, Benesch MGK, Tang X, Dewald J, McMullen TPW and Brindley DN.
(2015) Lysophosphatidate signaling stabilizes and increases the expression of genes
involved in drug resistance and oxidative stress response: implications to cancer
chemotherapy. FASEB J 29, 772-785.
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3

CHAPTER 3

3.1 INTRODUCTION
LPA is a bioactive lipid with ascribed roles in inflammation, wound healing
and tissue remodeling in normal adults. In cancers, increased LPA signaling
contributes to tumor progression and protects from the cytotoxic effects of
chemotherapeutics (Discussed in Section 1.3). Our group previously showed that
increased activation of PI3K signaling and decreased ceramide production
contributes to taxol-resistance in breast cancer cells (211). However, it is still unclear
how LPA coordinates these actions and contributes to the development of multi-drug
resistance.
Modifications to drug uptake, efflux and metabolism are commonly
observed as an adaptive response to the cytotoxic effects of chemotherapeutic drugs
in cancer cells (Section 1.1).

Nrf2, a transcription factor with short half-life,

mediates the adaptive response to oxidative damage through increased stabilization,
activation and binding to cis-acting antioxidant regulatory element (ARE) (422).
Under normal conditions, Nrf2 is constantly targeted for ubiquitinylation and
proteosomal degradation by an adaptor protein called Keap1 (426, 441). Prooxidants modify the critical cysteine thiols in Keap1 (and Nrf2) leading to Nrf2
stabilization and activation. Keap1-independent mechanisms for Nrf2 activation
have been proposed as well. The chemical activator of Nrf2, tert-butylhydroquinone
(t-BHQ), increases Nrf2 stabilization and activation of downstream target genes
including drug metabolizing enzymes and drug transporters (422).
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Nrf2 expression is high in several cancers including breast, lung, head and
neck, ovarian and endometrial cancers (42). Frequent somatic mutations in Nrf2 or
its adaptor proteins have been found in cancers such as lung cancer. Elevated Nrf2
increases tumor cell proliferation (442, 443), resistance to chemotherapies (45, 444)
and suppression of reactive oxygen species (445). Nrf2 increases the expression of
MDRT including ABCC1 (421, 446) and ABCG2 (83). Increased expression of
ABC-transporters contributes to the acquisition and development of chemoresistance in breast cancer by decreased accumulation of cytotoxic chemotherapies
and toxic oxidation products (424).
It has been suggested that blocking Nrf2 signaling could be an effective
strategy in improving chemotherapy in several cancers (42). However, we know
relatively little about how Nrf2 expression is regulated in cancers. We hypothesized
that LPA increases the activity and expression of MDRT through increased Nrf2
stabilization in cancer cells. Increased Nrf2 turnover and ARE activation protects
cancer cell from chemotherapy-induced apoptosis and contributes to chemoresistance. This chapter will provide evidence to support this hypothesis.

3.2

Results

3.2.1

LPA protects cancer cells from doxorubicin-induced apoptosis
Initially we tested the effects of LPA signaling on the sensitivity of cancer

cells to different chemotherapeutics. Cancer cells grown in the presence or absence
of LPA were treated with doxorubicin, an anthracycline, commonly used to treat
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metastatic breast cancers. We also used a topoisomerase inhibitor, etoposide, and an
antifolate, methotrexate, which have been used in the past to treat breast cancers.
We found that LPA-treatment increased the relative cell viability of triple negative
MDA-MB-231 cells treated with therapeutically effective dose of doxorubicin (≤ 0.5
μM) (Fig. 3.1A). Similarly, LPA was effective against etoposide (≤ 12 μM) (Fig.
3.1B). Unlike doxorubicin and etoposide, methotrexate only marginally affected cell
viability in MDA-MB-231 cells even at relatively high concentrations in our
experiments (Fig. 3.1C) and no significant differences among treatments were
observed.
Poly-ADP ribose polymerase (PARP) undergoes caspase-induced proteolytic
cleavage from an 116 kDa protein to 85 kDa and 25 kDa products during
chemotherapy-induced apoptosis (447, 448). This is true for a variety of
chemotherapeutics including doxorubicin (449).
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Figure 3.1: Increased cell-viability to drugs in LPA-treated MDA-MB-231 breast
cancer cells. Cells were serum starved for 12 h and treated with vehicle (0.1% BSA) or LPA
(10 μM in 0.1% BSA) for 12 h followed by various concentrations of doxorubicin (A) or
etoposide (B) or methotrexate (C) for 48 h. The relative cell viability was defined by MTT
oxidation and was expressed relative to no drug treatment for 6 independent assays in A and
4 experiments in B and C. Results are expressed as means ± SEM. Significance was
calculated by two-way ANOVA with post-hoc test.* p<0.05.
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Figure 3.2: Decreased PARP cleavage and apoptosis in breast cancer cells treated with
LPA - A) Cells were treated as before with vehicle or 0.5 μM doxorubicin for 0, 24 or 48 h
and immunoblotted for PARP. B) PARP cleavage was expressed relative to tubulin levels
for 3 independent assays in MDA-MB-231 cells. C) Cells were treated as above with 2.5 μM
doxorubicin (Dox) for 12 h in the presence or absence of LPA. The pan-caspase inhibitor,
ZVAD_FMK was used to inhibit caspase activation. Caspase 3/7 activity was measured by
luminescence measurements and expressed relative to no drug treatment for 6 independent
assays. D) Cells grown in 10% FBS were pre-treated with LPA receptor antagonist Ki16425
(20 μM) for 12 h followed by 0.5 μM doxorubicin for 48 h. Cell lysates were immunoblotted
for PARP cleavage as before. Results are expressed as means ± SEM. One-way ANOVA
with post-hoc test was used for determining significance. * p<0.05.

We could detect doxorubicin-induced PARP cleavage as early as 24 h and
also at 48 h in doxorubicin-treated cells. The protective effect of LPA as seen in cell
viability after 48 h drug treatment was also reflected in decreased PARP cleavage.
We found that LPA treatment significantly decreased doxorubicin-induced cleavage
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of PARP (85 kDa) in MDA-MB-231 (Fig. 3.2A, top and 3.2B). Similar results were
obtained in MDA-MB-453 cells (Fig. 3.2A, bottom).
We next measured the activation of caspase-3/7, an apoptotic event
preceding PARP cleavage, by a luciferase-based assay. Doxorubicin-induced
caspase-3/7 activity in MDA-MB-231 cells was detected as early as 12 h. The pancaspase inhibitor ZVAD-FMK blocked this response completely, whereas LPAtreated cells showed significantly less caspase-3/7 activation (Fig. 3.2C). Finally, we
pre-treated MDA-MB-231 cells grown in 10% serum medium with a LPA1/3 receptor
antagonist (Ki16425). These cells were sensitized to doxorubicin-induced PARP
cleavage (Fig. 3.2D) even though the antagonist by itself had no effect. These results
are consistent with previously described effects (134) demonstrating that
extracellular LPA protects against apoptosis caused by several chemotherapeutic
drugs.

3.2.2

Doxorubicin accumulation in cancer cells
To study the mechanism of protection afforded by increased LPA signaling

against doxorubicin-induced apoptosis, we initially looked at the localization of
doxorubicin in MDA-MB-231 cells by fluorescence microscopy. We hypothesized
that cancer cells grown in the presence of LPA exclude doxorubicin from the
nucleus. Fixed cells loaded with doxorubicin show a predominantly nuclear
localization pattern for doxorubicin, which was unaffected by LPA-treatment (Fig.
3.3A). Direct comparisons of cellular uptake were not made in these experiments
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because of sensitivity and photo bleaching issues, which affected the interpretation
of results. Instead, we measured doxorubicin fluorescence on live cells by
fluorescent cell sorting (450) after 48 h of treatment (Fig. 3.3B). LPA-treated cells
showed a 35% decrease in doxorubicin fluorescence, which demonstrates that LPA
affects steady-state accumulation of doxorubicin in these cells. Pre-treatment of
these cells with broad spectrum inhibitors of MDRT action, cyclosporineA (451) and
probenecid (452), was able to prevent the decreases in doxorubicin accumulation,
which indicates the LPA-dependent decrease was likely through increased efflux of
the drug.
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Figure 3.3: LPA did not affect the predominant nuclear localization of doxorubicin but
increased its expulsion in breast cancer cells. Cells were fixed after doxorubicin
treatment and visualized by fluorescence microscopy (A) or confocal microscopy (B) for
doxorubicin localization. C) Nuclear doxorubicin fluorescence was calculated by colocalization with Hoechst stain from at least 20 cells/field of view from 3 different
experiments by ImageJ analysis. D) Cells were treated with LPA as before for 12 h followed
by pre-treatment with inhibitors for 1 h and 0.5 μM doxorubicin treatment for 48 h. Cells
were washed, trypsinized, resuspended in PBS + 1% BSA and analyzed for cellular
fluorescence using FACS Canto II. A representative histogram obtained from FACS Canto
II is shown. E) The mean fluorescence was recorded for 100,000 events for 4 independent
assays. Results are expressed as means ± SEM.* p<0.05.Scale bar – 10 µM.
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Cellular accumulation of doxorubicin can also be influenced by decreased
uptake of the drug by the SLC transporters. To differentiate between uptake and
efflux we used [14C]doxorubicin in probenecid-pretreated live cells and measured the
uptake at various times. We did not see a significant effect on LPA-treated cells on
the uptake of [14C]doxorubicin from the medium for up to 4.5 h (Fig. 3.4A). Over
this time, cells continued to accumulate doxorubicin as seen by increased signal in
the cell lysates and there was no effect of LPA-treatment (Fig. 3.4B).
Doxorubicin fluorescence was also monitored over a 4 h period in MCF-7
cells. This resulted in an increase in relative cellular fluorescence as expected from
the labeling studies with [14C]doxorubicin (Fig. 3.5A).

We also measured the

accumulation of doxorubicin in cells selected for resistance to doxorubicin or
docetaxel (424). These cells express high levels of the multi-drug transporters. Both
cell lines selected for resistance to doxorubicin and taxanes were able to efflux
doxorubicin rapidly within 4 h of treatment (Fig. 3.5B). These results suggest efflux
and not uptake is associated with doxorubicin-resistance in cancer cells.
To study the effects of LPA on the efflux activity of the transporter we
employed another flow cytometry based assay. Several fluorescent Ca2+ and pH
sensors are substrates for the MDRT (453). This property can be exploited as a
functional assay to study the activity of transporters (454). These sensors have the
advantage of rapid uptake/efflux kinetics unlike chemotherapeutics. We used Fluo3,
a probenecid-sensitive substrate for MDRT (455). LPA-treated MDA-MB-231 cells
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showed a significantly higher rate of export of Fluo3 as measured by decreased
accumulation over time. This was blocked by pre-treatment with probenecid (Fig.
3.5C). Together, these results show that LPA-treatment increased efflux activity of
the transporters in the short-term and decreased accumulation of the drug over longterm.

Figure 3.4: LPA does not affect the uptake of [14C]doxorubicin - MDA-MB-231 cells
were treated with LPA as before and then treated with [14C]doxorubicin mixed with 5 μM
doxorubicin in the presence of 1 mM probenecid. Radioactivity in the medium (A) and cell
lysates (B) was determined at various time points.
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Figure 3.5: LPA increases the efflux activity of the MDRT A) MCF-7 cells were treated
with 0.5 μM doxorubicin for up to 4 h. Cells were analyzed for cellular fluorescence using
FACS Canto II as described before B) Doxorubicin fluorescence was measured as before at
4 h for MCF-7, MCF-7DOX and MCF-7TAX. A two-tailed t-test was used to determine
significance between the cell lines. C) MDA-MB-231 cells were starved as before followed
by treatment with delipidated serum with/without 10 μM LPA for 12 h. Trypsinized cells
were loaded with Fluo3-AM (0.4 µM) for 1 h. Cells were centrifuged, washed and treated
with fresh medium with or without 5 mM probenecid. Cell fluorescence was determined
using FACS Canto II. Results for 100,000 cells were expressed as mean fluorescence
relative to no treatment for 3 independent assays. Two-way ANOVA with post-hoc test was
used for determining significance between treatments.* p<0.05.
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3.2.3

Expression of MDRT in breast cancer cells
Several studies have confirmed that the increased expression of the multi-

drug resistant transporters, ABCB1, ABCC1 and ABCG2 in cancer cells can confer
resistance to doxorubicin (16). We initially characterized the expression of these
transporters using previously validated antibodies for ABCC1, ABCG2 and ABCB1
(333, 456, 457). ABCC1 and ABCG2 mRNA and proteins were detected in a panel
of breast cancer cells, but ABCB1 expression was not detected (Fig. 3.6A,B), as
reported previously (458). Immunofluorescence of ABCC1, ABCG2 and ABCB1 in
MCF-7 cells selected for resistance to doxorubicin (424) or docetaxel (425) showed
staining pattern consistent with a plasma membrane localization for ABCC1 and
ABCG2 (Fig. 3.6C). They were also expressed in intracellular compartments as
shown previously (32, 34).
.
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Figure 3.6: Expression of MDRT in breast cancer cell lines: A) RT-PCR analysis and B)
Immunoblots from various cancer cell lines grown in conditions described in Table 3 and C)
Immunofluorescence of doxorubicin-resistant MCF-7 cells with increased expression of
ABCC1 and ABCG2 or docetaxel-resistant MCF-7 cells expressing ABCB1.
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3.2.4

LPA increases the expression of MDRT through increased LPA1dependent transcription
Treatment with LPA increased ABCC1 and ABCG2 mRNA in MDA-MB-

231 cells (Fig 3.7A left panel). The mRNA levels peaked after 4.5 h even though a
small increase was maintained even at 9 h. These increases depended on the LPA
concentration with peak increases seen at 5-10 μM (Fig. 3.7A right panel). The
mRNA increases corresponded to increases at the level of protein expression of
ABCC1 and ABCG2 with 2-fold increase observed after 9 h in MDA-MB-231 cells
(Fig. 3.7B, C). In addition to MDA-MB-231 cells, MCF-7 and MDA-MB-468
breast cancer cells also showed LPA-dependent increases in ABCC1 and ABCG2
(Fig. 3.7D).
Pre-treatment with 10 μg/ml actinomycin D blocked this increase in
transcription (Fig. 3.8A). Our laboratory previously used actinomycin D successfully
at these concentrations to block transcription (459). LPA treatment also increased
other members of the ABCC- family of transporters; ABCC2 and ABCC3 were
increased by 2.1- and 1.6-fold respectively (Fig. 3.8B).
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Figure 3.7: LPA increases the MDRT- ABCC1 and ABCG2 levels in breast cancer cells
– A) MDA-MB-231 cells were starved before treatment with LPA for various times (left
panel) or at various LPA concentrations for 4.5 h (right panel). mRNA was analyzed by RTPCR. B) MDA-MB-231 cells were treated with LPA for 12 h before collecting the lysates
for immunoblotting. Results are representative of ≥ 3 different experiments C)
Quantification of ABCC1 and ABCG2 protein levels. C) MDA-MB-231 cells, MDA-MB468 and MCF-7 cells were starved for 12 h and treated with different LPA concentrations
for another 12 h. Representative immunoblots are shown from 3 experiments. Results are
expressed as means ± SEM.* p<0.05.
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Figure 3.8: LPA-LPA1 signaling increases transcription of the ABC transporters A)
MDA-MB-231 cells were pre-treated with 10 μg/ml Actinomycin D for 30 min before
addition of LPA and RT-PCR analysis B) mRNA levels of other transporters of the ABCC
or MRP family were analyzed by RT-PCR as before. C) MDA-MB-231 cells were treated
with LPA or other agonists or antagonists of the LPA receptor as described in Table 2 before
RT-PCR analysis as before. A two-tailed t-test was used to determined significance. Results
are expressed as means ± SEM.* p<0.05.
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The LPA1/2 receptor agonist, wls31, which cannot be hydrolyzed by LPP
activities, also increased ABCC1 and ABCG2 mRNA in MDA-MB-231 cells (Fig.
3.8C). The LPA2-selective agonist, LP105, and the LPA3-selective agonist, OMPT,
did not have any effect on ABCC1 and ABCG2 even at high concentrations.
Conversely, pre-treatment with the LPA1/3 receptor antagonists Ki16425 and
VPC32183 blocked the LPA-induced increases in ABCC1 and ABCG2 mRNA. To
confirm the involvement of LPA1 receptors we treated MDA-MB-231 cells with two
different siRNA constructs, which decrease the expression of the LPA1 receptor
mRNA selectively (Fig. 3.9A). Knockdown of LPA1 blocked LPA-induced increases
in ABCC1 and ABCG2 (Fig. 3.9B).

Unsurprisingly, LPA1 is the major LPA

receptor expressed in MDA-MB-231 cells (209).
Several signaling pathways are activated by the GPCR, LPA1 receptor. To
test the contribution of these pathways on transcription of ABCC1 we used various
pharmacological inhibitors. LY294002 (10 μM), a PI3K inhibitor, and pertussis
toxin (0.1 μg/ml), which blocks Gαi signaling, blocked wls31-induced increases in
ABCC1. No significant effects on ABCC1 mRNA were found on pre-treatment with
PD98059 (20 μM), a MEK inhibitor; Gö6983 (10 μM), a PKC inhibitor; and U73122
(1 μM), an inhibitor of phospholipase C activated by Gq (Fig. 3.9C).
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Figure 3.9: LPA-LPA1-Gi-PI3K signaling increases ABCC1 and ABCG2 mRNA levels A) MDA-MB-231 cells were treated with 50 nM siCTRL or different siRNA constructs
targeting LPA1. After 48 h, mRNA was collected for RT-PCR analysis of receptor levels for
LPA1,2,3. B) MDA-MB-231 cells were treated with 50 nM siCTRL or two different siRNA
constructs targeting LPA1 for 36 h and they were then starved for 12 h before treating them
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with LPA 10 μM for another 6 h. mRNA was analyzed for ABCC1 or ABCG2 levels. C)
ABCC1 mRNA was assessed by RT-PCR as before. Results are expressed as means ± SEM.
A two-tailed t-test was used to determine significance. * p<0.05

Figure 3.10: Characterization of Nrf2 expression in breast, liver and lung carcinoma A) HepG2 and MDA-MB-231 cells were treated with t-BHQ or the proteosomal inhibitor,
MG132 (25 μM), for 4 h prior to collecting the cell lysates. They were immunoblotted for
Nrf2 using an antibody, which detects N-terminus. B) A panel of sub-confluent breast
cancer cell lines was grown in full growth medium and cell lysates were immunoblotted for
Nrf2 using an antibody, which detects the C-terminus. C) Hs578T breast ductal carcinoma
cells express higher Nrf2 compared to Hs578Bst cell line. The quantification of Nrf2
expression is shown in (D). n=4. Results were expressed relative to tubulin expression. E)
HEL299, MRC5 lung fibroblasts and A549 lung adenocarcinoma cells were immunoblotted
for Nrf2 and NQO1 expression.
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3.2.5

Nrf2 is stabilized by LPA-LPA1 receptor signaling
Nrf2 protein migrates at 110 kDa in 8-10% separating gels (460) and it is

rapidly stabilized by proteosomal inhibition. Nrf2 protein expression was detected in
a variety of cancer cells with antibodies raised against its N-terminus (Fig. 3.10A) or
C-terminus (Fig. 3.10B). Nrf2 expression was stabilized rapidly within 2-4 h of tBHQ or MG132 treatment as expected. Nrf2 expression was significantly higher in
Hs578T ductal carcinoma cells compared to the Hs578Bst cell line, which was
derived from the tissue peripheral to the infiltrating carcinoma of the same patient
(Fig. 3.10C, D). However, the expression of the negative regulator of Nrf2, Keap1,
was unchanged in these experiments. Similarly, Nrf2 and its target NQO1 were
increased in A549 lung carcinoma cells compared to lung fibroblasts cell lines HEL299 and MRC5 (Fig. 3.10E).
Treatment of MDA-MB-231 cells with t-BHQ increased the transcription of
ABCC1, ABCG2, ABCC2, ABCC3, and the antioxidant genes HMOX1 and NQO1
(Fig 3.11A). LPA on its own or in combination with t-BHQ also increased the
expression of mRNA for these genes. LPA or t-BHQ alone increased Nrf2 protein
expression by 2- to 3-fold. Together, they increased Nrf2-protein by about 5- to 6fold. The additive effect was also seen in protein expression of the antioxidant genes
and multi-drug resistant transporters, in MDA-MB-231 breast cancer (Fig. 3.11B).
LPA had no effect on Keap1 protein levels by itself or in the presence of t-BHQ.
However, Keap1 levels were decreased by about 40% after t-BHQ treatment (Fig.
3.11B). LPA or wls31 increased NQO1 or ABCC1 mRNA in 4T1 mouse breast
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cancer cells (Fig. 3.12A). As before, LPA by itself or in the presence of t-BHQ
increased Nrf2 expression and its transcriptional targets in 4T1 cells (Fig. 3.12B,C).
A549 lung cancer and 8305C thyroid cancer cells also showed similar increases Nrf2
and NQO1, whereas Keap1 levels were not altered as shown previously (Fig.
3.12D).
Nrf2 mRNA was unchanged by treatment with t-BHQ, LPA and wls31 in
MDA-MB-231 and 4T1 cells (Fig. 3.13A,B). Nrf2 is rapidly degraded by
proteosomal degradation in HEK-293T cells (426). Activation of the overexpressed
LPA1 receptor increased Nrf2 accumulation in HEK293T cells (Fig 3.14A).
Similarly, GFP-tagged Nrf2 was increased by activation of the LPA1 receptor. This
was also observed in HepG2 carcinoma cells, which express detectable levels of
endogenous Nrf2. Activation of LPA1 receptor, but not LPA2/3 receptors,
significantly increased Nrf2 expression (Fig. 3.14B). MDA-MB-231 cells in which
the LPA1 receptor had been knocked down selectively showed no such increases in
Nrf2 expression, although t-BHQ still increased Nrf2 expression (Fig. 3.14B).
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Figure 3.11 : LPA increases Nrf2 expression and transcription of its targets - MDAMB-231 cells were starved for 12 h and treated with or without LPA (10 μM) for 6 h
followed by the presence or absence of 10 μM t-BHQ for 6 h. (A) mRNA was collected and
analyzed from 5 independent experiments by qRT-PCR. One-way ANOVA with post-hoc
test was used for determining significance. *, p ≤ 0.01 (B) Nrf2 protein expression (left
panel) was analyzed by immunoblots (right panel) after 12 h. Results are expressed as means
± SEM.* p<0.05.
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Figure 3.12: LPA increases Nrf2 expression and transcription of its targets in different
cancer cells - 4T1 cells were starved for 12 h and treated with or without LPA (10 μM) or
wls31 for 6 h. B, C) 4T1 cells were starved for 12 h and treated with or without LPA (10
μM) for 6 h followed by the presence or absence of 10 μM t-BHQ for 6 h. Nrf2 protein
expression was analyzed by immunoblots after 12 h. Results are expressed as means ±
SEM.* p<0.05 D) A549 and 8305c cells were immunoblotted as before.
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Figure 3.13: LPA does not affect Nrf2 mRNA expression – A) MDA-MB-231 cells or B)
4T1 cells were treated as described in previous experiments. Nrf2 mRNA expression was
analyzed by RT-PCR. Results are expressed as means ± SEM.* p<0.05.

3.2.6

Nrf2 is nuclear localized and increases antioxidant-response element
(ARE) activity by PI3K signaling
Activation of the LPA1 as before in HEK293T cells increased the nuclear

localization of GFP-Nrf2 (Fig. 3.15A, B), in addition to increased protein levels.
MDA-MB-231 cells, which were subjected to nuclear fractionation after LPA or
wls31 treatment showed 4-6 fold increases in endogenous nuclear Nrf2 (Fig. 3.16A).
Inhibition of PI3K by LY294002 or wortmannin blocked the LPA-dependent
increases in Nrf2. Inhibition of the ERK pathway by the MEK inhibitor, PD98059,
or PKC pathway by Gö6983 inhibitor had no effect on Nrf2 protein expression (Fig.
3.16B).
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Figure 3.14: LPA-LPA1 signaling increases basal and t-BHQ-induced Nrf2 expression
- A) HEK293T or HepG2 cells were transfected with 0.5 µg of each plasmid/well. After 16 h
they were starved for 12 h, treated with 10 μM LPA for 12 h and a representative
immunoblot is shown from 3 independent experiments. B) Densitometry analysis of Nrf2
levels in HepG2 cells C) MDA-MB-231 cells were treated with 50 nM siCTRL or siLPAR1
constructs as before. After 48 h, cells were starved for 12 h before treating them with 10 μM
LPA for 6 h. A representative Western blot for Nrf2 is shown. Results are expressed as
means ± SEM.* p<0.05.
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Figure 3.15: LPA increases nuclear localization of EGFP-Nrf2 – A) HEK 293T cells
were transfected with 0.5 µg of EGFP-Nrf2 (all panels) and 0.5 µg of HA-tagged empty
vector (top two panels) or HA-tagged LPA1 (bottom two panels) plasmids/well. They were
incubated for another 16 h before starving them for 12 h. Treatments were performed as
described for another 12 h. Samples were fixed and then immunostained as described in
Materials and Methods. B) Nuclear GFP-Nrf2 fluorescence was determined based on colocalization with Hoechst by ImageJ analysis. Results are expressed as means ± SEM.*
p<0.05. Scale bar – 100 µM.
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Figure 3.16: LPA increases Nrf2 nuclear localization and ARE activity –
A) MDA-MB-231 cells were starved for 12 h and then treated with vehicle (0.1% BSA), 10
μM LPA or 1 μM wls31 for 6 h in 3 independent experiments. Nuclear and cytoplasmic
fractions were immunoblotted. Nuclear Nrf2 expression was expressed relative to Lamin
A/C B) MDA-MB-231 cells were starved for 12 h before pre-treatment with 10 μM
LY294002 (LY) or 1 μM wortmannin (Wort), 20 μM PD98059 (PD) or 10 μM Gö6983 (Gö)
for 6 h. They were then treated with or without 10 μM LPA for 12 h. Nrf2 protein
expression was detected by immunoblotting and expressed relative to glyceraldehyde
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phosphate dehydrogenase (GAPDH) in 3 independent experiments. C) MCF-7 AREc32
cells were transfected with 2 µg of EGFP-Nrf2 or EGFP plasmid, grown for 18 h and then
starved for 12 h with or without LY294002 (10μM) before treatments for 24 h. Luciferase
assays were performed in triplicate using 25 µg total protein. Results from 5 independent
experiments are expressed relative to no treatment. Two-tailed t-test - was used for
calculating p-values between treatments. D) AREc32 cells grown in 6-well plates were
transfected with 2 μg of EGFP plasmid (lanes 1-3) or EGFP-Nrf2 plasmid (lane 4) and
incubated for 18 h. They were starved for 12 h followed by treatments with 10 μM t-BHQ or
10 μM MG132 for 4 h. Cell lysates were immunoblotted for Nrf2 expression. The bandshifted EGFP-Nrf2 is shown.

The core ARE sequence was initially identified as 5'-GTGACnnnGC-3'
(461). However, later studies have shown that the flanking regions surrounding this
core sequence may play a bigger role in robust induction of the antioxidant response
by Nrf2 (422). MCF-7 breast cancer cells stably expressing the minimal ARE
sequence coupled to luciferase expression has been used as a reporter cell line to
identify novel Nrf2 regulators previously (417). Table 4 shows alignment of this
ARE sequence against the consensus sequence of some of the other Nrf2-regulated
genes used in the study. It is to be noted that some genes contain multiple ARE
sequences in their promoter. LPA and wls31 increased the activity of this minimal
promoter-element and these effects were enhanced by t-BHQ (Fig. 3.16C).
Furthermore, PI3K inhibition completely blocked the LPA and wls31-induced
increases in ARE-activity. Overexpression of the GFP-tagged Nrf2 (Fig. 3.16C, D)
increased the luciferase activity, which confirmed the specificity of this assay.
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3.3 DISCUSSION
LPA

signaling

contributes

towards

resistance

to

a

variety

of

chemotherapeutic agents and radiotherapy (reviewed in (134)). The present work
demonstrates a novel effect of LPA, which through activation of LPA1 receptors
increases Nrf2 protein expression and ARE activity. This protects breast cancer cells
from doxorubicin-induced apoptosis since Nrf2-induced expression of anti-oxidant
genes can diminish oxidative damage that occurs during chemotherapy. In addition,
the MDRTs expel several chemotherapeutic agents and oxidation products from
cancer cells including doxorubicin. Increased expressions of the MDRTs ABCB1
(9), ABCC1 (10), ABCG2 (11) and several anti-oxidant genes are implicated in
resistance to cancer therapies (16).
Doxorubicin is thought to induce cell killing by DNA intercalation although
additional mechanism like accumulation of ROS and redox-recycling have also been
shown to contribute to its cytotoxicity (48, 462). Doxorubicin accumulation occurs
slowly both by passive diffusion and solute-carried mediated events. The uptake
assay described in our experiments rules out the possibility that LPA had any effect
on the rapid uptake of doxorubicin. However, it does not address the role of LPA in
long-term uptake of doxorubicin. The Fluo3 efflux assay shows only a modest
increase in efflux in LPA-treated cancer cells. It is possible that only a small
percentage of the cell population has a higher rate of efflux and survives
chemotherapy initially. In fact, side population cells have been identified in cancer
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cells, which express higher levels of ABCG2 (83). However, such experiments were
not pursued further because of the technical challenges in isolating these cells and
establishing their cancer stem cell-like phenotype. It remains possible that some
doxorubicin is excluded from the nucleus. We will need to measure radioactive
doxorubicin concentrations in nuclear and cytoplasmic preparations to test the
nuclear exclusion of doxorubicin in LPA-treated cancer cells.
The cell-wide localization of the ABC transporters in drug-resistant cell is
not surprising given their importance in export of a variety of other endogenous
substrates such as glutathione, estrone 3-sulfate and leukotrienes. For example,
ABCG2 localized to the mitochondria where it functions as an organic anion
transporter (463). A trafficking mechanism to early endosomes may explain their
localization in basolateral membranes (464). Similarly other ABC-transporters are
also localized to internal membranes, where they contribute to increased
compartmentalization and efflux of drugs. LPA increased other ABCC- family
members, ABCC2 and ABCC3. Both ABCC2 and ABCC3 were previously shown
to be regulated by Nrf2-mediated ARE activation (423, 465) and they are sensitive to
the effects of inhibitory effects of probenecid used in our experiments.
Although we have focused on apoptosis, doxorubicin can also activate nonapoptotic killing such as p53-induced senescence and autophagy. The tumor
suppressor, p53, is a mediator of cellular response to stress and DNA damage
response. Cells respond to chemotherapeutic damage by p53-induced cell cycle
arrest and apoptosis. It was previously demonstrated in lung cancer cells expressing
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wild-type p53 that LPA-LPA1 signaling could act directly on p53 stability by nuclear
exclusion and proteosomal degradation (191). We showed that LPA-treated cancer
cells are protected from doxorubicin-induced PARP cleavage in MDA-MB-231 and
MDA-MB-453 cells. MDA-MB-231 cells harbor a p53 mutation, which may explain
their increased resistance to starvation or drug-induced PARP cleavage. MDA-MB453 cells, which are p53-null (466), were more sensitive to starvation/doxorubicininduced PARP cleavage and were also protected by LPA.
We demonstrate that Nrf2 protein expression and activation is increased by
LPA. Several signaling pathways including PI3K (442, 467), ERK (468, 469) and
protein kinase C (470) are implicated in increasing Nrf2 expression and its
transcriptional activity. Our results indicate that LPA activates LPA1-PI3K signaling
pathway to increase Nrf2 stabilization and nuclear accumulation. This is likely
through Gi since LPA-induced increases in ABCC1 and ABCG2 mRNA were
sensitive to pertussis toxin. Nrf2 is commonly stabilized by modification in another
protein called Keap1, which binds to Nrf2 and targets it for ubquitinylation (426,
471). Our results show that Keap1 protein expression was unchanged by LPAtreatment. Our results also demonstrate that PI3K activity is required for LPAinduced stabilization of Nrf2 expression and increased transcription of antioxidant
and multi-drug resistant transporter genes. Although previous work also showed that
PI3K is a major regulator of nuclear localization of Nrf2 and its transcriptional
activity (442, 467, 472-474), it is less clear how this occurs.
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We did not test the effects of LPA receptor activation on Keap1-Nrf2 or
Keap1-indpendent stabilization mechanisms directly. We also did not measure
cellular ROS levels directly in the presence of LPA and chemotherapy. Multiple
phosphorylation sites have been identified on Nrf2 which are modulated by casein
kinase1/2 (475), ERK (469), PKC (476) and GSK3 (477). One interesting possibility
is that repression of GSK3β downstream of PI3K-Akt signaling is involved in
increasing Nrf2 expression (477-479). High levels of oxidative stress could induce
GSK3β activation to repress Nrf2 activity. Furthermore, inhibition of GSK3β blocks
the effects of LY294002 on sensitizing lung cancer cells to chemotherapy (480).
This would also explain why effects of t-BHQ and LPA are additive since t-BHQ
operates by a Keap1-dependent mechanism, which can rapidly stabilize Nrf2 (471)
independently of the effects of GSK3β.
In conclusion, increased expression of Nrf2 is involved in tumor
proliferation, protection from oxidative damage and chemoresistance. However,
little is known about factors that control Nrf2 expression in the tumors. We
demonstrated that LPA increased stabilization of Nrf2, which results in increased
transcription of antioxidant MDRT genes using cell culture models. The next
Chapter will describe our work where we determined if some of these effects occur
in vivo and if targeting ATX/LPA signaling selectively in cancers could improve the
efficacy of chemotherapies.
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CHAPTER 4 – INHIBITION OF ATX/LPA SIGNALING DECREASES NRF2
EXPRESSION AND SENSITIZES CANCER CELLS TO CHEMOTHERAPYINDUCED KILLING IN A MOUSE MODEL OF BREAST CANCER.

A version of this chapter has been published in:
Venkatraman G, Benesch MGK, Tang X, Dewald J, McMullen TPW and Brindley DN.
(2015) Lysophosphatidate signaling stabilizes and increases the expression of genes
involved in drug resistance and oxidative stress response: implications to cancer
chemotherapy. FASEB J 29, 772-785.
[Some parts of this chapter are unpublished and currently under submission]
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4

CHAPTER 4

4.1 INTRODUCTION
Cell culture models are limited by their inability to model the total tumor
microenvironment thus limiting the study of drug resistance (69, 481). Mice models
of breast cancer provide an excellent opportunity to study the role of ATX/LPA
signaling in tumor growth, metastasis and drug resistance in vivo. Most breast cancer
cell lines express little ATX and they depend on the tumor microenvironment for
their ATX production (133, 137). We proposed two ways to target ATX/LPA
signaling in vivo in the tumor microenvironment – 1) Blocking LPA production by
inhibition of ATX and 2) Increasing the degradation of LPA and attenuating its
ability to signal by overexpression of LPP1 or LPP3 (214).
The 4T1 syngeneic orthotopic breast cancer model is considered to be highgrade, triple-negative, stage IV breast cancer (482). Unlike the xenograft models,
immune function is intact in these mice and plays an important role in regulating
tumor growth and metastasis (483). Hence, syngeneic models are good candidates
for testing the effect of chemotherapies and immunotherapies (484). The 4T1 breast
cancer cell line was derived originally as a subpopulation from a spontaneous
metastatic tumor in BALB/c mice (485, 486). The 4T1-12B and 4T1-luc cell lines
were derived from a 4T1 cell line by stably overexpressing firefly luciferase, which
allows for imaging of metastasis after injecting the live animals with D-luciferin
463,464). 4T1 tumors show inherently poor sensitivity to chemotherapies (485488). Residual 4T1 cells continue to progress even after the removal of the primary
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tumor by surgery (483, 489). 4T1 tumors are considered to be an inflammatory
breast cancer model with increased inflammation in the tumor microenvironment
and increased circulating cytokine/chemokine levels in the late stages of tumor
progression (487, 490). The modified cell lines 4T1-12B and 4T1-luc2 cells regress
following an initial phase of tumor growth unlike the parental 4T1 cell line (137).
This is likely due to a robust immune response to the expression of luciferase
resulting in necrosis of the tumors after 3-4 weeks (137, 487). The 4T1 model is
used to model human metastatic breast cancers because of its ability to metastasize
to multiple organs including lungs, liver, brain and bone when implanted
orthotopically. This model is used to study early metastatic events from the event of
transplantation into mammary fat pad to late stage metastasis. Metastasis to lungs
and liver can occur as early as 8 days (491).
ONO-8430506 (ONO pharmaceuticals, Osaka, Japan; US patent application
number 13807947 (261)) is a potent (IC90 ~ 100 nM) and competitive ATX inhibitor,
which was able to suppress plasma ATX activity and LPA levels in both regular and
cancer-bearing BALB/c mice. Further, ONO-8430506 (10 mg/kg) was able to delay
tumor growth by itself in a 4T1 orthotopic syngeneic model of breast cancer and
decreased spontaneous lung metastasis (nodule formation) by 60% (137). A direct
effect in decreasing the concentration of LPA species (-16:0, 16:1, 18:1, 18:2, 18:3,
20:4) was also observed. This suggests ONO-8430506 can block localized
production of LPA in the tumor. A prior publication had suggested that ONO8430506 effectively targeted plasma ATX activity in mouse, donkey, dog, rat and
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humans. ONO-8430506 thus represents a highly bio-available ATX inhibitor and
was reported to be highly specific for autotaxin (262).
LPP1 expression has been inversely correlated with increased cancer cell
growth and proliferation in ovarian and breast cancers. Our group demonstrated that
overexpression of LPP1 in syngeneic or xenograft tumor models resulted in
decreased tumor progression and metastasis (183) by attenuating extracellular LPA
signaling. LPP1 overexpression degraded extracellular LPA in vitro. However, we
did not find any evidence for this in the tumor and the major effects of LPP1 are
downstream of receptor activation (183).
Increased ATX/LPA signaling is observed in many chronic inflammatory
conditions, such as cancer, where LPA promotes local wound healing and tissue
remodeling. We used the previously developed 4T1 inflammatory breast cancer
model to test some of our cell culture results described in the previous Chapter.
Specifically, we tested if ATX inhibition increases the sensitivity of breast cancers to
the commonly used chemotherapeutic doxorubicin by decreasing the adaptive
response initiated by Nrf2 signaling. Finally we examined the effects of doxorubicin
and tamoxifen on the inflamed tumor microenvironment, ATX production and
activation of antioxidant response in the tumors.
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4.2 RESULTS
4.2.1

Attenuation of LPA signaling decreases Nrf2 expression in a mice model
of breast cancer
We hypothesized that Nrf2 expression is decreased in the two approaches of

targeting LPA signaling described earlier. We initially tested the ATX inhibition
model, where mice that had been treated with ONO-8430506 for up to 11 days
showed a significant decrease in tumor progression (137). Immunoblots obtained
from the 4T1-12B tumors of these mice on Day 11 show significantly decreased
protein expression of Nrf2 and its gene target NQO1 in ONO-8430506-treated group
(Fig. 4.1A and B).
We used RT-PCR to profile other previously identified Nrf2-targets in these
tumors. Several genes including GPX1; glutathione peroxidase-1, GCLM:
glutamatate cysteine ligase modifier subunit, SOD1, 2: superoxide dismutase-1 and 2, PRDX4: peroxiredoxin-4, TXNRD1, 3: thioxyredoxin-1 and -3, SCD1: stearoryl
CoA desaturase 1, NQO1, IL19: interleukin-19, ABCC1, ABCB1, and BCL2L1 were
decreased significantly in ONO-8430506-treated tumors (Fig. 4.1C). Additionally,
we present preliminary evidence that LPP1 overexpression can regulate Nrf2
expression in vivo. Nrf2 expression was decreased in tumors obtained from
xenograft models, where LPP1 was over-expressed in various cancer cell lines (Fig.
4.2). These include MDA-MB-231 orthotopic model; TPC1 and 8305c subcutaneous
thyroid cancer models (183).
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Figure 4.1: The ATX inhibitor, ONO-8430506, decreased Nrf2 expression and the
transcription of antioxidant genes and multi-drug resistant transporters in breast
tumors. Mouse 4T1-12B breast cancer cells were injected into mammary fat pad of female
BALB/c mice, which were then gavaged daily with vehicle or 10 mg/kg ONO-8430506
(ONO) starting on the day after the injection until Day 11 (137). A) Western blots for Nrf2
and NQO1 relative to tubulin expression. B) Quantification of Nrf2 and NQO1 protein
expression from (A). Significance was analyzed by two-tailed t-test. C) mRNA from 6
vehicle and 6 ONO-8430506-treated tumors were analyzed for 84-Nrf2 responsive genes
using a limited oxidative stress and cancer drug resistance profiler array. P-value was
calculated between treatments for individual genes. When p-value was <0.01, significant
changes were reported as relative fold change ± 95% confidence intervals. NQO1,
NAD(P)H dehydrogenase, quinone 1; GPX1, glutathione peroxidase 1; GCLM, glutamatecysteine ligase, modifier subunit; IL19, interleukin 19; PRDX4, peroxiredoxin 4; SCD1,
stearoyl-Coenzyme A desaturase 1; SOD1, Superoxide dismutase 1, soluble; SOD2,
superoxide dismutase 2, mitochondrial; TXNRD1, thioredoxin reductase 1; TXNRD3,
thioredoxin reductase 3; ABCB1B, ATP-binding cassette, sub-family B (MDR/TAP),
member 1B; ABCC1, ATP-binding cassette, sub-family C (CFTR/MRP), member 1;
BCL2L1. Bcl2-like 1.
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Figure 4.2: Stable or doxycycline-induced LPP1 overexpresion in xenograft tumors
decreased Nrf2 expression: LPP1 or the catalytically inactive R217K were stably
overexpressed in a constitutive MDA-MB-231 orthotopic model or inducibly in TPC-1 and
8305C subcutaneous tumor xenografts by Tang et al., (183). Tumors from these mice were
immunoblotted for Nrf2, LPP1 and tubulin expression as described previously.

4.2.2

ATX inhibition combined with doxorubicin decreased tumor formation
and improved treatment outcome
To test if the decreased expression of Nrf2 expression, anti-oxidant genes and

MDRTs could provide a novel mechanism for improving the sensitivity to
chemotherapeutic agents, we used the previously described syngeneic orthotopic
model of breast cancer. We tested if ONO-8430506 enhanced the effects of
doxorubicin in decreasing breast tumor progression and metastasis. 4T1 breast
cancer cells were used in these experiments since they produce more sustained tumor
growth and metastasis compared to 4T1-12B cells (137).
Doxorubicin treatment on its own had very little effect on the breast tumor
growth (Fig. 4.3A inset). However, the effectiveness of both doxorubicin and ONO8430506 were enhanced when they were combined. ONO-8430506 on its own
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decreased the growth of breast tumors, but only for about 11 days as expected (137).
However, ONO-8430506 when combined with doxorubicin, further slowed tumor
growth and extended the effectiveness of ONO-8430506 treatment until Day 17 (Fig.
4.3A). Tumor masses obtained on Day 12 reflected the decreases in tumor volume
(Fig. 4.3B). Doxorubicin-treatments had no significant effect on the body weights of
the mice until Day 14 and ONO-8430506 was well tolerated by the mice during the
whole experiment (Fig. 4.3C). Blood leukocyte levels were unchanged between the
treatments. However, the increase in blood leukocyte levels in DOX/DOX+ONO
treatments on Day 21 were smaller compared to their controls with a corresponding
decrease in body weights (Fig 4.4).
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Figure 4.3: Combination of ATX inhibition with doxorubicin treatment in decreasing
breast tumor growth in mice.
A) 4T1 cells were injected into the mammary fat pad of female BALB/c mice. Mice were
gavaged daily with vehicle or 10 mg/kg ONO-8430506. They were injected i.p. with PBS or
doxorubicin (4 mg/kg) every third day starting from Day 3 after the injection of 4T1 cells.
Tumor volumes are shown from Day 4 until Day 21 and the inset shows an expanded view
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up to Day 12. B) The weights of the excised tumor are shown at Day 12. C) Shows the body
weights of the mice for 9 mice per group. Results are means ± SEM (where large enough to
be shown). Two-way or one-way ANOVA with post-hoc tests were used for calculating
significance between treatments.* p<0.05.

Figure 4.4: Blood leukocyte count – Blood leukocyte levels were determined from the 4
groups of mice as described in Materials and Methods from Days 9, 12 and 21. Results are
means ± SEM. n=5. One-way ANOVA with post-hoc test was used to calculate significance
between treatments on each day. * p<0.05.

4.2.3

Combination of doxorubicin and ATX inhibition decreased metastases in
orthotopic and tail-vein 4T1 models
Inhibition of ATX/LPA signaling has been shown to decrease soft tissue and

bone metastasis. We studied the effect of ONO-8430506 and doxorubicin treatments
on distal sites of metastasis. Spontaneous 4T1 metastases in the lung and liver were
decreased by the combination of ONO-8430506 with doxorubicin as measured by
counting metastatic colonies in the H&E stained tissue sections (Fig. 4.5A). Next,
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we injected 4T1 cells directly into the tail-vein of mice and this produced a large
number of macroscopic lung nodules. Combination of doxorubicin and ONO8430506 significantly decreased lung metastasis (Fig. 4.5B). This demonstrates that
ATX inhibition enhances effectiveness of doxorubicin therapy in both the primary
tumor and distal sites.

4.2.4

Analysis of tumors treated with combination therapy show increase
caspase3 activation, decreased proliferation and decreased GSH
Glutathione (GSH) is a primary cellular antioxidant that is converted to

glutathione disulfide (GSSG) upon oxidation. Cellular glutathione levels are
commonly used to assess oxidative damage in cancers (492). We measured both
reduced and total glutathione in the tumors using a luciferase-based assay. Reduced
glutathione concentrations in the tumors were significantly decreased by the
combination of doxorubicin with ONO-8430506 (Fig. 4.6). Total glutathione
(GSH+GSSG) levels where not changed significantly in the samples analyzed (Fig.
4.6).
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Figure 4.5: ATX inhibition combined with doxorubicin decreased spontaneous and
experimental metastasis in mice. A) H&E stained sections of lung and liver were counted
for metastatic colonies (top) at Day 21 from the experiments described in Figure 4.3.
Quantification of lung and liver spontaneous metastases from these sections are shown
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(bottom). Scale bar = 25 μm. B) 4T1 cells were injected into the tail vein and mice were
treated with ONO-8430506 and doxorubicin as in Figure 4.3. Lungs were excised on Day
14. A representative image of a lung from the groups is shown after staining in Bouin’s
solution (left). The left lobe of 8 mouse lungs from each group was counted for macroscopic
nodules. Results are means ± SEM. Significance was analyzed by one-way ANOVA with
post-hoc test. * p<0.05.

Figure 4.6:
Combination of ATX inhibition with doxorubicin decreases the
concentration of glutathione (GSH) in the breast tumors. Tumors obtained at Day 12
from the mice described in Figure 4.3 were analyzed for reduced glutathione (A) and total
glutathione (B) concentration as described in materials and methods. n=4. Results are means
± SEM. One-way ANOVA with post-hoc test was used for calculating significance. *
p<0.05.

To assess the effect of these treatments on the survival and proliferation of
the tumor cells we used immunohistochemical analysis. Cleaved caspase-3 staining
showed significant increases in the tumors treated with ONO-8430506 and
doxorubicin. This indicates higher levels of apoptosis. Ki67 levels were decreased in
the tumors treated with ONO-8430506 and doxorubicin. Lower Ki67 levels indicates
a decreased proliferation and mitotic index (Fig. 4.7).
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Figure 4.7: Combination of ATX inhibition with doxorubicin decreases cell division
and increases apoptosis in the breast tumors - Tumors obtained at Day 12 from the mice
described in Figure 4.3 were analyzed for the positive staining for cleaved caspase 3 (1:75)
and Ki67 (1:400). A) Representative IHC images are shown from two groups. B)
Quantification of images for positive cleaved caspase 3 and Ki67 staining is shown. One-

148

way ANOVA with post-hoc test was used to assess the differences between the treatments.
Scale bar = 25 μm. * p<0.05.

Figure 4.8: Expression Nrf2 and NQ01 is increased in tumors from patients with
recurrent breast cancer – A) Banked primary breast tumors from patients were
immunoblotted for Nrf2 and NQO1 expression. Patients were classified as recurring or nonrecurring after one year based on their disease-free status following lumpectomy and
subsequent therapy. B) Quantification of Nrf2 and NQO1 protein expression relative to
actin. Results from 5 non-recurring and 14 recurring tumors were expressed as relative
means ± SEM. Significance was assessed by two-tailed t-test. * p<0.05.

4.2.5

Analysis of banked patient samples
We determined Nrf2 expression in breast tumor samples from patients who

had received prior doxorubicin therapy before surgery. Samples were retrospectively
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classified as recurring or non-recurring tumors based on their disease-free recurrence
up to one year after lumpectomy. Protein levels of Nrf2 and NQO1 in tumors were
higher among patients with recurrent metastatic disease compared to non-recurring
cancer (Fig. 4.8).

4.2.6

Doxorubicin increases tumor-promoting inflammation and ATX
production in the tumor adjacent fat pad
Inflammation is inversely correlated to prognosis in patients and is associated

with increased resistance to chemotherapy(172). Cancer cells and stromal cells in the
tumor microenvironment produce cytokines, chemokines and growth factors that
drive tumor growth, progression and resistance to therapies (69). Doxorubicintreated tumors display increased inflammation in tumors and infiltration by tumorpromoting macrophages leading to chemo-resistance (493). However, we did not
observe any differences in blood leukocyte levels by doxorubicin-treatment in the
4T1 model until late stages of tumor progression (Fig. 4.4).
Orthotopic tumor models are usually refractory to doxorubicin therapy. We
tested if in vivo doxorubicin resistance is mediated by inflammation-driven
production of ATX in the tumor microenvironment. LPA can in turn decrease the
accumulation of doxorubicin in cancer cells and enhance repair from oxidative
damage. Hence, we tested the effect of doxorubicin on the production of
inflammatory mediators in the 4T1 orthotopic model. 4T1 tumors, adjacent
mammary fat pad and contralateral mammary fat pad from control-/doxorubicin-
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treated mice were analyzed by a cytokine/chemokine multiplex array ELISA.
Several cytokines/chemokines such as MCP1, G-CSF, M-CSF, IL-6, IP10 and GRO
were highly increased in the tumors when compared to either adjacent or
contralateral fat pads (Fig. 4.9). These cytokines/chemokines were also higher in
tumor-adjacent fat pad compared to contralateral fat pad indicative of inflammation
in the tumor-adjacent fat pad. Doxorubicin-treatment further increased the
cytokine/chemokine levels in the tumor-adjacent fat pad. The cytokine/chemokine
levels were not changed in the inflamed tumors by doxorubicin treatment except for
IL-6, which was increased by about 33% (Fig. 4.9).
Adipose tissue is a significant source of ATX and contributes to plasma LPA
levels (145). We next measured ATX levels in the fat pads by ELISA to test if
doxorubicin-induced inflammation in adjacent tissue leads to increased ATX
production (154). Plasma ATX activity was unchanged in the doxorubicin-treated
mice (Fig. 4.10A). ATX protein levels were significantly elevated in tumor adjacent
fat pads (Fig. 4.10B), which is the main source of ATX activity in the tumors (137).
Doxorubicin-treatment significantly increased ATX protein levels in the tumoradjacent fat pad, similar to the results obtained for cytokine/chemokine production in
the tumor-adjacent fat pad.
We previously showed that LPA-treated cells were protected from the
cytotoxic effects of doxorubicin. Doxorubicin had no effect on cytokine/chemokine
mRNA levels in MCF-7 cells grown in charcoal-depleted serum. However, the
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combination of LPA and DOX was enough to increase cytokine/chemokine mRNA
levels (Fig. 4.11). Similarly, we observed a correlation between endogenous

Figure 4.9: Doxorubicin increases production of inflammatory cytokines in the tumoradjacent fat pad in mice bearing 4T1 tumors – Tumors, tumor adjacent fat pads (tumor
fatpad) and contralateral fat pads were collected from 5 vehicle or doxorubicin-treated mice.
Homogenized tissue lysates were adjusted for their protein concentration by BCA assay and
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analyzed for 31 cytokine/chemokine levels by multiplex ELISA. Results are represented as
mean ± SEM. Significance was assessed by ANOVA with treatment-matching. * p<0.05.

Figure 4.10: Doxorubicin increases ATX protein expression in the tumor-adjacent fat
pad in mice bearing 4T1 tumors – A) Plasma ATX activity was determined in 10 vehicle
or doxorubicin-treated mice. B) tumor adjacent fat pads and contralateral fat pads were
collected from 8 mice treated with vehicle or doxorubicin. A standard curve was run
alongside the samples to determine ATX protein expression quantitatively in a sandwich
ELISA plate. Results are represented as mean ± SEM. Significance was assessed by oneway ANOVA with a post-hoc test. * p<0.05.

cytokine/chemokine mRNA levels and resistance to doxorubicin in MCF-7
cells (Fig. 4.12). Together with our experiments in vivo, these results suggest that
LPA

signaling

contributes

to

doxorubicin

resistance

through

increased

cytokine/chemokine production in the tumor microenvironment.
We next tested the effect of blocking LPA signaling on cytokine/chemokine
production in the inflamed 4T1 tumors. ONO-8430506 had no effect on
cytokine/chemokine levels either by itself or in the presence of doxorubicin in the
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tumor (Fig. 4.13). Thus combination therapy did not affect cytokine/chemokine
production in the tumors significantly despite the therapeutic benefit of the
combination therapy.

Figure 4.11: Doxorubicin increases several cytokine/chemokine mRNA in LPA-treated
MCF-7 breast cancer cells – MCF-7 cells grown in regular growth media were changed to
FBS-C media for 21 h before the addition of control or 1 µM LPA for another 3 h. One µM
doxorubicin was then added to the cells and the mRNA was analyzed after 6 h. Results are
represented as mean ± SEM. Significance was assessed by one-way ANOVA with a posthoc test. * p<0.05.
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Figure 4.12: MCF-7 selected for resistance to doxorubicin express higher levels of
several cytokine/chemokine mRNA – MCF-7 breast cancer cells or MCF-7 1, 2, 3 cells
selected previously for resistance to doxorubicin at 43.6 nM, 98.1 nM and 300 nM
respectively were analyzed for the mRNA levels of MCP1, IL-8, TNFα, IP-10, IL-1α and
IL-1β. Results are represented relative to GAPDH mRNA as mean ± SEM. Significance was
assessed by one-way ANOVA with a post-hoc test. * p<0.05.
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Figure 4.13: Doxorubicin and ONO-8430506 treatment had no effect on the proteinnormalized cytokine/chemokine production in 4T1 breast tumors – Tumors were
collected from 5 vehicle-, doxorubicin-, ONO-8430506- and combination-treated mice.
Homogenized tissue lysates were adjusted for their protein concentration by BCA assay and
analyzed for cytokine/chemokine levels by multiplex ELISA. Results are represented as
mean ± SEM. Significance was assessed by ANOVA with treatment-matching. * p<0.05.

4.2.7

Nrf2 and RALBP1 in tamoxifen-resistance
Tamoxifen is a widely prescribed targeted therapy in breast cancers, where it

prevents estrogen-dependent growth signaling (Section. 1.1.7). Tamoxifen and its
active metabolites build up to µM concentrations in cancer tissue resulting in
generation of ROS and activation of antioxidant response, independent of the ERdependent growth inhibitory effects of tamoxifen (96-100). Increased activity of
drug-metabolizing enzymes and drug transporters have been linked to poor
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tamoxifen-response in breast cancer patients (104). MCF-7 cells selected for
tamoxifen-resistance show increased expression of Nrf2 and its target antioxidant
proteins and drug transporters (106). We therefore hypothesized that ATX/LPA
signaling contributes to tamoxifen-resistance through increased stabilization of Nrf2.
To test this, MCF-7 cells grown in full growth media were treated with 0, 1, 5, 10,
20, 30 µM of the active, short-lived metabolite 4-HT. Here, 4-HT increased Nrf2,
NQO1 and RALBP1 expression (Fig. 4.14A). As described in Section 1.1.1,
RALBP1 is involved in the oxidative stress response by increasing the export of
glutathione-conjugates and 4-HNE. GFP-Nrf2 overexpressing HEK-293 cells, when
treated with 4-HT, showed increasing nuclear localization of Nrf2, as seen
previously with LPA1 activation (Fig. 4.14B). ARE-luciferase activity was increased
by 4-HT treatment in cells grown in starvation medium. This was additive to the
effect of LPA-treatment due to increased Nrf2 stabilization (Fig. 4.14C, left and
right panels).
Since RALBP1 expression also increased with increasing levels of Nrf2
stabilization, we tested if Nrf2 is a novel regulator of RALBP1. Knockdown of Nrf2
mRNA and protein expression in 4T1 breast cancer cells was achieved using specific
dicer-substrate siRNAs 1-5 against Nrf2 (Fig. 4.15A left and right panels). This
resulted in significant decreases in antioxidant genes such as NQO1, SOD1 and the
MDRT, ABCC1. However, RALBP1 levels were unchanged by Nrf2 knockdown
(Fig. 4.15B). Thus, Nrf2 regulates antioxidant proteins and MDRT in 4T1 breast
cancer cells as expected. However, Nrf2 knockdown did not change RALBP1 levels.
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We next tested the effects of tamoxifen on Nrf2 expression in 4T1 breast
tumors using the syngeneic mouse model described earlier. The tumor weights at
Day 10 were significantly decreased in tamoxifen-treated animals, after which
tamoxifen-monotherapy had no significant benefit in decreasing tumor growth (Fig.
4.16A). The protein expression of Nrf2 was elevated in Day 10 tumors indicating
higher levels of oxidative stress response (Fig. 4.16B). mRNA expression of
antioxidant proteins NQO1, HMOX1 and SOD1 and the drug transporters ABCC1,
ABCC3 and ABCG2 were also elevated, indicating higher levels of Nrf2 and ARE
activation (Fig. 4.16C). Taken together, these results show that Nrf2 is elevated in
tamoxifen-treated cancers cells and in tumor models, which could be a contributing
component to tamoxifen resistance. Furthermore combination of ONO-8430506 with
tamoxifen-treatment might provide a good strategy for preventing increased Nrf2
stabilization and development of tamoxifen-resistance.
RALBP1 was also elevated in tamoxifen-treated MCF-7 cancer cells. We tested
the expression of RALBP1 in tissue microarrays built from tissue obtained from 176
breast cancer patients and 10 normal patients with breast reduction therapy. 142/176
samples and 5/10 samples could be processed and analyzed for RALBP1 staining
intensity using immunohistochemistry. In these samples, RALBP1 was significantly
elevated in the cancer patients (Fig. 4.17A left and right panels). ONO-8430506treated 4T1 tumors show reduced RALBP1 protein as determined by both
immunoblotting and immunohistochemistry (Fig. 4.17B and C). Our preliminary

158

results indicate that ATX/LPA signaling is a novel regulator of RALBP1 in breast
cancer.

Figure 4.14: 4-HT increases Nrf2 expression, nuclear localization and ARE activation
– A) MCF-7 were treated with 0, 1, 5, 10, 20, 30 µM 4-HT in full growth media. Cell lysates
were immunoblotting for Nrf2, NQO1 and RALBP1 expression B) HEK-293 cells grown in
coverslips were transfected with 1 µg GFP-Nrf2 per well for 24 h. Six h control or 20 µM 4HT treated cells were fixed and visualized by confocal microscopy. Scale bar is 10 µm. C)
AREc32 cells were grown in 4-HT with or without LPA in starvation media. The luciferase
activity was measured as described before (left panel). Representative immunoblots of Nrf2
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are shown for the treatments in the right panel. Results are represented as mean ± SEM for 3
independent experiments. Significance was assessed by two-tailed t-test. * p<0.05.

Figure 4.15: Nrf2 knockdown in 4T1 cells decreases the expression of antioxidant and
MDRT genes but not RALBP1 – A) 4T1 cells were treated with 40nM of control or
DsiRNAs 1-5 against Nrf2. The mRNA (left panel) and protein expression (right panel) of
Nrf2 was determined after 48 h. B) NQO1, SOD1, ABCC1 and RALBP1 mRNA expression
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was determined in 4T1 cells after treatment with Nrf2 DsiRNAs as described before. Results
are represented as mean ± SEM for 3 independent experiments. Significance was assessed
by two-tailed t-test. * p<0.05.

Figure 4.16: Nrf2 expression is higher in tamoxifen-treated 4T1 breast tumors – A)
4T1 breast tumors were excised and weighed as described before on Day 10 for 6 control or
tamoxifen-treated mice. B) Nrf2 protein expression was determined in control or tamoxifentreated tumors. Representative western blot and quantification are shown in the left and right
panels C) NQO1, SOD1, HMOX1, ABCC1, ABCC3, ABCG2 mRNA expression was
determined in the control or tamoxifen-treated tumors as described before. Results are
represented as mean ± SEM for 6 independent experiments. Significance was assessed by
two-tailed t-test. * p<0.05.
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Figure 4.17: RALBP1 is upregulated in breast cancer patients and is decreased in 4T1
breast tumors by ONO-8430506 treatment – A) Tissue arrays from breast cancer patients
or normal patients (breast reduction surgery) were stained for RALBP1 by
immunohistochemistry. Representative images are shown in left panel. Quantification of
RALBP1 staining intensity in 142 cancerous and 5 normal tissues is shown in the right
panel. B) RALBP1 protein expression was determined in 4T1 breast tumors from 6 control
or ONO-8430506-treated mice. Immunoblots are shown in left panel and quantification is
shown in the right panel. C) 4T1 breast tumors from 10 control or ONO-8430506-treated
mice were stained for RALBP1 by Immunohistochemistry. Representative images are
shown in left panel and quantification is shown in the right panel. Results are represented as
mean ± SEM. Significance was assessed by two-tailed t-test. * p<0.05.
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4.3 DISCUSSION
The role of ATX-LPA-LPA1 signaling in tumor growth, migration and
metastasis has been described and reviewed in Section 1.3. Our cell culture models
predicted a role for LPA1 in drug resistance. There is considerable redundancy in
LPA receptor expression in tissues (494). LPA1 is the predominant LPA receptor
observed in many tissues (495) including breast cancer cells (209) such as MDAMB-231 cells. Tissue expression of multiple LPA receptors represents a significant
challenge in targeting it specifically and successfully in vivo. Despite these issues,
several LPA receptor antagonists have shown promise in early clinical trials (248).
The ATX inhibitor, ONO-8430506, decreases LPA production in vivo in
plasma and breast tumors of mice, especially of unsaturated LPA species. The drug
is active over 24 h (137) and can persistently decrease LPA-signaling irrespective of
tissue expression of LPA receptors. Blocking LPA signaling by this strategy
decreased the expressions of Nrf2, antioxidant genes and MDRT in tumors. These
changes increased the efficacy of doxorubicin in decreasing tumor growth and
metastasis. Several Nrf2-regulated genes were downregulated in the ONO-8430506treated tumors at the level of mRNA expression. The Nrf2 targets that were
downregulated in ONO-8430506-treated tumors included the drug transporters
ABCC1 and ABCB1 and the antioxidant proteins NQO1 and HMOX1 as predicted
to be decreased from our cell culture studies. These proteins enhance the resistance
of cancers to therapy (45). Additional candidates include several antioxidants. For
example, GPX1, which was identified decades ago to mediate resistance to
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doxorubicin (496), can also decrease sensitivity to chemotherapeutics. Only intrinsic
differences in the gene expression between the primary tumors were evaluated in our
studies. Another level of complexity can be added to these animal experiments by
evaluating the neo-adjuvant and adjuvant response to combination therapy by
surgical removal of the tumors. Mice that receive early neo-adjuvant combination
therapy are expected to survive longer following surgery. Similarly, mice receiving
adjuvant combination therapy to kill the remnant cancer cells following surgery are
expected to remain disease-free longer.
We chose a low and relatively well-tolerated dose of doxorubicin, which on
its own produced no significant effect on tumor growth. It would be unethical to
prolong the experiments beyond the third week because of the aggressive nature of
these tumors. Doxorubicin treatment was effective in inhibiting tumor growth and
metastasis by about 70% at Day 12 when combined with ATX inhibition. The effects
of ONO-8430506 on soft tissue metastasis can be explained partly by decreased
growth of the primary tumor in the presence of ONO-8430506 (137). However, we
demonstrate in an independent tail-vein model of metastasis that the combination of
ATX inhibition and doxorubicin was effective in reducing lung nodule formation.
ATX/LPA/LPA1 signaling was previously shown to be an important component of
the remodeling events in the distal site and increased bone metastasis (194, 226).
One possibility is that ONO-8430506 blocks the colonization in the lung or liver by
making them more susceptible to chemotherapeutic-damage. This can explain why
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the combination alone was effective in decreasing the rapid lung colonization by
circulating 4T1 cells.
ATX secretion can be increased by several factors amongst which
inflammation is a key player (133). Chronic inflammation in the tumor environment
promotes the survival of cancer cells and resistance to therapies (172). Inflammatory
mediators such as TNFα increased the autocrine production of ATX while
extracellular LPA increases cytokine production in thyroid cancers (176). ONO8430506 was able to decrease tumor growth by overcoming this vicious cycle of
tumor-promoting inflammation and cytokine production. Similarly in breast cancer,
ONO-8430506 decreased inflammation in the tumor-adjacent mammary fat pads but
not the tumor themselves or the in contralateral fat pad (154).
We predicted that chemotherapy, and the tissue damage that it produces, also
fuels an inflammatory response, which promotes ATX secretion and increased LPA
signaling (133). We now demonstrate that doxorubicin increases the production of
cytokines, chemokines and growth factors in the tumor-adjacent mammary fat pad.
Cytokine production in breast tumors was unaffected by ONO-8430506 and
doxorubicin either by themselves or together. However, mice receiving the
combination therapy have decreased tumor burden and hence decreased cytokine
load in the mammary tissue. We demonstrate that doxorubicin-treatment increased
the ATX production in the tumor-adjacent mammary fat pad, which is the major
source of ATX in these tumors. ATX is secreted in the tumor microenvironment in a
patho/physiological response designed to repair the injured area. Our results suggest
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that tumor-promoting inflammation can contribute to doxorubicin resistance through
increased LPA signaling. Blocking the protective mechanisms associated with LPA
signaling improves the efficacy of doxorubicin by increasing oxidative damageinduced cell killing and decreasing the growth of breast tumors (Fig. 4.18). Thus,
ATX/LPA signaling plays a key role in the interplay between chronic inflammation
and oxidative stress leading to increased tumor survival, proliferation and chemoresistance (497).

Figure 4.18: Proposed mechanism for the role of ATX/LPA signaling in resistance to
chemotherapy through Nrf2 activation – Doxorubicin-treatment increases the production
of pro-inflammatory mediators and ATX in the surrounding mammary fat pad (yellow).
LPA further increases the production of pro-inflammatory mediators and ATX production in
a paracrine loop. Further, LPA activates LPA receptor-mediated survival pathways,
stabilizes Nrf2 and increase the transcription of antioxidant and MDRT genes (green arrow).
This vicious cycle of ATX/LPA production makes the 4T1 tumors refractory to doxorubicin
therapy (red arrow). Autotaxin inhibition by ONO-8430506 (blue) decreases inflammation
in the mammary fat pad, decreases Nrf2 expression in the tumors and increases the oxidative
damage-induced cell killing by doxorubicin.
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LPA produces chemo-resistance by activating several survival pathways.
Equally, it is well recognized that increased expressions of Nrf2, antioxidant and
MDRT genes are related to chemo-resistance. Our results show that the protein
levels of Nrf2 and NQO1 was higher in tumors of patients retrospectively classified
with a recurrent metastatic disease following lumpectomy and doxorubicin therapy.
Oncogenes such as K-Ras, B-Raf and myc have been reported to increase basal Nrf2
levels (445), which may explain their high expression in certain cancers. In many
cancers, somatic mutations in Nrf2 or Keap1 allow for increased stabilization and
activation of Nrf2 whereas it is normally post-translationally degraded (42). Our
results show that decreasing LPA signaling by inhibition of ATX in vivo can
decrease Nrf2 expression in the tumors. We did not see a correlation between ATX
mRNA and tumor recurrence in a patient gene microarray dataset (433). This was
expected since breast cancer cells express little ATX mRNA and ATX expression in
the tumors reflects mainly the associated stroma and mammary adipose tissue (133,
137).
It is not clear from our experiments if Nrf2 is increased by cancer cells or
cancer-associated stroma. IHC staining for Nrf2 with the N-terminal and C-terminal
antibodies described earlier produced a non-specific staining pattern as seen by
multiple non-specific bands in immunoblots. As shown in Chapter 3, LPA increases
Nrf2 expression in 4T1 cells grown in a monolayer culture. Additionally, cancer
cells express higher levels of Nrf2 compared to fibroblast cell lines. Finally, the
relative abundance of Nrf2 seen in cultures of MDA-MB-231 and 4T1 cells is
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maintained in vivo. It is therefore, most likely that the Nrf2 expression in the breast
tumors originates from the cancer cells.
Tamoxifen is a widely prescribed adjuvant therapy in breast cancer. We
examined if resistance to this effective therapy was due to increased Nrf2stabilization. MCF-7 cells selected for resistance to tamoxifen have increased Nrf2
activation and the knockdown of Nrf2 in these cells restored partial sensitivity to
tamoxifen (106). Xenografts derived from ERα positive MCF-7 cells that are
resistant to the effects of tamoxifen have higher expression of antioxidant genes
(100). We demonstrate that several antioxidants and drug transporters are
downregulated by Nrf2 knockdown in ERα negative 4T1 cells. Our results show that
the tamoxifen metabolite 4-HT increased the expression of Nrf2 in cancer cells.
Further, LPA was additive with tamoxifen in increasing ARE activity. These effects
are likely due to increased oxidative stress. Interestingly, estrogen-treatment was
recently shown to increase Nrf2 stabilization in estrogen responsive mammary
epithelial cells and cancers (498). Rapid signaling effects of estrogen are mediated
through a GPCR called GPR30 (499). However, the contribution of GPR30 on Nrf2
stabilization was not examined by the authors.
Several drug transporters including ABCC1 and ABCG2 were increased in
tamoxifen-treated 4T1 tumors. However, it is not clear if these drug transporters are
directly involved in tamoxifen transport. Further, both ABCG2 and ABCC-family
export a variety of endogenous substances such as estradiol that are locally
synthesized in the mammary fat pad. It would be interesting to examine if
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tamoxifen-treatment increased ATX production in the mammary fat pad of these
mice similar to doxorubicin-treated tumors. We examined the effects of tamoxifentreatment on the expression of the GTPase activating protein, RALBP1. Although
RALBP1 is not an ABC-transporter, it was shown to have ATPase activity, increase
the efflux of chemotherapeutics and GSH-conjugates, and play a role in tumor
progression (25). We demonstrate that RALBP1 is increased in the tumors of breast
cancer patients. We also show that RALBP1 is not an Nrf2-dependent gene unlike
the MDRT. RALBP1 expression was elevated in tamoxifen-treated MCF-7 cells and
downregulated by ONO-8430506-treatment in 4T1 tumors. We will now test the
effects of LPA directly on RALBP1 regulation in breast cancer cells. We propose
that RALBP1 is an oxidative stress response protein that is increased in breast
cancers and mediates initial resistance to tamoxifen and other chemotherapeutics.
The importance of our present work is that it links LPA signaling to this
increased Nrf2 expression and the transcription of antioxidant genes and multi-drug
resistance transporters (Figure 4.9). Our present study also provides a novel and
practical solution for decreasing the ability of cancer cells to protect themselves
against the cytotoxic effects of chemotherapeutic agents. The ATX inhibitor was
well tolerated by mice in our initial studies. We propose that inhibiting the ATXLPA-Nrf2 axis can be a viable strategy for improving the efficacy of existing
chemotherapies.
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CHAPTER 5 - LPA INCREASES SK1 ACTIVATION IN DOXORUBICIN
RESISTANT CELLS THROUGH INCREASED PHOSPHOLIPASE D2
ACTIVITY

[The contents of this Chapter are unpublished]
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5

CHAPTER 5

5.1 INTRODUCTION
Sphingolipids are structural and bioactive lipids enriched in membrane rafts
and attributed with diverse cellular and signaling functions. One of the ways by
which the sphingolipid pathway is commonly altered in cancers is by persistent
activation of SK1 leading to drug resistance (500). SK1 is overexpressed in a variety
of cancers including breast cancers. The product of SK1, S1P, is secreted by the
active ABC transporters or Spns2 (spinster homolog 2). Extracellular S1P activates
S1P receptors (S1P1-5) resulting in increased cell migration, survival, proliferation
and angiogenesis (See Fig. 1.8). Both protein-protein interactions and protein-lipid
interactions have been identified in the translocation and activation of SK1.
We tested the hypothesis that increased activation of SK1 and S1P receptors
will contribute to chemo-resistance by protecting breast cancer cells from the
apoptotic effects of chemotherapeutics. Specifically, we tested the effects of
extracellular LPA on SK1 activation and S1P secretion in cells selected for
resistance to doxorubicin. Our results show that SK1 activation and S1P formation is
higher in cells that have acquired resistance to doxorubicin. We also demonstrate a
role for increased PLD2 activity and PA formation in this signaling pathway.
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5.2 RESULTS
5.2.1

Characterization of isogenic doxorubicin-resistant cancer cells
We initially characterized the ABC-transporter expression in MCF-7 cells

selected for resistance to doxorubicin at 3 different concentrations. We found that
the ABC drug transporters ABCC1 and ABCG2 are both increased in the resistant
cell lines compared to their isogenic control cells (Fig. 5.1A). Cells selected at
different concentrations of doxorubicin also show increased expression of ABCC1
and ABCG2 mRNA (Fig. 5.1B). This confirms previous work, which also showed
increased ABCC1 protein expression in the resistant cells (424).
We next determined if these cell lines have increased resistance to
doxorubicin as reported previously (424). Both the control MCF-7 cells and
doxorubicin-resistant MCF-7 cells show decreased cell viability in the absence of
serum factors to varying degrees (Fig. 5.2A and B). However, the resistant MCF-7
cells did not show a decrease in cell viability for ≤48 h in growth media (10% FBS)
containing clinically relevant concentrations of doxorubicin. Under the same
conditions, MCF-7 CTRL cells show decreased cell viability. Charcoal-treatment
resulted in depletion of ~99% of total LPA from serum (211). Addition of LPA to
the delipidated serum protected doxorubicin-resistant MCF-7 cells from the cell
killing induced by low dose doxorubicin. Addition of S1P similarly protected these
cells from doxorubicin-induced killing in charcoal-treated medium (Fig. 5.2C). S1P
is formed in the cells and is secreted outside by the ABC-transporters ABCC1 and
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ABCG2.(332, 333). We next measured the secretion of S1P in these cells by labeling
with [3H]sphingosine (439). S1P secretion was higher in cells selected for
doxorubicin-resistance even under normal conditions when compared to control cells
(Fig. 5.2D).

Figure 5.1: Increased expression of ABCC1 and ABCG2 in doxorubicin-resistant
MCF-7 cells - A) protein and B) mRNA in MCF-7 cells previously selected for doxorubicin
resistance at the indicated concentrations or MCF-7 control cells (424) were determined by
immunoblotting and RT-PCR analysis as described in Chapter 2. Results were expressed as
mean± SEM. Significance was analyzed by one-way ANOVA with post-hoc test. * p<0.05.
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Figure 5.2: The presence of LPA or S1P in the medium was enough to maintain the
resistance phenotype of doxorubicin-resistant MCF-7 cells – A) MCF-7 CTRL or B)
MCF-7 DOX cells were starved for 12 h before being replaced with 10% FBS, FBS-C or
10% FBS-C + LPA with various concentrations of doxorubicin for 48 h. The cell viability
was assessed by MTT assay. Results were expressed as mean ± SEM. n=6. Significance was
analyzed by two-way ANOVA with post-hoc test. C) MCF-7 DOX cells were treated as
above with 75 nM doxorubicin for 48 h with or without 10 μM LPA and 100 nM S1P in
FBS-C. D) [3H]S1P secretion was measured after 2 h incubation in growth media for CTRL
or resistant cells following 1 h labeling with [3H]sphingosine. n=3. Results are expressed as
mean ± SEM. * p<0.05.
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We characterized LPA receptor expression between the control and resistant
cell lines since increased LPA receptor expression could explain the differences in
protection from doxorubicin-induced cell killing seen in the resistant cells. DOXresistant cells show no differences in LPA receptor expression (LPA1-6) when
compared to isogenic control MCF-7 cells (Fig. 5.3A). We also characterized the
expression of the related family of S1P receptors (S1P1-5). S1P2, 3 were significantly
increased in the resistant cells when compared to the control MCF-7 cells (Fig.
5.3B). The higher levels of secreted S1P and S1P receptor expression suggest
increased SK1-dependent signaling in the resistant cells.

Figure 5.3: Expression of LPA and S1P receptors in doxorubicin-resistant and control
MCF-7 cells – LPA1-6 and S1P1-5 expression was determined by RT-PCR in MCF-7 control
or MCF-7 DOX 98.1 nM. Results were expressed as mean± SEM. Significance between
MCF-7 CTRL and MCF-7 DOX was analyzed by two-tailed t-test. * p<0.05.
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Figure 5.4: Expression of the S1P transporter, Spns2, in various cancer and normal cell
lines - as determined by RT-PCR.

5.2.2

Expression of the specific S1P transporter, Spns2, in cancer cells
The Spsn2 transporter was recently identified as the physiological S1P

transporter. We determined the expression of Spns2 in a variety of cancer cell lines
including those of breast, lung, skin and thyroid origin. In most of these cell lines,
we could not detect the transcripts using a previously validated primer set (Fig. 5.4).
Non-cancerous, non-immortalized, epithelial or fibroblast cell lines established from
these tissues, like the Hs578Bst (HTB-125) cancer-associated fibroblast cell line, did
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not express any Spns2 either. By comparison, Spns2 was easily detected in the
human umbilical vein endothelial cells (HUVECs) and human embryonic kidney
cells (HEK-293T) as reported previously (335).

5.2.3

LPA increases SK1 translocation to the membranes
We next tested if LPA increases the activation of SK1, S1P secretion and

autocrine/paracrine signaling through the S1P receptors. We initially optimized the
assay conditions to measure SK1 activity accurately. All our assays for SK1 were
performed in the presence of TritonX-100, which inhibits SK2 activity. These are
shown in Fig. 2.4. A variety of growth signals can activate SK1 as discussed in
Section 1.4. SK1 is recruited to the membranes, where it can access its substrate
sphingosine. Some of the activators of SK1 include bioactive lipids such as LPA and
S1P, and hormones such as estrogen. Depletion of these factors in culture medium,
by charcoal-stripping the serum, can be used to assess their individual contribution.
We found that addition of LPA to delipidated serum increases SK1 activity in the
membranes of MDA-MB-231 cells by about 2-fold after 30 min (Fig. 5.5A).
Digitonin-treatment resulted in separation of membrane and cytosolic fractions (Fig.
5.5A inset). SK1 activity was largely associated with the cytosolic fraction and this
was also confirmed by confocal microscopy in HEK293 cells (Fig. 5.5B). Digitoninlysed cells showed residual mCherry-SK1 staining and LPA-treatment resulted in an
increase in the membrane-associated SK1. This staining pattern is consistent with a
~10% membrane-associated SK1 obtained from activity measurements. A time
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course of the SK1 activity was performed for these LPA-induced increases in the
control MCF-7 and doxorubicin resistant MCF-7 cells (Fig. 5.5C). The increase in
membrane SK1 activity peaked after 20 min. Doxorubicin-resistant MCF-7 cells
showed a 4-fold increase in membrane SK1 activity in response to LPA as compared
to a 1.5-fold increase seen in control MCF-7 cells. Similar to the activity
measurements, LPA-induced increases in membrane recruitment of SK1 protein was
also seen in the doxorubicin-resistant cells (Fig. 5.5D).
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Figure 5.5: LPA increases the membrane translocation of SK1 in cancer cells – A)
Membrane or cytosolic preparations from MDA-MB-231 cells were treated with or without
LPA (10 μM) for 40 min. SK1 activity was determined as described in Materials and
Methods. Membrane and cytosolic preparations were immunoblotted for the cytosolic
marker GAPDH and membrane marker calnexin (inset) B) HEK-293 cells grown on
coverslips were transfected with mCherry-SK1, treated with control or LPA and digitonin
lysed as before. The cells were visualized by confocal microscopy. C) SK1 activity was
determined in the membrane fractions of digitonin-lysed CTRL or DOX MCF-7 cells at 0, 5,
10, 20 and 40 min after LPA-treatment. n = 6. Results are expressed as mean ± SEM.
Significance was analyzed by two-way ANOVA with post-hoc test. D) SK1 protein
localization was determined by immunoblotting in the membrane preparations of DOX cells
described previously. * p<0.05.
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5.2.4

Phospholipase D2 activity is required for increased SK1 translocation
Addition of PA to the SK1 assay buffer resulted in an increase in S1P

formation in a concentration-dependent manner (Fig. 5.6A) as reported previously
for several acidic phospholipids (315). PLD activity was previously shown to
increase SK1 activity in the membrane. Further, mutations to the PA-binding region
in SK1 results in its disperse cytosolic localization (285, 317). Since LPA is one of
the previously characterized activators of PLD activity, we tested the role of PLD
1/2 on SK1 translocation to the membranes.
We found that pre-treatment with the PLD2-selective inhibitor and not
PLD1-selective inhibitor attenuated the LPA-induced translocation of SK1 to the
membranes in doxorubicin-resistant MCF-7 cells (Fig. 5.6B). LPA increased the
PLD activity, which was blocked by pre-treatment with pharmacological inhibitors
of PLD-1 or PLD-2 (Fig. 5.6C). This shows that both inhibitors were effective in
decreasing the combined PLD activity.
We used a previously described method (439) to separate [3H]S1P selectively
from cells labeled with [3H]sphingosine (Fig. 2.6). Doxorubicin-resistant MCF-7
cells show increased accumulation of intracellular [3H]S1P when treated with LPA,
which was blocked by the PLD2 inhibitor (Fig. 5.6D). Similarly, 10% FBS-induced
formation of intracellular S1P was also blocked by pre-treatment with the PLD2
inhibitor. S1P secretion into the medium was not significantly increased in these
experiments.
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Figure 5.6: LPA increases PLD2-dependent SK1 activity and intracellular S1P
formation – A) Addition of exogenous PA to Triton-X100 containing SK1 buffer increased
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[32P]S1P formation. B) SK1 activity in the membrane extracts of MCF-7 DOX cells pretreated with PLD1 or PLD2 inhibitor C) LPA-induced PLD activity was decreased in MCF7 DOX cells in the presence of PLD1 or PLD2 inhibitor D) Intracellular [3H]S1P formation
in MCF-7 DOX cells (left) and extracellular [3H]S1P secretion into the medium (right) was
determined by labeling cells with [3H]sphingosine followed by stimulation with LPA (10
μM) in 10% FBS-C or 10% FBS with or without the PLD2 inhibitor (0.5 μM) for 1 h.

To determine if PA is formed by activation of the LPA receptor, we used a
PA-biosensor, which binds to PA-rich regions of the cell. The PA-biosensor was
used previously to visualize EGF-induced PLD activation in cancer cells (430). We
used this in HEK293 cells, which express LPA1 receptors, to directly visualize PA
formation after LPA-treatment. After a 5 min treatment we could observe a distinct
staining pattern from a normally cytoplasmic-localized PA-biosensor to an
increasingly plasma membrane-localized pattern (Fig. 5.7A). This transient increase
was observed in 3 independent constructs of the PA-biosensor. We also stably
transfected the GFP-tagged PA-biosensor in doxorubicin-resistant MCF-7 cells.
Here, LPA treatment resulted in rapid and persistent plasma membrane localization
of the PA-biosensor (Fig. 5.7B). This is consistent with a higher SK1 activation seen
in the resistant cells.
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Figure 5.7: Visualization of LPA-induced PLD activation in the cell by PA biosensors –
A) HEK293 cells were transfected with a plasmid expressing GFP- or RFP- fused to PASS
(PA-binding motif) or EGFP-2XPASS (430). Cells were starved overnight before treatment
with LPA for 5 min. Fixed cells were visualized by confocal microscopy as described in the
materials and methods. B) Doxorubicin-resistant MCF-7 cells were stably transfected with
GFP-PASS using a Lentiviral vector. Cells grown in delipidated-serum were treated with
LPA for 5 min. z-projections of the confocal images obtained from ImageJ analysis are
shown. Scale bar – 10 μm.
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Figure 5.8: LPA increases the transcription of SK1 and S1P 1,3 mRNA A) SK1 activity
was determined at 0, 1.5, 3, 6, 9 and 12 h after 10 μM LPA treatment in MDA-MB-231 cells
as described previously B) SK1 mRNA expression was determined at 0.5, 1, 2, 3, 4, 6, 9, 12
h after LPA treatment in MDA-MB-231 cells C) S1P1-5 was determined at 4 h after LPA
treatment. Results were expressed as mean± SEM. Significance between treatments was
determined by two-tailed t-test. * p<0.05.

5.2.5

LPA increases SK1 activity and S1P1/3 mRNA expression
A biphasic response has been identified for many SK1 activators like phorbol

esters, 17β-estradiol and LPA. In addition to increasing membrane translocation of
SK1, we found LPA increases total SK1 activity (Fig. 5.8A) after 9 h in MDA-MB-
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231 breast cancer cells. This is likely caused by the increase in SK1 mRNA (Fig.
5.8B). Furthermore, increases in S1P1 and S1P3 mRNA (Fig. 5.8C) were also
detected in MDA-MB-231 cells. We will follow this up by immunoblotting for SK1
and S1P receptor protein levels. These results suggest a transcriptional role for
increased SK1/S1P receptor signaling in the presence of LPA.

5.3 DISCUSSION AND FUTURE DIRECTIONS
Doxorubicin-resistant MCF-7 cells discussed in this Chapter were selected in
the presence of increasing concentrations of doxorubicin. Despite this, they were
reported to be isogenic suggesting that acquired resistance was an adaptive response
to the drug rather than clonal selection from an initial population (424). Additionally,
several drug transporters were expressed in the cells during the initial stages of
selection. These results show that, at least during the initial acquisition of drug
resistance, multiple mechanisms may be responsible for promoting resistance to
doxorubicin (424). We demonstrate increased expression of ABCC1 in doxorubicinresistant cells, as reported previously (424). Additionally, we show ABCG2 was
overexpressed in these cell lines.
Doxorubicin-resistant cells grown on delipidated serum showed increased
sensitivity to doxorubicin compared to cells grown in normal growth medium or
control MCF-7 cells grown on delipidated serum. A variety of lipid growth factors
and hormones could potentially be removed by charcoal. Our group previously
reported that 99% of LPA is removed by this treatment (211). Addition of external
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LPA rescued the effects of charcoal-stripping on cell survival, which shows that
LPA was enough to maintain the resistance of the selected doxorubicin-resistant
cells. However, no differences in expression of LPA receptors were observed
between the resistant and control MCF-7 cells. Since S1P secretion and S1P2/3
receptors were increased in the doxorubicin-resistant MCF-7 cells, we proposed that
LPA increases S1P signaling through SK1 activation and S1P secretion by the
MDRT, ABCC1 and ABCG2 (Fig. 5.9).
We found that Spns2 mRNA was not expressed in various cell lines
including breast, lung, and thyroid, skin cancer cells. Despite the lack of Spns2
mRNA, several cancers have been proposed to have high SK1 activity and increase
S1P secretion. We will now test if Spns2 protein levels were similarly decreased in
these cells. It was difficult to determine if LPA increased S1P secretion from our
sphingosine labeling experiments because of the high background associated with
[3H]S1P collected from the medium. Even 10% FBS, which is typically used in
secretion experiments, did not increase extracellular S1P. In the future, we propose
to use a collection medium, which contains inhibitor of S1P lyase activity.
Semicarbazide, an inhibitor of S1P-lyase (501), has been used successfully in
experiments to detect S1P secretion measurements (335). This would increase the
available pool of [3H]S1P by preventing terminal degradation by the intracellular
S1P lyases. Additionally, sodium orthovanadate or XY-14 (502) can be used to
inhibit lipid phosphatase activity. Labeling with [3H]sphingosine in the presence of
inhibitors represents artificial measurements so we propose to validate these results
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with LC-MS measurements for endogenous S1P. The LC-MS measurements are
accurate and easy to measure S1P in cancer cell lines stably overexpressing SK1/2
(Fig. 2.3) (333).
One of the other implications of increased SK1 activation is its effect on
suppressing ceramide-effects of apoptosis (374). Our group showed the LPA can
decrease paclitaxel-induced ceramide formation (211). We will now determine if
LPA activation of SK1 suppressed ceramide formation in doxorubicin-resistant cells
with varying sensitivities to doxorubicin (424). To do this we will simultaneously
measure S1P and long-chain apoptotic ceramide species using LC-MS developed in
collaboration with Dr. Jonathan Curtis (Department of Chemistry, University of
Alberta) (440). We will compare intracellular/extracellular S1P formation and
apoptotic ceramide formation in doxorubicin-resistant cell lines with varying
sensitivities to doxorubicin. This will allow us to determine if there is any correlation
between differences in SK1 activation and ceramide formation in drug resistant cells
(Fig. 5.9).
We show that LPA increases the activation of SK1 based on TritonX-100
mixed micelle assays. However, we did not test if SK2 activity is completely
inhibited under these conditions as reported previously. It is possible that SK2
activities also contributes to S1P formation when LPA receptor was activated. We
show SK2 mRNA was not changed whereas SK1 mRNA and activity was increased
by LPA. Further, SK1 and not SK2 responds to stimulation by hormones and lipid
growth factors including LPA, estrogen and S1P. The stimulation by agonists results
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in increased translocation of SK1 to the plasma membrane (308) or early endocytic
vesicles (309). This early activation event is often followed by a transcriptional
increase in SK1, as seen for LPA (Fig. 5.9). We will now examine the role of LPA in
phosphorylation of SK1 by using antibodies raised against Ser-225-SK1.
Interestingly, a splice isoform of SK1, SK1b, was shown to be constitutively
membrane-associated (503). Normally, SK1b has short half-life, low expression
levels and different migration pattern in SDS-PAGE making its detection difficult.
We will also test if LPA increased SK1b stability in doxorubicin-resistant cells
resulting in increases to membrane-associated SK1 activity.
SK1 activation and increased SK1 expression has been linked to increased
drug resistance (See Section 1.5.9). We demonstrate that this depends on PLD2
activity in the doxorubicin-resistant cells using pharmacological inhibitors of
PLD1/2. We will need to test if MCF-7 DOX cells have increased PLD2 activity,
which leads to increased SK1 activation and S1P production. We will attempt to
answer this question in different ways. First, we will manipulate PLD1/2 expression
in cells using adenoviral overexpression of wild-type or catalytically inactive
PLD1/2. We will also knockdown PLD1/2. These techniques have already been
optimized for use in cancer cells and they produce the expected effects on PLD1/2
expression (Fig. 2.1 and 2.2) (185). Next, we will directly visualize LPA-induced
PA formation in the plasma membrane for doxorubicin-resistant and control MCF-7
cells by using Lentiviral-plasmid constructs for the PA-biosensor. We will also
attempt co-localization experiments to determine if the PA-biosensor and SK1 are
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recruited to PA-rich regions.

PLD2 is localized predominantly in the plasma

membrane, whereas PLD1 is localized to perinuclear regions and the Golgi
apparatus (428). Consistent with this, we observed increased plasma membrane
localization of the PA-biosensor in the presence of LPA in our preliminary
experiments. Since LPA can activate both PLD isoforms, it is likely that the staining
pattern observed represents PA-localized to different organelles as well. Finally, we
will determine if PLD2 activity regulates the “S1P-ceramide rheostat”. These
experiments will help us understand the role PLD2 activation, PA formation, SK1
recruitment to the membranes and potentially a link between extracellular LPA
signaling to S1P signaling (Fig. 5.9).

Figure 5.9: Proposed model for modulation of SK1 signaling in cancer cells by LPA –
1. Extracellular LPA signaling activates PLD2-dependent PA formation in the plasma
membrane. PA-mediated recruitment of SK1 to the plasma membrane, where SK1 can
access sphingosine, results in increased S1P formation. This activates intracellular S1P
signaling events. 2. LPA-dependent increases in ABCC1 and ABCG2 efflux activities result
in increased S1P secretion. This results in autocrine-paracrine signaling events through the
activation of S1P receptors. 3. LPA increases the transcription of SK1 and S1P1,3 receptors
through unknown mechanisms. Consequently, we propose that doxorubicin-induced
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activation of apoptotic ceramides may be counter-balanced by increased SK1-dependent S1P
formation and signaling.

It was previously demonstrated that LPA-LPA1 signaling can increase SK1
transcription through the transactivation of EGFR (127). We demonstrate a biphasic
response of LPA on SK1 activity in cancer cells. We will now test if the increase in
long-term expression of SK1 and S1P1/3 receptors is regulated by Nrf2.

We

previously showed that LPA signaling can stabilize Nrf2 expression, which results in
transcription of oxidative stress response genes by increasing the expression of
antioxidants and drug transporters. We will also test if PI3K activity is required for
increased transcription of SK1, S1P1,3 as seen for Nrf2-regulated genes. There is no
direct evidence to suggest that SK1, S1P1,3 are Nrf2-regulated genes. Sphingolipid
metabolism in the ER and SK1 activation have been linked previously to increased
stress signaling (267). Evidence from Nrf2-/- mice suggests that sulforaphane, a well
known Nrf2-activator, could increase SK1 and SK2 gene expression modestly (504,
505). A SK1 inhibitor was recently shown to be a Nrf2 activator (506). Could this
increase in Nrf2 be part of a feedback loop leading to increased expression of SK1
and S1P receptors? We will test these ideas using LPA, t-BHQ and other SK1
inhibitors (Fig. 5.9).
In conclusion, we demonstrate that LPA regulates SK1-dependent S1P
signaling in cancers. Increased S1P formation occurs through PLD2-dependent
recruitment of SK1 to the PA-rich regions of the membrane. Increased secretion of
S1P is likely mediated by the ABC-transporters, which are increased by LPA.
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Increased transcription of SK1 and S1P1,3 further amplifies LPA signaling through
increasing S1P signaling. We have proposed future experiments needed to take this
work further. Recent studies have identified a novel role for PLD in increased breast
tumor progression and metastasis (507). Our studies will determine the contribution
of PLD2-induced SK1 activation-loop in cancer cell survival and drug resistance.
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CHAPTER 6 – GENERAL DISCUSSION AND FUTURE DIRECTIONS
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6.1 General discussion and future directions
Lysophosphatidate (LPA) is a relatively simple lipid with a variety of
signaling functions attributed to it. ATX/LPA signaling functions in cancer are
mainly through its growth-factor like effects in promoting cancer cell survival,
migration, proliferation, angiogenesis and cytokine secretion. ATX/LPA signaling
had been shown to increase resistance to chemotherapeutic drugs but the
mechanisms activated by LPA signaling to promote multi-drug resistance were not
clear. We demonstrate now that LPA protects from doxorubicin-induced cell killing
by directly regulating the cellular accumulation of doxorubicin through the MDRT.
Although doxorubicin and other chemotherapeutics are mainly metabolized in the
liver, it is possible that cancer cell metabolism of doxorubicin into derivatives like
doxorubinol can also contribute to their decreased cytotoxicity (508). Additionally,
drug metabolites and conjugates are easily transported outside the cell by the MDRT
(509). Chemotherapeutics like doxorubicin are also sequestered in other
compartments by drug transporters (510). The sequestration in cellular
compartments decreases drug toxicity and increases efflux (33, 69). A future
direction would be to study the accumulation of doxorubicin metabolites in the
tumor, fat pads and plasma of our breast cancer model. This would require the
development of sensitive methods of detection such as HPLC or LC-MS (511). Next,
the effect of doxorubicin-metabolites on cell toxicity and drug transporter activity
needs to be determined.
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Cancer-initiating cells or cancer stem cells express high-levels of MDRT.
One

interesting

possibility

is

that

ATX/LPA

signaling

in

the

tumor

microenvironment is required to maintain the cancer stem cell phenotype. We could
test this model in cell-culture by studying the ABCG2-expressing side-population
cells (81, 82, 84). The side-population cells are used as markers of stem-cell
phenotype based on their increased expression and activity of ABCG2. We will
initially compare side-population phenotype in high ATX expressing cancer cell
lines against low ATX expressing cancer cells. This will be followed up with testing
patients treated with chemotherapy for their cancer stem cell signatures (88).
We proposed that LPA levels in the tumor microenvironment depend on both
high ATX activity and low LPP activity (214). This should allow for relatively high
LPA levels in the tumor microenvironment as seen in ovarian cancer patients. We
observed local increases in ATX expression and LPA levels in the tumor
microenvironment (137). Plasma LPA levels obtained from mice bearing mammary
tumors were normal. However, systemic increases in ATX occurred in the very late
stages of tumor progression (137). Most of our results were obtained with 5-10 μM
LPA, whereas plasma LPA levels are typically ≤1 μM. In experiments where LPA
was replaced with 1 μM wls31, a stable LPA analog, we observed similar effects.
Our group found that the half-life for extracellular LPA in cell culture was about 810 h (211). All of our cell culture experiments were done with 18:1-LPA, which has
been used in LPA research predominantly. Since several species of polyunsaturated
LPA including the abundant 20:4-LPA (39%), 18:2-LPA (38%) are present in the
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serum (512), the individual relevance of these on receptor activation and signaling
effects needs to be determined.
Our study links LPA signaling to increased oxidative stress response and
drug resistance through Nrf2 stabilization. We demonstrate LPA-LPA1-PI3K
signaling prevents the post-translational degradation of Nrf2. Additionally, LPA
cooperates with t-BHQ resulting in additive increases in the expression of drug
transporters and other Nrf2 targets. There are still some missing gaps in our
understanding of this signaling pathway. A direct increase in Nrf2 activation in cells
treated with doxorubicin was not demonstrated in our studies. However, other
studies have confirmed the activation of Nrf2 in the presence of doxorubicin (444) or
etoposide (513). The physiological activators of Nrf2 are poorly understood despite
the important role for Nrf2 in cancers. It will be useful to determine if LPA is a
physiological activator of Nrf2 by comparing the antioxidant response in wild-type
or ATX transgenic mice treated with ARE-activators.
We found that PI3K activity is necessary for increased accumulation and
ARE activity of Nrf2. Constitutive activation of PI3K was sufficient to drive Nrf2signaling (442, 473). Several post-translational modifications have been found on
Nrf2 protein. These include phosphorylation by several kinases and ubiquitinylation.
Nrf2 is additionally sumoylated (514). These post-translational modifications
regulate Nrf2 expression, nuclear localization and transcriptional activity. However,
the contribution of these modifications to LPA-induced increases in Nrf2 is not
clear.
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LPA can transactivate growth factor receptor kinase mediated signaling
pathways (127, 128). Some of the growth factor receptors have been linked
previously to chemotherapeutic resistance. Pharmacological inhibitors of growth
factor receptor kinases are readily available and can be used for a preliminary screen
to assess their in vitro effects on LPA signaling. Interestingly, PLD2 activity has
been linked to the transactivation of growth factor receptors by LPA (128). PA
formation has been proposed to act as a signaling hub by increasing the plasma
membrane recruitment of proteins such as SK1 (321). A future direction could to
assess the role of PLD in nuclear/cytoplasmic localization and stabilization of Nrf2.
Cancer-specific mutations in ATX and LPA receptor genes are rare events.
Instead, ATX/LPA in the microenvironment has been suggested to contribute to
tumorigenesis by cooperating with secondary mutations and increasing the survival
and aggressiveness of cancers (515). For example, PI3K/PTEN and Ras oncogenic
pathways are activated by LPA receptor signaling. In contrast, somatic mutations in
Nrf2 are frequently found in certain cancers like lung cancers. The constitutive high
expression of Nrf2 seen in many cancers, even in the absence of pro-oxidants, give
them a survival advantage. Newly identified targets for Nrf2 in cancers include
genes involved in glycolytic pathways resulting in metabolic reprogramming (442).
This results in increased proliferation, which is consistent with the role of ATX/LPA
signaling in tumor progression. Furthermore, proliferating cancer cells generate high
levels of ROS due to their rapid metabolism, which is balanced by higher activation
levels of Nrf2 (443, 445). It will be useful to determine if Nrf2 expression correlates
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with increased tumor progression in our cancer model. Nrf2 expression is expected
to be higher in later stages of tumor proliferation and in metastatic cancers. ONO8430506 delayed tumor growth by itself for up to 11 days in our breast cancer model
and these tumors also exhibit decreased Nrf2 expression. It would be interesting to
determine if ONO-8430506 had similar effects on genes involved in the glycolytic
pathway as seen for Nrf2 (443, 445).
We did not test the effects of ATX in our cell culture studies directly. This
will require the use of LPC and ONO-8430506 instead of LPA and LPA antagonists.
A serious limitation in doing such studies was that ONO-8430506 had no effect in
breast cancer cells such as 4T1, MCF-7 and MDA-MB-231, which express little
ATX and most of the ATX is secreted from the mammary fat pad into the breast
tumors (137). ATX-expressing cell lines, such as the MDA-MB-435 melanoma cell
line, could be used instead to test these effects of ONO-8430506 (211, 516).
Alternatively, co-cultures of cancer cells and ATX-expressing fibroblasts could be
employed. A future direction could be use ATX inhibitors or LPA receptor
antagonists in ATX-expressing cells to study their effects on Nrf2-induced chemoresistance. Modification of Nrf2 expression in breast cancer cells by overexpression
or knockdown can affect their sensitivity to chemotherapies (45). Additionally a
knockdown of Nrf2 in lung cancers made them more sensitive to platin-therapy in a
xenograft model (517). We will use an autocrine model of ATX production and
secretion (Fig. 1.4) to test the link between ATX and Nrf2 directly. Although several
transcriptional targets of Nrf2 were found to be downregulated in ONO-8430506-
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treated tumors, we did not pursue these further. For example, the antioxidant GPX1
or glutathione peroxidase 1 was one of the downregulated gene targets. GPX1 has
been linked to doxorubicin resistance in multiple studies done in cell lines, animals
and patients (518-521). We will need to validate the protein expression for these
results.
We used the 4T1 syngeneic model primarily as a proof of concept. The fast
progression of the disease makes it primarily a good model to study metastatic
disease. Future studies with different models such as syngeneic allografts or gene
knockout model are needed to establish the role of ATX inhibitors in sensitizing
tumors to chemotherapies. The allograft model is particularly useful for studying the
long-term acquisition of drug resistance by serial implantation of tumors from drugtreated cell lines. However, this would require significant time and investment.
A comparison of gene signatures in primary tumors and metastatic sites
could be attempted to help understand why the combination of ONO-8430506 and
doxorubicin was effective in attenuating both spontaneous and experimental
metastasis. This can be done by collecting metastatic colonies and primary tumors
and processing them for gene arrays. LPA production in metastatic sites, where ATX
is locally recruited, may be required to establish tissue remodeling events (194, 226).
Both the spread and colonization of the cancer cells in the lung could be affected by
the combination therapy.
While we present preliminary evidence that tumors derived from cancers
overexpressing LPP1 also show decreased Nrf2 expression, this was not pursued any
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further. We will now test if LPP1-overexpressing cancer cells show increased
sensitivity to chemotherapeutics such as doxorubicin or cisplatin. The LPP1
xenograft and syngeneic models provides us with two different tumor models for
testing of the effects of LPP1 on chemo-sensitivity in vivo (183). Unlike the ATX
inhibition model, LPP1 overexpression in the cancer cells did not result in decreases
in plasma LPA levels. The lack of effects on plasma LPA suggest that LPP1 effects
are largely localized and possibly downstream of LPA receptor activation. LPP1 can
degrade not just LPA but also S1P, PA, C1P, etc. in vitro (177). In addition, LPP1
has been shown to act downstream of growth factor signaling (183, 185) and this
effect is dependent on LPP1 catalytic activity. The identity of these intracellular
targets, which can be phospholipids or sphingolipids, needs to be identified.
A variety of roles have been attributed to Nrf2 in normal and
pathophysiological conditions. Nrf2-/- mice have increased susceptibility to
chemically-induced carcinogenesis and several studies have validated the protective
role of Nrf2 in normal cells (42). The protective role of Nrf2 is best explained by
increased doxorubicin-induced cardiotoxicity in Nrf2-/- mice (522). In contrast, high
Nrf2 expression is seen in cancers and decreases sensitivity to chemotherapeutics.
Despite the opposing evidence, several Nrf2 inhibitors are under development for
use as radio-/chemo-sensitizer (523). Similarly, ATX/LPA signaling is involved in a
variety of normal processes like wound healing, cell migration, platelet aggregation
and smooth cell contraction (See Section 1.3).
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We did not find any obvious differences in toxicity of combination-therapy
over doxorubicin monotherapy. However, we will need to assess the effects of ATX
inhibition by itself or together with chemotherapy more carefully. A future direction
could be to go back to our IHC specimens to look for signs of doxorubicin-induced
cardiotoxicity, a side-effect seen in patients. Systemic chemotherapy and radiationtherapy affect the normal wound-healing response in patients. Some patients have
additional risk factors, which affects their normal wound-healing response, such as
diabetes (524). Approved therapies like those targeting VEGF-signaling have been
used in combination with chemotherapies to treat cancer patients, despite
complications associated with wound-healing (525). LPA signaling has been shown
to be involved in multiple steps of the wound-healing response (See Section 1.3).
We will need to assess the effects of ATX inhibition on wound-healing carefully as
this could have potentially adverse-effects in patients. Our results suggest ATX
levels in the tumor microenvironment are increased with doxorubicin therapy. Thus,
ATX inhibitors may be selectively beneficial. A pre-clinical mouse model of woundhealing can be used to assess the effects of ATX inhibitors on the normal woundhealing response. It should be noted that modulation of ATX activity does not affect
all LPA species in circulation and other routes of LPA biosynthesis are present.
Additionally, several drugs targeting LPA signaling have been shown to have good
safety profiles and efficacy in both pre-clinical and early clinical studies (248).
The immediate future directions are divided into four Sections – 6.1.1
Cancer-associated inflammation and ATX production drive resistance to doxorubicin
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therapy in tumors, 6.1.2 Nrf2 activation and tamoxifen-resistance, 6.1.3 Regulation
of RALBP1 expression by ATX/LPA signaling and 6.1.4 LPA activates SK1
autocrine/paracrine signaling in doxorubicin-resistant cells.
6.1.1

Cancer-associated inflammation and ATX production drive resistance to
doxorubicin therapy in tumors
The link between inflammation, ATX/LPA production and Nrf2 activation

needs to be examined in our tumor models. The inflamed tumor microenvironment
can make the tumors inherently less sensitive to chemotherapy and contribute
towards selection for acquired resistance (526). It is likely that different types of
cells within the tumor microenvironment signal to each other and further tumor
growth and chemoresistance. For example, cancer-associated fibroblasts in patients
secrete cytokines in response to chemotherapy, which helps in survival of cancer
cells (88). We have demonstrated that the tumor adjacent mammary fat pad is
inflamed by doxorubicin treatment and also increases ATX secretion, LPA
production and Nrf2 activation in the tumors. Activation of Nrf2 leads to metabolic
adaptations in the tumors and protection from oxidative damage (442). ATX/LPA
signaling can thus contribute to a vicious cycle of tumor growth, genetic instability,
proliferation and metastasis by recruitment of leukocytes and fibroblasts to the
tumors (133, 176).

This can affect chemotherapy penetration and response by

efficient wound repair, metabolism and efflux of the drug.
Inhibition of ATX with ONO-8430506 decreased both plasma and tumorspecific LPA levels and decreased tumor progression and metastasis (137).
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Furthermore, ATX was higher in the tumor-adjacent mammary fat pads compared to
contralateral fat pads and this was increased further by the chemotherapeutic-insult
with doxorubicin. Hence, the production of LPA in the tumor microenvironment is a
likely mediator of tumor growth, metastasis and resistance. A direct validation of
increased LPA levels in the interstitial fluid of patient breast cancers is not available
until now. However, increased LPA levels have been demonstrated in ascites,
synovial fluid, blisters, bronchoalveolar lavage fluid, where ATX/LPA signaling has
been proposed to play important roles (133). A limitation of our study is the lack of
a genetic model of ATX/LPA signaling in our animal studies. We tried to develop a
4T1-breast cancer model in a ATX transgenic BALB/c mice from a previously
described transgenic model of ATX with a liver-specific promoter (144). However,
we were not successful in increasing plasma ATX levels in BALB/c mice by this
transgenic model, probably because adipose is the major source of circulating ATX
activity (145). The MMTV-driven transgenic model of ATX and LPA receptors is
another model we have considered (193). However, this model produces late-onset
and inconsistent tumors making therapeutic studies challenging. Conditional
knockout of ATX in adipose tissue (145) may be a useful model in future studies,
given the importance of the inflamed adjacent mammary fat pad on ATX production
in our breast cancer model (137). If we can acquire ATX-/- adipose-specific
conditional knockout mice, we will attempt to grow tumors in these mice using our
BALB/c or C57BL/6 syngeneic orthotopic models. Both plasma and tumor-specific
LPA concentrations are expected to be decreased in these mice. We will also test if
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doxorubicin has a significant therapeutic benefit under these conditions as expected
from our results. We also expect decreased inflammation, slower growing tumors
and reduced metastasis in the knockout mice.
We will initially determine ATX levels in the 4T1 tumors treated with
doxorubicin. We expect ATX levels to be higher in doxorubicin-treated mice similar
to tumor-adjacent mammary fat pads. We will also examine the effects of ATX
inhibition and doxorubicin therapy on infiltration of leukocytes within the tumor. We
will measure cytokine production both during early and late stages of tumor
progression. We expect leukocyte infiltration to be decreased in the mammary
adipose treated with combination therapy as seen in ONO-8430506-monotherapy
treated adipose tissue (133, 176). Similarly, we expect the production of
inflammatory mediators in the tumor-adjacent adipose to be decreased by
combination therapy. In the future, we will try different doses of chemotherapeutics
or radiation therapy to see if there were changes to inflammation and ATX
production within the tumor. An inflammatory cancer model such as the chemicallyinduced colitis (223), where there is evidence of increased oxidative damage (527),
might be a useful model to test the link between ATX/LPA signaling and Nrf2.
Alternatively, we could study the effects of chemotherapy on expression of
cytokines and antioxidants in various cell populations using specific cell markers in
multi-color flow cytometry (528). The effects of the tumor microenvironment are not
easy to study outside the tumor model although co-cultures or ex vivo preparations of
cancer cells will be attempted with macrophages and adipocytes. We expect the co-
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cultures, but not the cancer cells alone, to produce higher cytokine and ATX levels
in response to chemotherapy.
ATX/LPA signaling has been shown previously to activate NFκB-mediated
cytokine production in different cell types (160). In addition to this, a wide variety
of chemotherapeutics including doxorubicin, cisplatin, paclitaxel, vincristine, 5fluorouracil can further fuel inflammation in the tumors by activating factors such as
NFκB (497). We demonstrate that doxorubicin in the presence of LPA increases
cytokine production in MCF-7 breast cancer cells. We will now test if this is
mediated by activation of NFκB using pharmacological inhibitors. We will also test
the effects of Nrf2 on cytokine production using the previously established
knockdown using Nrf2 DsiRNAs.
Although LPA has been shown to promote resistance to radiotherapy (238241, 257) we have not yet examined these effects in our studies. The link between
Nrf2 and radio-resistance is not well understood compared to its role in
chemoresistance. Increased Nrf2 has been linked to resistance to radiotherapy in
lung cancer cell lines (529). Similarly inflammation has been linked to
radioresistance (497). We will need to establish the role of LPA in promoting radioresistance through cell culture models initially. One particular experiment might be
to use LPA with low and high dose radiation. Under low dose radiation, p53
activated Nrf2-mediated survival pathways whereas high-dose radiation resulted in
p53-mediated death (530). It would be useful to determine if ROS production is
altered under these conditions. At low doses, an efficient antioxidant repair in the
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presence of LPA likely promotes cell survival since LPA has been shown to
attenuate the p53 response (191, 192). Similarly, cytokine/chemokine production
under low dose radiation is likely higher in LPA-treated cells. The C57BL/6
syngeneic model can be used alternatively as 4T1 breast cancer cells are p53deficient. This needs to be followed up in tumor models where the tumor
microenvironment affects radiation sensitivity (531). Finally, radio-sensitivity of
LPP1 expressing xenograft or syngeneic tumors can be determined easily (183).

6.1.2

Nrf2 activation and tamoxifen-resistance
Our group recently showed that tamoxifen and its metabolites activate

oxidative-stress mediated apoptosis in breast cancer cells independent of their ERstatus (Bekele R et al., unpublished). We have now demonstrated that Nrf2 is
activated by tamoxifen and its metabolites in cancer cells and tumor models.
Increased Nrf2 expression has been linked previously to tamoxifen-resistance in
isolated cancer cells (106). To determine if this has any clinical significance, we will
now examine a previously published gene microarray data of breast cancer patients
(433) and assess if Nrf2 and its targets like NQO1 are predictive for therapeutic
response. We will also attempt immunohistochemical staining of a tissue microarray
to determine prognostic value of Nrf2 protein in chemotherapy-treated patients
compared to Nrf2 mRNA (434). Finally, we will attempt to create a gene signature
from multiple Nrf2 targets obtained from our cell culture and animal experiments
using 4-HT to determine if a group of genes had better prognostic value for the
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effectiveness of tamoxifen treatment in breast cancer patients. We have already
completed bulk of this work and we expect the future experiments to progress
rapidly based on previously established protocols (434).

6.1.3

Regulation of RALBP1 expression by ATX/LPA signaling
RALBP1 was initially identified as a GTPase activating protein (532). It was

subsequently demonstrated that RALBP1 has ATPase activity, effluxes GSHconjugates and plays a role in chemoresistance (25). We demonstrate that unlike the
MDRT, regulation of RALBP1 does not depend on Nrf2 activation. Thus Nrf2 and
RALBP1 represent two different pathways that increase resistance to apoptosis from
oxidative-damage. We also present evidence showing that RALBP1 is upregulated
in patient tumors and that ATX inhibition decreased RALBP1 expression in 4T1
tumors. We will now test the effects of LPA on modulating RALBP1 mRNA and
protein expression in cancer cells. We will also test the effects of pro-inflammatory
mediators, such as TNFα and IL-1β, on RALBP1 expression. We predict that high
levels of inflammatory mediators and LPA in the tumors are associated with higher
RALBP1 expression and oxidative stress response in the tumors. We will also
determine if RALBP1 is regulated at the level of protein expression like Nrf2 using
pharmacological inhibitors of protein degradation and synthesis. We will test the
effects of RALBP1 expression on cancer cell sensitivity to tamoxifen and 4-HNE by
performing siRNA knockdown of RALBP1.

We will also decrease RALBP1

expression in tamoxifen-resistant MCF-7 cells to determine if this improves their
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sensitivity to tamoxifen and 4-HNE. Since RALBP1 accounts for the bulk of 4-HNE
export, we expect cancer cells with low RALBP1 expression to be sensitized to
oxidative stress-mediated apoptosis. This will be followed up with analysis in a
breast cancer patient database for RALBP1’s prognostic value for the effectiveness
of therapy with tamoxifen and cytotoxic chemotherapies as described before.

6.1.4

LPA activates SK1 autocrine/paracrine signaling in doxorubicinresistant cells
LPA and S1P are both extracellular bioactive lipids, which activate G-protein

coupled receptors. While they both activate similar bioactive pathways their
differences lie mainly in their cell-specific expression and regulation. Extracellular
LPA and S1P levels were decreased in iPLA2β-/- knockout mice injected with
ovarian cancers when compared to wild-type mice (533). Since PLA2 activity
increases only LPA, the authors suggested that S1P levels were likely altered
indirectly. We tested if LPA increased S1P concentrations in tumors by directly by
activating SK1. We demonstrate that LPA increased the activation and expression of
SK1, intracellular S1P concentrations and S1P1,3 receptor expression. However, in
vivo S1P concentrations in the plasma and tumors are not altered by inhibition of
ATX with ONO-8430506 (137). Other extracellular signals besides LPA possibly
regulate S1P levels and secretion in tumors. Since a variety of growth factors
increase S1P it would be interesting to test if a PLD inhibitor like FIPI or
VUO155056 can produce sustained decreases in the secreted S1P levels.
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SK1 overexpressing 4T1 cells that were injected orthotopically in mice
increased plasma S1P levels (369). However, a recent paper showed the increase in
plasma S1P in cancer-bearing mice was not from cancer cell-associated SK1 activity
(252). Cancer-specific S1P contributes to the tumor growth (252). However, it is not
clear if SK1 effects on tumor growth are through increased secretion of S1P by
cancer cells. Several intracellular effects have been attributed to S1P. Most of these
involve either activation of the intracellular S1P receptor, alterations to sphingolipid
metabolism and through lipid-protein binding interactions (345, 534). We have
proposed several experiments in Chapter 5 mainly involving measurement of the
concentrations of S1P and different species of ceramides using a previously
established LC-MS technique (440, 535). Monitoring the changes to intracellular
S1P and ceramides in cell culture models of drug resistance would help us
understand the link between generation of intracellular sphingolipids and drug
resistance. Targeting the ceramide-escape pathways such as SK1 could potentially
be used to chemo/radio-sensitize tumors (405). Several sphingolipid modulators
including the clinically approved FTY-720 show promising effects in pre-clinical
cancer models (249, 369-371, 373, 385, 386, 388, 389). Our experiments suggest
PLD2 could potentially regulate this pathway by increasing SK1 membrane
activation and contribute to doxorubicin-resistance.
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6.2 SUMMARY
Overall, our studies have demonstrated a potentially important role for
ATX/LPA signaling in increasing resistance to chemotherapies and development of
multi-drug resistance through increased expression of Nrf2. The consequent
transcription of antioxidant genes and MDRT add a new level of understanding to
the role of ATX/LPA in chemoresistance. There are no current ATX inhibitors in the
clinic. We demonstrate the utility of an ATX inhibitor in decreasing tumor growth,
metastasis and resistance to therapies. Our work provides a practical solution for
potentially overcoming chemoresistance through blocking LPA formation by ATX
inhibition. Several LPA receptor antagonists are in clinical trials for inflammatory
conditions, such as pulmonary fibrosis (536) or systemic sclerosis (537). The
Monoclonal antibodies against LPA and S1P have also entered Phase I and II
clinical trials respectively (253, 538, 539). The emergence of bio-available ATX
inhibitors will present another opportunity to target ATX/LPA signaling in the
clinics and thereby improve the treatments of cancer and other inflammatory
conditions.
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APPENDIX – Effects of lipid phosphate phosphatases on prenylation of proteins.

A1. INTRODUCTION
Prenylation of proteins is a common post-translational modification. Prenylation
of proteins can result in profound effects such as increased cell migration, trafficking,
survival and proliferation. Targeting protein prenylation has hence been suggested as a
potential strategy in cancer-treatment (540). Prenylation occurs by addition of either a
farnesyl- or geranylgeranyl- or both- functional groups to the protein. Prenylmodifications occurs at the cysteine residue of proteins with a CAAX motif by the action
of farnesyltransferase (FTase) or two geranylgeranyltransferases (GGTase1/2) (541).
FTase adds a 15-carbon farnesyl group to the CAAX motif, where A is any aliphatic
amino acid and X is C, S, Q, A, M, T, H, V, N, F, G, or I. GGTase 1 adds a 20-carbon
geranylgeranyl group to the CAAX, where X is L, F, I, V, or M. GGTase 2, which is
specific for the small GTPase Rab, does not have a stringent amino acid requirement like
the other two prenyl transferases. However, it may require protein-protein interactions to
access its motif (542).
Farnesyl pyrophosphate (FPP) is a major intermediate in the mevalonate pathway,
which leads to synthesis of important cellular components such as cholesterol,
dolicholpyrophosphate and steroid hormones. The mevalonate pathway generates
isoprenoid precursors, which are then incorporated into proteins as farnesyl- or
geranylgeranyl-modifications (Fig. A1). Statins are a broad class of compounds, which
target this pathway by inhibiting the rate limiting step catalyzed by HMG-CoA reductase.
Statins can thus decrease the synthesis of cholesterol and other complex derivatives of the

1

mevalonate pathway. Statins also decrease FPP and GGPP concentrations in cells
resulting in decreased prenylation of proteins such as the small GTPases, Rho, Rac and
Cdc42. Thus, statins have been suggested to have potentially beneficial effects in cancer
(540).
A synthetic pathway for accumulation of isoprenoids in the cell involves the
alcohol-derivates of the isoprenoids, farnesol (FOH) and geranylgeraniol (GGOH).
Treatment of cells with FOH/GGOH results in conversion of these alcohols into
FPP/GGPP and then incorporation into proteins. The existence of this pathway led to the
search for potential kinases and phosphatases which regulate their inter-conversion in the
cell. However, the biological relevance of this pathway has not been validated in vivo
(Fig. A1).
LPPs are broad specificity lipid phosphatases, which were shown by our group to
dephosphorylate FPP and GGPP in cell extracts (177). A previous study by our group
found increased accumulation of monophosphates and alcohol-derivatives of FPP and
GGPP by LPP1-overexpressing cellular fractions (Mataya C.M., unpublished). A
presqualene diphosphate phosphatase, which shares consensus sequence with LPPs,
showed phosphatase activity towards FPP in vitro (543). In yeast, the dolichol
pyrophosphatase 1 (DPP1) and lipid phosphate phosphatase 1 (LPP1) account for most of
the isoprenoid pyrophosphatase activity. A double knockout of LPP1 and DPP1 depletes
cellular isoprenoids in yeast (544). However, there has been no direct demonstration of
lipid phosphatase activity against FPP/GGPP in higher eukaryotes so far.
LPPs are localized with their catalytic site facing the lumen of ER or outside the
plasma membrane based on predicted topology models (189) and experimental evidence

2

from the rat homolog Dri 42 (545) (Fig. A1.2). The predicted extracellular-facing
catalytic site localization pattern may prevent it from accessing lipids such as FPP/GGPP.
This discrepancy is usually explained by flipping of the lipid substrates spontaneously
across the membranes. Alternately, these lipids could flip across the membranes by
assistance from transporters. Several studies have demonstrated a role for LPPs in
decreasing intracellular lipids such as S1P, LPA and PA (Reviewed in (189)). We
hypothesized that LPP1 will decrease FPP/GGPP levels in the cell and decrease the
isoprenylation of proteins.

3

Figure A1.1 - Illustration of the mevalonate pathway and exogenous pathway resulting in
increased prenyl-modification of proteins: The mevalonate pathway results in production of
important lipids such as cholesterol, dolicholpyrophosphate or isoprenoid pyrophosphates, which
have important structural and functional roles in the cell. FPP or synthetic AGPP can farnesylate
proteins with the CAAX motif by the action of FTase. GGPP or the synthetic AFPP can
geranylgeranylate proteins at the CAAX motif by the action of GGTases. Both forms of
prenylation are found in proteins such as K-Ras. These proteins are then subject to
isoprenylcysteinemethyltransferases (ICMT) before they can be targeted to the plasma membrane
(PM) and sequestered by a second post-translational modification (PTM).

4

Figure A1.2. Predicted membrane topology of LPP1 with active side facing the extracellular
space/lumen – The catalytically active site of the transmembrane protein, LPP1, is localized to
the extracellular loops in the plasma membrane or ER lumen by predicted topology modeling and
experimental evidence from the Rat homolog, Dri 42 (545). The glycosylation site (N), conserved
domains (C1-C3) and the catalytically inactive mutant R217K are shown.

A2. MATERIALS AND METHODS
A2.1 Determination of FPP/GGPP levels in breast cancer cells
The estimation method for FPP/GGPP was developed based on a method previous
described by Tong et al., (546). It is based on detection of farnesyl/geranylgeranylpeptides generated by the enzymes FTase and GGTase-1 in vitro from extracted lipids.
Dansylated peptides, which mimic farnesylation (GCVLS) or geranylgeranylation
(GCVLL) were made by Alberta Peptide Institute (University of Alberta). Cancer cells
were grown to 40-50% confluence before being treated with adenoviruses expressing
wild-type LPP1 or R217K LPP1. Alternatively, they were treated with 100 nM of pooled
siRNA against LPP1 (GE Dharmacon, Ottawa, ON) for up to 48 h. Twenty μM lovastatin
(Merck, Montréal, QC) was added to a control dish. The cells were trypsinized, spundown and the pellet was washed with HBS. The pellet was redissolved in 1.5 ml of butan5

1-ol: 75 mM ammonium hydroxide: ethanol (1:1.25:2.75). This was transferred to
polypropylene eppendorf tubes. The isoprenoids were extracted by placing the tubes in
heater bath at 70⁰C for 30 min. The samples were spun down at 13000 rpm for 30 min at
4⁰C. The pellets were extracted once more as before and the supernatants were combined
from both extractions and dried down in a stream of nitrogen at 50⁰C. The lipids were
re-suspended in Tris-HCl assay buffer (50 mM Tris- HCl pH 8, containing 5 mM DTT, 5
mM MgCl2, 10 μM ZnCl2, 1.1% octyl-β-D-glucopyranoside) by washing them down on
the side of the tubes. This extract was used immediately (recommended) or stored at 80⁰C for later use. GCVLS and GCVLL were added at 0.125 nmol each (prepared in
1.1% octylglucoside). GGTase-1 (800-1000 ng) and FTase (61-100 ng) (Jena
Biosciences, Jena, Germany) were added to the reaction in the supplied buffer. Standards
were prepared from 0-10 pmol of FPP and GGPF. The total reaction volume for
standards and samples was 100 μl. The reaction was stopped by the addition of 40 μL of
acetonitrile and 2.5 μL 20% HCl. Denatured proteins were removed by centrifugation at
2000 rpm for 30 min and the supernatant was analyzed. The reaction products were
analyzed by HPLC system (Beckman Coulter, Mississauga, ON) equipped with a
fluorescence detector. The sample analysis was performed in a C18-reverse phase column
with a two solvent system as described previously (546). To normalize the results, a
phospholipid phosphate assay was performed was performed on 1/10 of the solvent
extract. However, a direct phosphate analysis of the cell lysates was not possible due to
the presence of inorganic phosphates. One ml of methanol, 1 ml of chloroform and 0.9 ml
of double distilled water was added to the dried down extract. The samples were mixed
and centrifuged at 2,800 rpm for 15 min. The upper phase was almost completely

6

removed using vacuum suction and the bottom phase was re-extracted with chloroform
and methanol. The interface between chloroform and aqueous phases contained all of the
cell debris and other contaminants, which was not disturbed. The chloroform phase was
dried down and analyzed by the organic phosphate assay. Briefly, the samples were
heated with 50 μl of perchloric acid for approximately 30 min. They were then cooled
down; 278 μl of double distilled water and 55 μl of 2.5% ammonium molybdate was
added and the samples were mixed well. Finally, 55 μl of 10% freshly prepared ascorbic
acid was added, mixed and the samples were heated in a water bath at 80⁰C for 15 min.
180 μl of the reaction mixture was added to each well of a multi-well plate and
absorbance was measured at 700 nm. A standard was prepared using glycerol-3phosphate to calculate the phospholipid phosphate content of the samples.

A2.2. Anilinogeraniol labeling and detection of labeled proteins in breast cancer
cells
The structure of the farnesol analog, AGOH, is shown in Fig. A1.1. Cells were
plated in 10-cm dishes. The medium were changed to serum containing medium and 25,
50, 100 μM AGOH were added for 18 h or 36 h before collecting the cells. Cell lysates
were immunoblotted (as described before (547)) with a mouse monoclonal antibody
raised against anilinogeraniol (A gift from Dr. Andrew Morris and Dr. Peter Spielmann,
University of Kentucky). A 50 μM concentration was used in experiments, where LPP1
expression has been modified.
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Figure A2.1: Simultaneous detection of FPP and GGPP in breast cancer cells:
Representative histograms of HPLC showing detection of FPP (GCVLL) or GGPP (GCVLS) or
simultaneously both. A standard peak of FPP/GGPP showing femtomolar detection was used to
detect FPP/GGPP levels in breast cancer cells.

Figure A2.2: Detection of AGOH incorporation in proteins by immunoblotting: MDA-MB231 cells were labeled with increasing concentrations of AGOH as described in the Materials and
Methods. Fifty μg of lysate protein was immunoblotted with a mouse monoclonal antibody raised
against anilinogeraniol (AG).
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A2.3 Adenoviral overexpression, knockdown of LPP1 and determination of LPP
activity
To overexpress LPP1 using adenovirus, cells were plated in 10-cm dishes. When
they were nearly 50% confluent they were treated with adenovirus expressing empty
vector, R217K LPP1 or WT LPP1 in serum-containing medium (185). The MOI used for
infections were 25, 50, and 100. The virus was diluted into 1 ml of serum-containing
medium which is just enough to cover the 10-cm dish. Inoculums were left for 12 h and
then dishes were washed free of capsid coats and fresh serum-containing medium was
added and the dishes were incubated for further 36 h. 36-48 h incubation increased the
gene expression significantly.
To knockdown LPP1 using siRNAs, cells were plated in 10-cm dishes and
allowed to grow overnight. The medium in the dishes were then changed to antibiotic
free medium and left for further 6-8 h. When the cells were nearly 50% confluent they
were transfected with 100 nM of mixed smart pool siRNA against hLPP1 (Dharmacon
GE). Cells were grown on OPTI-MEM medium containing siRNA–lipofectamine
complex for 12 h. Now the medium was changed to serum-containing medium and the
dishes containing cells were incubated for another 36 h before proceeding with
subsequent analysis.
To determine LPP activity, cell lysates were sonicated on ice for 10-15 s. A 100
μl reaction was performed in 3 different protein concentrations with 60 μl diluted sample
(protein concentration ranging from 0 – 10 μg), 20 μl of 5x Tris-buffer (500 mM Tris9

HCl pH 6.5, 10 mg/ml BSA, 30 mM N-ethylmaleimide) and 20 μl of the LPP substrate (3
mM PA, 1.36 µCi/ml [3H]PA in 2.5% TritonX-100). The samples were immediately
mixed and placed in 37⁰C incubator for 60 min while keeping the assay time constant
among tubes. The reaction was stopped by adding 2.2 ml of chloroform/methanol (19:1
v/v) containing 0.08 % olive oil) and one scoop (~1 g) of dry aluminum oxide and the
tubes were mixed well. The tubes were centifugued at 2000 rpm for 5 min. One ml of
supernatant was transferred to a scintillation vial, the chloroform was allowed to
evaporate and 2 ml of scintillation fluid added. The samples were vortexed well and then
radioactivity was determined in a scintillation counter.
A2.4. Cholesterol estimation
Cancer cells were grown in 10-cm dishes for up to 50% confluence before the
medium was removed and replaced with starvation medium with or without 20 μM
lovastatin. The dishes were washed twice in HBS and the cells were collected twice in 1
ml methanol and extracted with 2 ml chloroform and 1.8 ml of 0.1 M HCl/ 2 M KCl in
Fisher glass tubes. The samples were vortexed and centrifuged at 2,800 rpm for 15 min.
The upper phase was removed and 1.6 ml of organic phase was dried under a stream of
nitrogen. The samples were then resuspended in 200 μl chloroform, which was washed
down into the tubes, and dried again. Next, they were resuspended in 100 μl of propan-1ol. The total assay volume was 500 L in an Eppendorf tube (40 l sample/standard and
460 l color development solution), which was used to provide duplicates of 200 L in a
96-well plate. The assay is based on conversion of free and esterified cholesterol into its
oxidized form and hydrogen peroxide. Hydrogen peroxide is then detected by a
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colorimetric reaction at 700 nm. The samples were incubated until color was developed
as described in the kit (Cholesterol C2 assay kit WAKO). Standard cholesterol solutions
were prepared by diluting the cholesterol stock solution in propan-1-ol.

Figure A2.3: LPP1 overexpresssion and knockdown: A) siRNA knockdown of LPP1 in
MDA-MB-231 cells, B) Adenoviral overexpression of LPP1 in MDA-MB-231 - Immunoblot
showing adenoviral expression of R217K or WT LPP1 infected at 25, 50 and 100 MOI (top
panel). Increase in total LPP activity from adenoviral overexpression of WT and not R217K
LPP1 is shown below (bottom panel).
11

A2.5. Extraction of isoprenoids from cultured cells for estimation of prenylcysteines
by LC-MS
The isoprenoid extractions were performed as before with some modifications.
Cells grown in 10-cm dishes were extracted with 5 ml of butan-1-ol: 75 mM ammonium
hydroxide: ethanol (1:1.25:2.75). The extracts containing cell lysates were transferred to
screw-capped 8 ml glass tubes containing 50 pmol of D5 AGPP and an additional 1 ml of
butan-1-ol: 75 mM ammonium hydroxide: ethanol (1:1.25:2.75) was added. Samples
were vortexed for 5 min; tubes were placed in heater block at 70 oC for 20 min and
vortexed again. The samples were centrifuged to pellet debris and the supernatant was
transferred to another 8 ml glass tube. The pellet was then re-extracted in 5 ml of butan1-ol: 75 mM ammonium hydroxide: ethanol (1:1.25:2.75) and the supernatant was
transferred to the 8 ml glass tube with the original extract. At this point the samples were
shipped in dry ice for LC-MS analysis. Briefly, the proteins were extracted from the
samples by acetonitrile precipitation before sampling it in LC-MS. Subsequent analysis
was performed by Dr. Frederick Onono in Dr. Andrew Morris’s laboratory, University of
Kentucky.
A3. RESULTS
We initially estimated cholesterol levels in rat fibroblasts stably expressing
R217K or WT LPP1 (185). LPP1 overexpression did not affect cholesterol synthesis.
However, the HMG-CoA reductase inhibitor lovastatin decreased the cholesterol content
by about 50% (Fig. A3.1).
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Figure A3.1. LPP1 does not affect cellular cholesterol levels – Cholesterol was estimated in
MDA-MB-231 cells overexpressing catalytically active (LPP1) or inactive LPP1 (R217K) as
described in the Materials and Methods Section. Lovastatin (Lova) decreased cholesterol
accumulation in the cell. n=6. Results are expressed as mean ± SEM. * p<0.05.

We next estimated the effects of LPP1 directly on FPP/GGPP levels of breast
cancer cells as described in the Materials and Methods Section (Fig. A2.1). Adenoviral
overexpression of LPP1 increased the expression of LPP1 mRNA, protein and total LPP
activity (Fig. A2.3). However, it did not affect the levels of FPP/GGPP in either MDAMB-231 breast cancer or U87 glioblastoma cell line, which express higher FPP/GGPP
levels (Fig. A3.2). We also assessed the levels of FPP/GGPP in mouse embryonic
fibroblasts from LPP1-/- (139) or LPP3-/- (548) mice (Gifts from Dr. Kevin Lynch and Dr.
Diana Escalante-Alcalde, respectively). Here again, there was no differences in the
expression of FPP/GGPP between WT and KO MEFs (Fig. A3.3).
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Figure A3.2. LPP1 does not affect FPP/GGPP levels in breast cancer or glioblastoma –
FPP/GGPP levels were estimated as described in the Materials and Methods in MDA-MB-231
(A) and U87 cells (B). n=3. Results are expressed as mean ± SEM. * p<0.05.
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Figure A3.3. Genetic ablation of LPP1 or LPP3 does not affect FPP/GGPP levels in the cell
– FPP/GGPP levels were estimated as described in Materials and Methods in HET or LPP1-/MEFs (A) or in PMEF E1Atr/tr or PMEF LPP3-/- (B).

We next measured the effect of LPPs on prenylation of proteins indirectly by
labeling the cells with a farnesol analog, anilinogeraniol (AGOH) (Fig. A2.2). LPP1
overexpression only marginally increased the incorporation of AGPP in proteins as
detected by immunoblotting with an antibody raised against the synthetic analog (Fig.
A3.4). However, we did not detect the low molecular proteins, such as the small
GTPases, by this method.
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Figure A3.4. LPP1 does not affect anilinogeraniol incorporation into proteins – MDA-MB231 cells labeled with AGOH were immunoblotted for proteins incorporating the farnesyl-analog
with an AG antibody as described in the Materials and Methods Section. The quantification of
total changes in protein-labeling is shown in the right panel.

Next, we decided to employ a sensitive LC-MS method to detect prenylcysteines
directly. In LPP1 overexpressing fibroblasts, prenylcysteines were slightly elevated. In
LPP1-/- or LPP3-/- MEFs prenylcysteines were low or undetectable compared to their
controls (Fig. A3.5).
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Figure A3.5. LPP1-/- or LPP3-/- MEFs show decreased levels of prenylcysteines – Prenyl
cysteine extractions were performed in Rat2 fibroblasts overexpressing LPP1 (A) or in LPP1-/- (B)
and LPP3-/- MEFs (C) as described in the Materials and Methods Section. The levels of
prenylcysteines were determined by Dr.Frederick Onono in Dr. Andrew Morris’s laboratory,
University of Kentucky by LC-MS using D5-AGPP as internal standard (Method described in
(549)).
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A4. DISCUSSION AND FUTURE DIRECTIONS
I devoted a lot of time in my training to develop a successful and sensitive method
to study the levels of FPP/GGPP in breast cancer cells. The technique is robust enough to
determine the levels of isoprenoids simultaneously in a large sample set relatively
quickly. We modified LPP1 activity to determine if LPP1 could act as a cellular
isoprenoids phosphatase. Unfortunately, modifying LPP1 activity did not affect the
cellular isoprenoid levels or the incorporation of synthetic analogs into proteins.
However, the HMG-CoA reductase inhibitor decreased FPP/GGPP levels in serum
starved cells. One possibility is that our levels of overexpression/knockdown were not
sufficient or not active but we demonstrate a near complete knockdown of LPP1 and 8fold increases in total LPP activity suggesting that this is unlikely. We could not detect
low molecular weight farnesylated proteins by labeling with synthetic analog of FPP. We
collaborated with another group in University of Kentucky to determine if LPPs could
regulate isoprenylation of proteins by directly determining the isoprenylcysteines
extracted from cells. Here, unexpectedly LPP1-/- or LPP3-/- MEFs show decreased levels
of protein prenylation. This could be an adaptation of LPP1/3-/- MEFs to regulate growth
factor signaling in the absence of LPPs.
Studies done since we began this work has suggested another lipid phosphatase
with homology to LPP1, the atypical PDP1/PPPAPDC2, can dephosphorylate
isoprenoids in cells. This was suggested based on their deleterious effects of PDP1
overexpression in the cell, predicted topology facing cytosol and indirect demonstration
of phosphatase activity based on reduced levels of accumulation of the synthetic analog
of FPP (549). It is not clear if these effects were simply due to decreased cellular
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accumulation of AGOH since AG-modified proteins could not be detected even at 48 h in
PDP1-expressing cells. The contribution of PDP1 to cholesterol synthesis and
presqualenediphosphate synthase on the cellular effects was not determined. Further the
expression levels and the relevance of PDP1 in higher eukaryotes needs to be
demonstrated. Incorporation of prenyl-analogs by the exogenous pathway was shown to
suppress the cellular mevalonate pathway of prenylation (550). This suggests that there
are significant differences in the way such artificial substrates are utilized by the cell,
which may not represent actual cellular modification of isoprenoids. In the future, we will
need to establish if LPP1 and LPP3 are involved in prenylation of proteins. Also the role
of LPP2 needs to be determined. Finally, the PPPAPDC family members need to be
investigated to determine if they are physiological regulators of prenylation.
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