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Abstract

Retinoids are established pleiotropic regulators of both adaptive and innate immune responses. Recently, troglitazone, a
PPAR gamma agonist, has been demonstrated to have anti-inflammatory effects. Separately, retinoids and troglitazone are
implicated in immune related processes; however, their combinatory role in cellular adhesion and proliferation has not been
well established. In this study, the effect of 9-cis-retinoic acid (9-cis-RA) and troglitazone on K562 cellular adhesion and
proliferation was investigated. Troglitazone exposure decreased K562 cellular adhesion to RGD containing extracellular
matrix proteins fibronectin, FN-120, and vitronectin in a concentration and time-dependent manner. In the presence of
troglitazone, 9-cis-retinoic acid restores cellular adhesion to levels comparable to vehicle treatment alone on fibronectin, FN-
120, and vitronectin substrates within 72 hours. Due to the prominent role of integrins in attachment to extracellular matrix
proteins, we evaluated the level of integrin a5 subunit expression. Troglitazone treatment results in decrease in a5 subunit
expression on the cell surface. In the presence of both agonists, cell surface a5 subunit expression was restored to levels
comparable to vehicle treatment alone. Additionally, troglitazone and 9-cis-RA mediated cell adhesion was decreased in the
presence of a function blocking integrin alpha 5 inhibitor. Further, through retinoid metabolic profiling and HPLC analysis,
our study demonstrates that troglitazone augments retinoid availability in K562 cells. Finally, we demonstrate that
troglitazone and 9-cis-retinoic acid synergistically dampen cellular proliferation in K562 cells. Our study is the first to report
that the combination of troglitazone and 9-cis-retinoic acid restores cellular adhesion, alters retinoid availability, impacts
integrin expression, and dampens cellular proliferation in K562 cells.
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Introduction

The literature is rich with the influence of vitamin A (retinol)

and its analogs, retinoids, on establishing and maintaining proper

immunity [1,2,3,4,5,6,7,8,9,10]. Retinol was coined as an ‘‘anti-

infective vitamin’’ as early as the 1920’s [11,12,13]. Adaptive and

innate immune responses are regulated by vitamin A [14]. More

recently, biologically active metabolites of retinol, all-trans-retinoic

acid and 9-cis-retinoic acid, have been reported to mediate

immunological functions such as differentiation, proliferation, and

transmigration of leukocytes [4,15,16,17,18,19].

All-trans-retinoic acid (t-RA) and 9-cis-retinoic acid (9-cis-RA)

activate retinoic acid receptors (RAR a, b, and c) and retinoid X

receptors (RXR a, b, and c) [20,21,22,23,24]. These retinoids act

as ligand-dependent transcription factors with t-RA activating

RARs, while 9-cis-RA serves as a pan-agonist for RARs and

RXRs. These receptor complexes act as heterodimers or

homodimers binding to specific retinoid response elements, RARE

and RXRE, in the promoter of target genes [25]. RXRs are

promiscuous receptors forming heterodimers with other ligand-

dependent members of the nuclear receptor family including

thyroid hormone, vitamin D receptors, and more recently

peroxisome proliferator activated receptor gamma (PPARc)

[2,26].

PPAR gamma has been implicated in a variety of pathologies

most notably, diabetes and obesity. PPARc agonists, such as those

belonging to the thiazolidinedione class (troglitazone, roglitazone,

and pioglitazone) have been used in the treatment of hyperlipid-

aemia and hyperglycemia. Recently, the role of PPARc in

regulation of inflammation and immune response has become

more of a focus. PPARc agonist activation generally results in anti-

inflammatory effects including decreases in macrophage inflam-

matory cytokines, apoptosis of macrophages, and inhibition of

activated T-cell proliferation [27,28,29,30]. Specifically, PPARc-

RXRa pairing has resulted in agonist-induced mitogen-activated

protein kinase activation and inhibition of nuclear factor-kappa B

[31,32,33].

Cellular abundance of t-RA and 9-cis-RA is directly controlled

through a variety of processes including oxidative metabolism and

sequestration [2]. The cytochrome P450 (CYP) family of monoox-
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ygenases are involved in the biotransformation of variety of

endogenous and exogenous compounds including t-RA and 9-cis-

RA. The predominant pathway is oxidation at the 4-position of

the cyclohexenyl ring to form 4-hydroxy- and 4-oxo-retinoic acid

or 4-hydroxy and 4-oxo-9-cis-retinoic acid [34,35]. Several human

CYP isoforms are capable of metabolizing t-RA including

CYP2C8, CYP3A4, CYP2C9, and more recently CYP26

[36,37,38]. Interestingly, the PPARc agonist, troglitazone is a

strong inhibitor of CYP2C8 and CYP3A4 [39]. Ultimately,

retinoid availability dictates retinoid receptor heterodimer/homo-

dimer pairings, effectively regulating transcription of retinoid

responsive genes that are involved in mediating cellular adhesion

and proliferation.

Cell surface adhesion molecules, such as integrins, mediate cell-

cell and cell-matrix interactions and are essential for maintaining

cell homeostasis. Integrins, a family of transmembrane heterodi-

meric receptors consisting of non-covalently linked a and b
subunits, are considered to be the principle receptors involved in

attachment to the extracellular matrix. Integrin engagement with

their counter ligands leads to signaling processes that are critical

for cellular proliferation and migration [40,41,42,43,44]. The

a5b1 integrin subclass is involved in the remodeling of the

lymphatics during inflammation [45]. The a5b1 integrins are

fibronectin receptors with the arg-gly-asp (RGD) sequence in the

FNIII domain 10 being the crucial attachment site for a5b1 [46].

Interestingly, both retinoids and thiazolidinediones have been

implicated in altering integrins and their counter-receptors.

Retinoids influence expression of classical integrin ligands,

including VCAM-1 and fibronectin, and modulate integrin

expression, including avb3, avb5, a4b1, and a4b7

[47,48,49,50,51]. Troglitazone reduces VCAM-1 expression and

adhesion to a4b7 integrins in the presence of TNF-a [10,52].

Although retinoids and thiazolidinediones have been indepen-

dently investigated with respect to their roles in cellular adhesion

and proliferation, there is a shortage of information evaluating the

combination of these agonists on these crucial immunological

functions. In this study, we evaluated the combinatory treatment

of troglitazone and 9-cis-RA on cellular adhesion and proliferation

in the human erythroleukemia cell line, K562. We present

evidence that troglitazone dampens cellular adhesion to RGD

containing extracellular matrix proteins in a time and concentra-

tion-dependent manner, and cellular adhesion is restored to these

ligands by 9-cis-RA. Additionally, through retinoid metabolic

profiling, we demonstrate that troglitazone increases the bioavail-

ability of 9-cis-RA. Further, we investigated the effects of these

agonists on the integrin a5 subunit cell surface expression. Our

study is the first to demonstrate that the combinatory treatment of

the PPAR agonist, troglitazone, and the RXR agonist, 9-cis-RA,

results in augmented cellular adhesion, modulated retinoid

metabolism, restored integrin expression, and dampened cellular

proliferation in a human erythromyeblastoid leukemia cell line.

Materials and Methods

Reagents and Chemicals
Human fibronectin was purchased from BD Biosciences

(Bedford, MA). The purified human fibronectin alpha-chymo-

tryptic fragment, FN-120, and the Fibronectin 40 kDa a
Chymotryptic Fragment (Heparin-binding region), FN-40, was

purchased from Millipore (Temecula, CA). Purified human

vitronectin was purchased from R&D systems (Minneapolis,

MN). The function blocking antibodies SAM-1 (anti-integrin

a5), B-D15 (anti-integrin b1), F11 (anti-integrin b3), MOPC-21

(isotype control), and the secondary goat anti-human IgG FITC

conjugated antibody were purchased from Abcam (Cambridge,

MA). Anti-integrin avb3 and avb5 FITC conjugated antibodies

were purchase from Millipore. The anti a8 integrin and the

secondary rat anti-mouse IgG2B FITC conjugated antibody was

purchased from R&D systems. 9-cis-retinoic acid, 13-cis-retinoic

acid, troglitazone, and p-nitro-phenyl phosphate were purchased

from Sigma (St. Louis, MO). 4-oxo-retinoic acid was kindly

provided by Hoffman-La Roche (Nutley, NJ). Because of retinoid

photosensitivity, all experiments were performed under dim light.

Samples and reference compounds were stored at 220uC or +4uC.

Retinoids were dissolved at the desired concentration in ethanol.

Other reagents used in the extraction process, analysis, or standard

preparations were Optima grade hexane, methanol, HPLC grade

water, and Tracemetal grade acetic acid.

Cell Culture
The human cell line K562 was obtained from ATCC

(Manassas, VA) and maintained in RPMI 1640 supplemented

with 10 mM HEPES, 1 mM sodium pyruvate, 10% (v/v) fetal

bovine serum, 1% L-glutamine and 1% penicillin-streptomycin at

37uC in an atmosphere of 5% CO2.

Cellular Adhesion Assays
Static adhesion assays to immobilized ligands were adapted

from established techniques [53,54]. Briefly, fibronectin, FN-120,

FN-40, or vitronectin were immobilized at desired concentrations

on 96-well Immulon-2 HB microtiter plates (Thermo Scientific,

Waltham, MA) in a total volume of 100 ml of 0.1 M NaHCO3

pH 8.4 overnight at 4uC. Nonspecific adhesion was minimized by

blocking wells with 2% (w/v) bovine serum albumin (BSA) in

0.1 M NaHCO3 at room temperature for 1 hr. K562 cells were

cultured for the designated times (24, 48, or 72 hrs) in the presence

of 9-cis-RA (1 mM), troglitazone (1–30 mM), troglitazone and 9-cis-

RA (15 mM and 1 mM, respectively) or an equimolar concentra-

tion of ethanol. Troglitazone was replenished every 24 hours.

Before addition to wells, cells were washed twice in HEPES-

Tyrodes buffer, enumerated, and added to wells (96104/well) in

HEPES-Tyrodes with 1 mM MnCl2. When appropriate, the

isotype control, MOPC-21, or the function-blocking antibody

SAM-1 (anti-integrin a5) was used at final concentrations of 1, 5,

or 10 mg/mL and added simultaneously to cells in HEPES-

Tyrodes with MnCl2. Cells were incubated in the presence or

absence of inhibitor for 30 min (fibronectin ligand) or 1 hr (FN-

120, FN-40, or vitronectin ligands) at 37uC in 5% CO2. After

three consecutive washes with HEPES-Tyrodes, wells were

analyzed for bound cells by determining the relative cellular acid

phosphatase activity within each well. Phosphatase assay buffer

(1% v/v Triton X-100, 50 mM sodium acetate at pH 5.0 and

6 mg/mL p-nitrophenyl phosphate) was added to wells, and wells

were incubated with the substrate for 30 minutes at 37uC. Color

was disclosed by addition of 50 ml/well of 1 N NaOH. Absorbance

values were obtained at 405 nm using a Biotek microplate reader.

Adherent cells/well were determined from a standard curve

generated using known numbers of cells. Adhesion values obtained

with wells coated exclusively with BSA were considered as

background values for each experimental condition and were

subtracted before reporting final values.

Extraction Procedure
K562 cells were treated with equimolar concentration of

ethanol, 15 mM troglitazone, 1 mM 9-cis-RA or co-cultured with

troglitazone and 9-cis-RA (15 mM and 1 mM, respectively) for

72 hrs. Troglitazone was replenished every 24 hrs. Media was

harvested and stored at 220uC until extraction. Samples were
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thawed at room temperature. Ten milliliters of ethanol was added

and the solution was mixed. The samples were acidified using 2 N

HCl and 10 mL of hexane was immediately added. The samples

were mixed and stored on ice for 20 minutes. The upper layer was

removed and hexane was added and removed twice. The hexane

fractions were combined and evaporated to dryness. The residual

sample was stored at 220uC until HPLC analysis [55]. For all

metabolism experiments, 9-cis-RA was added to cell-free media

and allowed to incubate for 72 hrs and processed as previously

described. These samples served as a control for oxidation/

isomerization processes that may occur in the extraction process.

Additionally, control cell-free media was spiked with 13-cis-RA, or

4-oxo-RA standards to verify the extraction procedure and to aid

in identification of retinoid artifacts. Retinoid standards were

analyzed by HPLC for purity prior to use in cell culture or retinoid

artifact identification.

HPLC Analysis
Reverse-phase HPLC analysis was performed using a Waters

Model 6000A delivery system, a 6-port Rheodyne sample injector,

and a Waters Millennium Chromatography Manager. The latter

consists of a pump control module, a 996 photodiode array

detector, and the Millennium32 chromatography software. An-

alytical separations were carried out on a stainless steel

(23.5 cm60.47 cm) Whatman Partisil 5 ODS-3 5 mm particle

column. The HPLC gradient consisted initially of 50% methanol:

50% 0.01 M acetic acid which was employed for 10 minutes

followed by a 60 minute linear gradient up to 100% methanol

which was used to elute for 20 minutes. Flow rate was 1.00 mL/

min. The retinoid absorption spectra were recorded between 200–

450 nm. Chromatograms were monitored at 350 nm.

Flow Cytometry
Cells treated with 1 mM 9-cis-RA, 15 mM troglitazone, 9-cis-RA

and troglitazone (1 mM and 15 mM, respectively) or equimolar

concentration of vehicle for 72 hrs were harvested and washed

twice in PBS containing 3.0% (w/v) BSA (PBS-BSA). 1.06106

cells were re-suspended in a total volume of 1 mL PBS-BSA,

primary anti-alpha 5-or-alpha 8 integrin antibody (10 mg/mL) was

added, and cells were incubated on ice for 30 min. Cells were

washed twice and FITC-conjugated secondary antibody was

added at manufacturer’s recommendations, and incubated on ice

for 30 min. Unbound secondary antibody was removed by two

final washes in PBS-BSA, and fluorescent intensity was analyzed

on Beckman-Coulter Quanta SC flow cytometer (Beckman-

Coulter, Inc. Brea, CA). Cellular auto-fluorescence and non-

specific secondary antibody binding was evaluated with cells

lacking primary antibody. For direct flow cytometry, 1.06106 cells

were re-suspended in a total volume of 1 mL PBS-BSA, anti-avb3-

integrin antibody, anti-b1-integrin antibody, anti-b3-integrin

antibody, anti-avb5-integrin antibody or isotype control (10 mg/

mL) was added, and cells were incubated on ice for 30 min.

Unbound antibody was removed by three final washes in PBS-

BSA, and fluorescent intensity was analyzed.

BrdU Cell Proliferation Assay
The ELISA-based BrdU cell proliferation kit was purchased

from Chemicon International (Temecula, CA). Cells were plated

at 2.56104 cells/mL in 100 ml culture media containing 1 mM 9-

cis-RA, 15 mM troglitazone, troglitazone and 9-cis-RA (15 mM and

1 mM, respectively), or an equimolar concentration of ethanol and

cultured for a total of 72 hrs at 37uC at 5% CO2 atmosphere. All

treatments were diluted with cell media to desired concentrations

to avoid proliferation effects due to high ethanol concentrations.

BrdU reagent was added 12–24 hours prior to fixation and

detection. Absorbance values were obtained with a microplate

reader at 450 nm.

Statistical Analysis
LSD was used to test for differences among groups (P = 0.01)

when multiple treatments were conducted. When applicable, the

Student’s t-test (p,0.01) was performed on treatments consisting

of comparisons between control group and a single treatment.

Results

Troglitazone Exposure Decreases K562 Cellular Adhesion
to RGD Containing Extracellular Matrix Proteins in a
Concentration-dependent Manner

The PPARc agonist troglitazone has generally been considered

to have an anti-inflammatory role with reduction in endothelial

cell adhesion molecule MAdCAM-1 and a4b7-integrin dependent

adhesion [52]. To evaluate if troglitazone alters cellular adhesion

in K562 cells, we employed a static cell adhesion assay utilizing

fibronectin, FN-120, or vitronectin, which were selected due to

their well-defined RGD binding sites. As shown in Figure 1A,

K562 cells treated with 15 mM troglitazone for 72 hours had

significantly lower levels of cellular adhesion to fibronectin, FN-

120, and vitronectin at 5 mg/mL as compared to vehicle. On the

fibronectin ligand, troglitazone treated cells had a 37% decrease in

adhesion compared to vehicle treatment. Troglitazone treated cells

had a 23% reduction in cellular adhesion when compared to

vehicle on FN-120 and vitronectin ligands, respectively. Interest-

ingly, fibronectin contains binding sites for a5b1, avb3 and a4b7

integrins [53,56,57]. To determine the contribution to cellular

adhesion by a4b7 integrins, the CS-1 heparin binding region

fibronectin 40 kDa a chymotryptic fragment (FN-40) was utilized

and cellular adhesion assays were repeated. K562 cells treated

with 15 mM troglitazone or equimolar concentration of ethanol

were not adhesive to this substrate (data not shown).

To evaluate whether dampened cellular adhesion was concen-

tration dependent, K562 cells were cultured in troglitazone (1–

30 mM) or equimolar concentration of ethanol. At troglitazone

concentrations of 15 or 30 mM, cellular adhesion was significantly

decreased compared to vehicle on the FN-120 ligand (Figure 1B).

K562 cells cultured in the presence of 1 and 5 mM troglitazone

exhibited no significantly different levels in cellular adhesion to

FN-120 compared to vehicle. This data demonstrates that

troglitazone decreases cellular adhesion to a well-defined a5

integrin ligand in a concentration dependent manner.

9-cis-Retinoic Acid Restores K562 Cellular Adhesion to
Extracellular Matrix Proteins in a Time Dependent
Manner

The individual roles of PPARc and retinoid agonists in cellular

adhesion have been documented; however, their combinatory

roles in this critical facet of immune cell function are not well

established. Previously, retinoids have been shown to augment

cellular adhesion [54]. To evaluate if 9-cis-RA impacts cellular

adhesion, K562 cells were cultured in the presence of 1 mM 9-cis-

RA, 15 mM troglitazone, equimolar concentration of ethanol, or

co-cultured in 9-cis-RA and troglitazone (1 mM and 15 mM,

respectively) and static cellular adhesion assays were repeated with

fibronectin, FN-120, FN-40, or vitronectin. In the presence of 9-

cis-RA, cellular adhesion levels were comparable to vehicle levels

for fibronectin, FN-120, and vitronectin ligands (Figure 2A).

Treatment with troglitazone resulted in a marked decrease in

9-cis-RA and Troglitazone Alters Cell Adhesion
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cellular adhesion to fibronectin, FN-120, and vitronectin sub-

strates. Interestingly, statistically higher levels of adhesion were

achieved for cells co-cultured with troglitazone and 9-cis-retinoic

acid for 72 hrs on fibronectin, FN-120, and vitronectin substrates

with adhesion levels comparable to vehicle control. For all

treatment groups, K562 cell adhesion was not observed on the

FN-40 substrate (data not shown).

To address if the observed augmented adhesion was time-

dependent, we restricted the exposure of K562 cells to these

agonists for 24, 48, or 72 hrs. When cells were added to wells

coated with FN-120, similar levels of cellular adhesion were

obtained for all treatment groups cultured for 24 hours (Figure 2B).

At 48 hours, a slight decrease in cellular adhesion was observed in

K562 cells treated with troglitazone followed by negligible

restoration in cellular adhesion in the presence of troglitazone

and 9-cis-RA. However, there were no statistical differences

between cellular adhesion levels of K562 cells treated with vehicle,

9-cis-RA, troglitazone, or 9-cis-RA and troglitazone for 48 hours.

At 72 hours, statistically lower cellular adhesion levels were

obtained in troglitazone treated cells with a decrease of 47% in

Figure 1. Troglitazone treatment dampens K562 cell adhesion RGD containing extracellular matrix proteins fibronectin, FN-120,
and vitronectin. (A) Microtiter wells were coated with 5 mg/mL fibronectin, FN-120, or vitronectin. K562 cells cultured for 72 hrs in the presence of
vehicle (white bars) or 15 mM troglitazone (black bars) were added to wells (96104 cells/well) in Hepes-Tyrodes buffer containing 1 mM MnCl2. (B)
K562 cells cultured for 72 hrs with vehicle (white bars) or various concentrations of troglitazone (black bars) were added to wells coated with 5 mg/mL
FN-120, and adhesion assays were repeated. Specific numbers of adherent cells/well were obtained by correlating experimental absorbance values to
a standard curve. Adhesion values obtained with wells coated exclusively with BSA were considered as background values for each experimental
condition and were subtracted before reporting final values. Adherent cells/well = adherent cells(protein) – adherent cells(BSA). Results are expressed as
means 6 SD, n = 6, Student’s t-test (p,0.01) (Figure 1A) or LSD (P = 0.01) (Figure 1B) was used to test for differences among groups. Means followed
by the same letter are not significantly different.
doi:10.1371/journal.pone.0093005.g001
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cellular adhesion compared to vehicle treatment only. K562 cells

co-cultured with troglitazone and 9-cis-RA for 72 hours had

comparable levels of cellular adhesion to vehicle treatment alone.

Our data demonstrates that treatment with troglitazone results in a

decrease in cellular adhesion that is time dependent. Further, in

the presence of troglitazone, 9-cis-RA restores cellular adhesion

levels to that of vehicle treatment alone within a 72 hour time

period.

Since 9-cis-RA restores cellular adhesion in the presence of

troglitazone to FN-120 at 5 mg/mL, we evaluated whether the

combinatory treatments of troglitazone and 9-cis-RA confers K562

cell adhesion to FN-120 in does dependent and saturable manner.

As shown in Figure 2C, saturation curves between vehicle and 9-

cis-RA treated cells were comparable. K562 cells cultured in the

presence of 15 mM troglitazone had continual decreasing levels of

adhesion to FN-120 at concentrations exceeding 2.5 mg/mL. In

contrast, at FN-120 concentrations greater that 2.5 mg/mL, cells

co-cultured with 9-cis-RA and troglitazone demonstrated a marked

increase in cellular adhesion compared to troglitazone treatment

alone with the combinatory treatment groups producing greater

than 30% percent more adhesion when compared to troglitazone

treated cells.

Troglitazone Alters the Bioavailability of 9-cis-RA in K562
Cells

Ultimately, the genetic regulation elicited by retinoids is dictated

by ligand availability, which is influenced by retinoid metabolism.

Through retinoid profiling, we have previously demonstrated that

all-trans-retinoic acid is not metabolized in a number of

lymphocyte cell lineages [54]. Additionally, we have metabolically

profiled 9-cis-RA in number of cell lines including RPMI 8866,

Jurkat, and Daudi (Figures S1, S2, and S3, respectively). However,

the metabolism of 9-cis-RA in K562 cells has not been conducted.

Given the ability of troglitazone to inhibit key cytochrome P450

isozymes involved in the oxidative metabolism of 9-cis-RA, it is

paramount to determine if troglitazone impacts retinoid metab-

olism in this cell line. K562 cells were cultured in the presence of

vehicle, 1 mM 9-cis-RA, 15 mM troglitazone or 9-cis-RA and

Figure 2. K562 cell adhesion to RGD containing extracellular matrix proteins is restored in the presence of troglitazone and 9-cis-
RA in a concentration and time dependent manner. (A) K562 cells cultured for 72 hrs in the presence of vehicle (white bars), 1 mM 9-cis-RA
(hatched bars), 15 mM troglitazone (gray bars), or 1 mM 9-cis-RA and 15 mM troglitazone (black bars) were added to wells coated with 5 mg/mL of
fibronectin, FN-120, or vitronectin. (B) K562 cells cultured for 24, 48, or 72 hrs in the presence of vehicle (white bars), 1 mM 9-cis-RA (hatched bars),
15 mM troglitazone (gray bars), or 1 mM 9-cis-RA and 15 mM troglitazone (black bars) were added to wells coated with 5 mg/mL of FN-120. (C)
Microtiter wells were coated with various concentrations of FN-120. K562 cells cultured for 72 hrs in the presence of vehicle (&), 1 mM 9-cis-RA (N),
15 mM troglitazone (m), or 1 mM 9-cis-RAand 15 mM troglitazone (#), were added to wells (96104 cells/well) in Hepes-Tyrodes buffer containing
1 mM MnCl2. Results are expressed as means 6 SD, n = 6, LSD was used to test for differences among groups. Means followed by the same letter are
not significantly different (P = 0.01).
doi:10.1371/journal.pone.0093005.g002

9-cis-RA and Troglitazone Alters Cell Adhesion

PLOS ONE | www.plosone.org 5 March 2014 | Volume 9 | Issue 3 | e93005



troglitazone (1 mM and 15 mM, respectively) for 72 hours. Media

volumes were normalized among treatment groups to account for

cell proliferation changes. HPLC profiles of the 72-hour K562

media extracts are shown in Figure 3. For 9-cis-RA media extracts,

the parent compound was detected at 63 minutes with a maximum

absorbance at 348.5 nm. 13-cis-retinoic acid was identified at 62

minutes with a maximum absorbance of 353.2 nm. Several polar

metabolites were detected between 49–52 minutes. The CYP450-

dependent metabolite, 4-oxo-retinoic acid, was detected in K562

9-cis-RA media extract at 50 minutes and maximum absorbance of

362 nm. When troglitazone and 9-cis-RA were metabolically

profiled in K562 cells, an increase in peak height of the parent

compound, 9-cis-RA, was observed at 62 minutes. Additionally,

metabolites observed in the 49–52 minute retention time period

were diminished with 4-oxo-retinoic acid not detected in samples

treated with troglitazone and 9-cis-RA. To control for artifact

production, cell-free media containing 9-cis-RA was incubated for

72 hours and the extraction was repeated. Chromatographic

profiles of cell-free treatments were comparable to the 9-cis-RA

standard (data not shown). To validate extraction and chromato-

graphic procedures for oxidative metabolism, cell-free media was

spiked with 4-oxo-retinoic acid and the extraction procedure was

repeated. The HPLC chromatograms were comparable to the

standard 4-oxo-retinoic acid with a retention time 50 minutes and

maximum absorbance of 362 nm (data not shown). Our data

demonstrates that troglitazone increases the availability of 9-cis-

retinoic acid in K562 cells.

Troglitazone Dampens Alpha 5 Integrin-dependent Cell
Adhesion in K562 Cells

Separately retinoids and thiazolidinediones have been shown to

impact the integrin repertoire expressed on the cell surface

[47,48,49,50,51,58,59]. Due to the novel adhesion response

exhibited by K562 cells on fibronectin, FN-120 and vitronectin,

we examined integrin expression including a5, b1, b3, avb3, avb5

and a8 when K562 cells were exposed to 1 mM 9-cis-RA, 15 mM

troglitazone, 9-cis-RA and troglitazone (1 mM and 15 mM,

respectively) or equimolar concentration of vehicle. Interestingly,

our data demonstrates a decrease of the a5 integrin subunit

expression on the cell surface when K562 cells were exposed to

troglitazone for 72 hours (Figure 4A). In the presence of 9-cis-RA

and troglitazone, cell surface a5 integrin subunit levels were

comparable to vehicle treatment alone. As shown in Figure 4B, cell

surface beta 1 integrins were detected in K562 cells; however,

there was no significant difference in b1 subunit expression on

K562 cells exposed to 1 mM 9-cis-RA, 15 mM troglitazone, 9-cis-

RA and troglitazone (1 mM and 15 mM, respectively) or equimolar

concentration of vehicle. Since fibronectin and vitronectin contain

the binding sites for a8b1 and avb3 integrins, we profiled a8, b3

and avb3 integrins on the cell surface of K562 cells treated with

vehicle, troglitazone, 9-cis-RA, or 9-cis-RA and troglitazone [60].

Although the beta 3-subunit has been detected at low levels in

K562 cells, our results demonstrate that cell surface b3 subunit

levels remain low in K562 cells and are not increased in the

presence of troglitazone or 9-cis-retinoic acid and troglitazone

[61]. We observe a similar trend when cell surface levels of avb3

and a8 were investigated (Figure 4B). Further, we examined the

cell surface levels of avb5 since vitronectin has been shown to

serve as a substrate for this integrin subclass [60]. Our data reflect

very low surface levels of avb5 regardless of treatment group.

Interestingly, Sun et. al report that alpha 5 integrins were recruited

into adhesion sites induced by vitronectin in vascular smooth

muscle cells [62]. Further, Pasqualini et al have shown that the

alpha 5-subunit was involved in adhesion to fibronectin and

vitronectin in K562 cells with fibronectin being the preferred

ligand [63]. Our results are consistent with this study. Our results

in Figure 2A show a robust cellular adhesion response to

fibronectin when K562 cells were allowed to adhere for 30

Figure 3. 9-cis-retinoic acid metabolism in K562 cells is altered in the presence of troglitazone. K562 cells were cultured for 72 hrs in the
presence of vehicle, 1 mM 9-cis-RA, 15 mM troglitazone, or 1 mM 9-cis-RA and 15 mM troglitazone. Cells and media were collected, pooled, and
extracted as previously described, and HPLC analysis was performed. Chromatograms are shown with 9-cis-RA media extract (black line) or 9-cis-RA
and troglitazone media extract (dashed line). Chromatograms of the control vehicle media extract (black line) and troglitazone media extract (dashed
line) are shown in the inset.
doi:10.1371/journal.pone.0093005.g003
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minutes. However, when FN-120 or vitronectin were utilized as

substrates, the reported cellular adhesion was observed when cells

were allowed to adhere for 1 hour.

Recently, retinoids have been shown to promote cellular

adhesion through integrin dependent and independent mecha-

nisms depending on cell type [54,64]. To determine if the restored

cellular adhesion observed in the presence of 9-cis-RA and

troglitazone was integrin-dependent, we assessed K562 cell

adhesion to immobilized FN-120 in the presence of various

concentrations of a function-blocking antibody to the integrin a5

subunit or isotype control. As shown in Figure 4C, K562 cells

treated with troglitazone alone had a significant decrease in

cellular adhesion at all integrin inhibitor concentrations tested. In

the presence of 9-cis-RA and troglitazone, a similar decrease in

cellular adhesion was observed when cells were added to wells

coated with FN-120. Interestingly, when cells were incubated in

the absence of 1 mM Mn2+, an exogenous integrin activator,

cellular adhesion to FN-120 was not observed regardless of

treatment group (data not shown). Collectively, our data suggests

that in the presence of troglitazone, 9-cis-RA impacts K562

cellular adhesion by integrin-dependent mechanisms.

Troglitazone and 9-cis-Retinoic Acid Synergistically
Decreases Cellular Proliferation in K562 Cells

The balance between cellular adhesion and proliferation is

fundamental to mounting an effective immune response. Cells

require anchorage to extracellular matrix proteins to proliferate.

Due to the novel cellular adhesion response elicited by the

combinatory treatment of 9-cis-RA and troglitazone, we assessed

Figure 4. Troglitazone decreases a5 integrin-dependent cell adhesion in K562 cells. (A) The extent of mAb SAM-1 (anti-a5) binding to
K562 cells exposed to vehicle, 9-cis-RA, troglitazone, or 9-cis-RA and troglitazone for 72 hrs was assessed by flow cytometric analysis. SAM-1 was used
at a concentration of 10 mg/mL. Cell surface levels of the a5 integrin subunit obtained with vehicle cells (black histogram), 9-cis-RA (green histogram),
troglitazone (red histogram), 9-cis-RA and troglitazone (purple histogram), or an antibody isotype control (blue histogram) are shown. (B) K562 cells
were treated with vehicle, 9-cis-RA, troglitazone, or 9-cis-RA and troglitazone for 72 hrs and subjected to FACS analysis. The mean fluorescent
intensities (MFI) of integrin expression levels are shown for alpha 5 (black bars), beta 1 (white bars), alpha v beta 3 (gray bars), beta 3 (diagonal bars),
alpha v beta 5 (small grid bars), and alpha 8 (hatched bars). Results are expressed as means 6 SD, n = 3, LSD was used to test for differences among
groups. Means followed by the same letter are not significantly different (P = 0.01). No statistical differences were observed in MFI values for avb3, b1,
b3, avb5, or a8 integrins. (C) K562 cells cultured for 72 hours in the vehicle, 1 mM 9-cis-RA, 15 mM troglitazone, or 1 mM 9-cis-RA and 15 mM
troglitazone were added to wells coated with 5 mg/mL of FN-120 in the presence of none (white bars), 1 (hatched bars), 5 (gray bars), 10 (black bars)
mg/mL of SAM-1, or 10 mg/mL of isotype control (diagonal bars). Percent adhesion = ((adherent cells(FN-120) – adherent cells(BSA))/input cells) X 100.
Results are expressed as means 6 SD, n = 6, LSD was used to test for differences among groups. Means followed by the same letter are not
significantly different (P = 0.01).
doi:10.1371/journal.pone.0093005.g004
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their impact on cellular proliferation. K562 cells were cultured in

the presence of vehicle, troglitazone, 9-cis-RA, or the combinatory

treatment of 9-cis-RA and troglitazone for 72 hours and

proliferation was quantitated as shown in Figure 5. In the

presence of 9-cis-RA, significantly lower levels of cellular

proliferation were observed when compared to vehicle. A similar

trend was observed when cells were treated with troglitazone.

Proliferation levels were comparable with a 20% decrease in

proliferation in cells treated with troglitazone or 9-cis-RA only.

Interestingly, the combined treatment of 9-cis-RA and troglitazone

resulted in a 44% decrease in proliferation levels when compared

to vehicle alone.

Discussion

The current study focuses on the combinatory effects of 9-cis-

RA and troglitazone on cellular adhesion and proliferation in the

human erythroleukemia cell line, K562. We present evidence that

troglitazone dampens cellular adhesion to RGD containing

extracellular matrix proteins fibronectin, FN-120, and vitronectin,

but adhesion to FN-40, which contains the binding site for a4b7

integrins, was not observed. Recently, K562 cells have been

reported to be 9-cis-RA non-responsive with respect to cellular

adhesion on a4 integrin counter receptors [64]. However, our data

support that in the presence of troglitazone, 9-cis-RA restores

K562 cellular adhesion to RGD containing extracellular matrix

proteins that are established a5 integrin ligands. Although

troglitazone has been shown to reduce a4b7 dependent lympho-

cyte adhesion, K562 cells have not been reported to contain the

a4b7 integrin, and a5b1 integrin has been demonstrated to be the

major integrin expressed in K562 cells with low level of expression

of beta 3 integrins also found [61,65]. We have profiled other

integrins including avb3 and a8b1, which can adhere to

fibronectin. In our study, the cell surface levels of avb3 and a8

were low in all treatments tested. We assessed the contribution of

the integrin b1 subunit to the cellular adhesion changes observed

in the presence of troglitazone and 9-cis-RA and troglitazone, and

our results demonstrate that the b1 subunit cell surface levels are

not changed upon treatment with these agonists. Further, our data

demonstrates that troglitazone dampens cellular adhesion in a

concentration dependent manner with concentrations greater than

10 mM significantly decreasing cellular adhesion to FN-120. The

troglitazone concentrations utilized in our study are near

physiological concentrations reported [66].

Retinoids and thiazolidinediones have been independently

investigated with respect to their role in cellular adhesion. Due

to the promiscuous nature of RXR and its ability to partner with

PPARc, our study examined the combinatory effects of 9-cis-RA

and troglitazone on cellular adhesion. We present evidence that 9-

cis-RA restores cellular adhesion to RGD containing extracellular

matrix proteins in the presence of troglitazone. The time-

dependent cellular adhesion restoration elicited by retinoid

exposure may be due to alterations in ligand availability and/or

receptor pairing. Cellular retinoid availability and sequestration

influence heterodimer/homodimer partnerships, which control

transcription of retinoid responsive genes. We demonstrate that

troglitazone increases the bioavailability of 9-cis-RA, which could

allow for transcription of target genes that are involved in the

restored cellular adhesion observed at 72 hours. Additionally, cell

signaling may play a critical role in retinoid receptor pairing. For

example, one of the paramount responses in inflammation is the

activation of NF-kB, which consists of a p65 and p50 heterodi-

mers. Phosphorylation of the p65 subunit allows for activation of

NF-kB and entry into the nucleus where NF-kB directly interacts

with the DNA binding domain of RXRa [67]. However,

troglitazone inhibits phosphorylation of the p65 subunit of NF-

kB thus allowing RXRa to function as a homodimer or as a

heterodimeric partner with other receptors, such as PPARc [52].

We suggest that the observed restoration in cellular adhesion in the

presence of both 9-cis-RA and troglitazone at 72 hours is likely to

be a combination of not only increased retinoid availability, but

also the complex transcriptional regulation that is involved in

promiscuous retinoid receptor pairings. Alternatively, the changes

in cell surface a5 subunit may be attributed to differential

recycling to/from the membrane. Integrin heterodimer endocy-

Figure 5. K562 cellular proliferation is decreased in the presence of troglitazone and 9-cis-RA. Cells were cultured with vehicle (white
bar), 1 mM 9-cis-RA (black bar), 15 mM troglitazone (gray bar), or 15 mM and 1 mM troglitazone and 9-cis-RA (hatched bar), respectively, for 72 hrs. BrdU
incorporation was assessed by ELISA and proliferation values were normalized using Percent Vehicle = (Abs(treatment)/Abs(vehicle)) X 100. Results are
shown as means 6 SD, n = 6, LSD was used to test for differences among groups. Means followed by the same letter are not significantly different
(P = 0.01).
doi:10.1371/journal.pone.0093005.g005

9-cis-RA and Troglitazone Alters Cell Adhesion

PLOS ONE | www.plosone.org 8 March 2014 | Volume 9 | Issue 3 | e93005



tosis can follow more than one internalization route. For example,

a5b1 integrin internalization has been demonstrated to occur

through clathrin-dependent, caveolin-dependent, and clathrin-

independent mechanisms [68].

Due to the complicated cell signaling pathways that retinoids

and integrins elicit, it is plausible to suggest that there may be a

number of signaling factors that may contribute to retinoid

dependent restoration of cellular adhesion to vitronectin. We

demonstrate that cellular adhesion to vitronectin is decreased in

the presence of troglitazone and restored in the presence of

troglitazone and 9-cis-RA. Other studies have shown that alpha 5

integrins are capable of interacting with vitronectin; however,

avb5, avb3 and a8b1 integrins have been clearly established as

vitronectin receptors [60,62,63]. Recently, there have been some

very interesting investigations with regard to urokinase-type

plasminogen activator receptor (uPAR), which acts as high affinity

receptor for vitronectin. The vitronectin-uPAR complex is capable

of activating intracellular signaling through partnering with

integrins, including a5b1 [69,70,71]. Further, PPARc agonists

have been show to decrease uPAR expression in leukocytes, while

uPAR is induced in the presence of retinoic acid in certain cell

types [72,73]. Interestingly, this may explain some of the cellular

adhesion effects that we observe with these agonists. Our data

demonstrates a decrease in cell surface a5 subunit expression in

the presence of troglitazone and a decrease in cellular adhesion to

vitronectin. We speculate that that troglitazone may be decreasing

uPAR and/or a5 integrin levels thus decreasing attachment to

vitronectin through the uPAR-a5b1 complex. In the presence of

the troglitazone and 9-cis-RA, uPAR and/or a5 integrin levels

may be increased, and cellular adhesion is restored to vitronectin.

A model proposed by Tarui et al. lends support to our speculation

[70]. Alternatively, the observed adhesion to vitronectin could be

mediated by aIIbb3 or may be integrin independent.

The role of integrins in cell differentiation is multifaceted

involving changes in integrin repertoire and interactions with

extracellular matrix proteins. Retinoids and PPARc agonists have

been separately demonstrated to alter integrin expression [58,74].

The K562 cell line is a distinctive cell line, which can be stimulated

into differentiating into erythroid or monocytic-macrophage cell

lines. Cell surface integrin alterations have been reported in

erythroid and monocyte differentiation [75]. For example, hemin-

stimulated erythroid differentiation was accelerated in K562 cells

when cells adhered to fibronectin through their interaction with

a5b1 [76]. Additional studies show that monocyte differentiation is

dependent on the binding of a5b1 to the RGD domain of

fibronectin [77]. Clearly, the interactions between fibronectin and

a5b1 integrins play a considerable role in differentiation. We

provide evidence that the combinatory treatment of troglitazone

and 9-cis-RA acid restores cellular adhesion to RGD containing

extracellular matrix proteins through interactions with the a5

integrin subunit. We speculate that these agonists through their

involvement with alpha 5 integrins may effect cellular differenti-

ation. The observed a5 integrin subunit cell surface induction

could be a result from a direct pairing of PPARc-RXRa.

Alternatively, an increase in retinoid availability could transcrip-

tionally modulate integrins and/or extracellular matrix proteins

expression patterns. Further, cellular maturity may be influenced

by the combination of retinoid exposure and integrin repertoire.

In cells capable of differentiation, such as K562, NB-4, and HuT-

78, oxidative metabolism of retinoids occurs [78,79]. NB-4 and

HuT-78 cells are retinoid responsive with respect to cellular

adhesion on a4 integrin substrates; however, cellular adhesion to

a5 integrin ligands has not been investigated in the presence of

retinoids [64]. In more mature cells, such as Jurkat, Daudi, and

RPMI 8866 retinoids are not metabolized (see Figure S1, Figure

S2, and Figure S3, respectively) [54]. Interestingly, Jurkat cells are

retinoid non-responsive with respect to cellular adhesion on a4

integrin ligands; however, cellular adhesion to a5 integrin

substrates has not been conducted in the presence of retinoids.

Daudi and RPMI 8866 cells have the a4 integrin subclass on the

cell surface, while the a5 integrin subclass has not been reported.

RPMI 8866 cells have retinoid inducible integrin-independent

cellular adhesion to a4 integrin ligands while Daudi cells are not

retinoid responsive with respect to adhesion [54]. Clearly, the

impact of retinoid availability on a5 integrin dependent cellular

adhesion and differentiation warrants further investigation.

Retinoids are well established in their ability to regulate

proliferation in many cell types and impact cell adhesion. Currently,

the contributions of retinoids and thiazolidinediones in cell adhesion

and proliferation have been independently examined. Within the

past decade, there have been limited studies examining the role of

both agonists in cellular proliferation. Based upon the current study,

it is clear that in the presence of troglitazone K562 cells are retinoid

responsive with respect to cellular adhesion and proliferation. We

demonstrate that the combination of these agonists synergistically

decrease cellular proliferation. Further, we suggest that this

observed decrease in proliferation might be due to the ability of

these agonists to increase cell surface a5 integrin subunit expression.

Integrins are vital players in cell survival by providing adhesive

interactions that trigger signals that direct cell cycle progression.

Interestingly, in the absence of fibronectin, a5b1 integrins have

been shown to activate a signaling pathway that leads to a decrease

in cellular proliferation [80]. We suggest that these agonists

modulate a5 integrin expression and that a5 integrins may be a

focal point in the potential partnership between cellular prolifera-

tion and adhesion.

Cellular adhesion, proliferation, and differentiation are critical

events in maintaining cell homeostasis, particularly for immune

cells. The current study provides insight into the role of retinoids

and thiazolidinediones in K562 cellular proliferation and adhesion.

Our study is the first to demonstrate that the combinatory treatment

of the PPAR agonist, troglitazone, and the RXR agonist, 9-cis-RA,

results in augmented cellular adhesion, altered retinoid metabolism,

restored cell surface a5 integrin expression, and dampened cellular

proliferation in a human erythromyeblastoid leukemia cell line. To

shed light on how these agonists impact cellular adhesion and

proliferation, future studies will need to characterize the specific

hetero-or homodimeric receptor partnerships involved in cellular

adhesion and proliferation, identify the specific cellular signals that

are responsible for agonist dependent restored cellular adhesion,

and determine the contribution of integrins to cellular proliferation

and adhesion in the presence of these agonists.

Supporting Information

Figure S1 9-cis-retinoic acid metabolism in the mature
B-cell line RPMI 8866. RPMI 8866 cells were cultured for

72 hrs in the presence of vehicle (ethanol) or 1 mM 9-cis-RA.

Chromatograms are shown with vehicle treated media extract (blue

line) and 9-cis-RA treated media (red line). 9-cis-RA was detected at

63.57 minutes with a maximum absorbance at 348.5 nm. The

absorption spectrum of 9-cis-RA is shown in the insert.

(TIFF)

Figure S2 9-cis-retinoic acid metabolism in Jurkat
human T-lymphoblastoma cells. Jurkat cells cultured for

72 hrs in the presence of vehicle (ethanol) or 1 mM 9-cis-RA. Cells

and media were collected, pooled, and extracted as previously

described. Chromatograms are shown with vehicle treated media
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extract (blue line) and 9-cis-RA treated media (red line). 9-cis-RA had

a maximum absorption of 348.5 nm with a retention time of 63.29

minutes. The absorption spectrum for 9-cis-RA is shown in the

insert.

(TIFF)

Figure S3 9-cis-retinoic acid metabolism in Daudi B-
cells. Daudi cells cultured for 72 hrs in the presence of vehicle

(ethanol) or 1 mM 9-cis-RA. Chromatograms are shown with

vehicle treated media extract (blue line) and 9-cis-RA treated media

(red line). 9-cis-RA had a maximum absorption of 348.5 nm with a

retention time of 62.88 minutes. The absorption spectrum for 9-

cis-RA is shown in the insert.

(TIFF)

Acknowledgments

The authors wish to express their gratitude to Drs. Lori Isom and Kristen

Dooley for their support and assistance during the course of this work.

Additionally, the authors are indebted to Dr. Jerry Ware for his candid

professional mentorship. All authors contributed equally to this paper.

Author Contributions

Conceived and designed the experiments: MDK AMH. Performed the

experiments: AMH JG VP CTS MDK. Analyzed the data: AMH MDK.

Wrote the paper: MDK.

References

1. Dillehay DL, Li W, Kalin J, Walia AS, Lamon EW (1987) In vitro effects of

retinoids on murine thymus-dependent and thymus-independent mitogenesis.

Cell Immunol 107: 130–137.

2. Sporn MB, Roberts AB, Goodman DS (1994) The Retinoids Biology,

Chemistry, and Medicine: Ravens Press, New York.

3. Sidell N, Famatiga E, Golub SH (1981) Augmentation of human thymocyte
proliferative responses by retinoic acid. Exp Cell Biol 49: 239–245.

4. Ertesvag A, Engedal N, Naderi S, Blomhoff HK (2002) Retinoic acid stimulates

the cell cycle machinery in normal T cells: involvement of retinoic acid receptor-
mediated IL-2 secretion. J Immunol 169: 5555–5563.

5. Worm M, Krah JM, Manz RA, Henz BM (1998) Retinoic acid inhibits CD40+
interleukin-4-mediated IgE production in vitro. Blood 92: 1713–1720.

6. Cariati R, Zancai P, Quaia M, Cutrona G, Giannini F, et al. (2000) Retinoic

acid induces persistent, RARalpha-mediated anti-proliferative responses in

Epstein-Barr virus-immortalized b lymphoblasts carrying an activated C-MYC
oncogene but not in Burkitt’s lymphoma cell lines. Int J Cancer 86: 375–384.

7. Blomhoff HK (2004) Vitamin A regulates proliferation and apoptosis of human
T- and B-cells. Biochem Soc Trans 32: 982–984.

8. Wu Y, Chen Q, Pai T, Ross AC All-trans-retinoic acid and Erk1/2 signaling

synergistically regulate the expression of CD300B in human monocytic cells.
Cell Immunol 268: 68–78.

9. Semba RD (1998) The role of vitamin A and related retinoids in immune

function. Nutr Rev 56: S38–48.

10. Sporn MB RA, Goodman DS (1994) The Retinoids Biology, Chemistry, and
Medicine. New York: Raven Press.

11. Mellanby E, Green HN (1929) Vitamin A as an anti-infective agent. Its use in
the treatment of puerperal septicemia. Brit Med J 1: 984–986.

12. Moore T (1930) Vitamin A and carotene: The absence of the liver oil vitamin A

from carotene. VI. The conversion of carotene to vitamin A in vivo. Biochem J
24: 692–702.

13. Semba RD (1999) Vitamin A as ‘‘anti-infective’’ therapy, 1920–1940. J Nutr

129: 783–791.

14. Scrimshaw NS, Taylor CE, Gordon JE (1968) Interactions of nutrition and
infection. Monogr Ser World Health Organ 57: 3–329.

15. Ertesvag A, Naderi S, Blomhoff HK (2009) Regulation of B cell proliferation and
differentiation by retinoic acid. Semin Immunol 21: 36–41.

16. Mora JR, von Andrian UH (2009) Role of retinoic acid in the imprinting of gut-

homing IgA-secreting cells. Semin Immunol 21: 28–35.

17. Iwata M (2009) The roles of retinoic acid in lymphocyte differentiation. Semin
Immunol 21: 1–50.

18. Iwata M (2009) Retinoic acid production by intestinal dendritic cells and its role

in T-cell trafficking. Semin Immunol 21: 8–13.

19. Brown DC, Tsuji H, Larson RS (1999) All-trans retinoic acid regulates adhesion

mechanism and transmigration of the acute promyelocytic leukaemia cell line
NB-4 under physiologic flow. Br J Haematol 107: 86–98.

20. Giguere V, Ong ES, Segui P, Evans RM (1987) Identification of a receptor for

the morphogen retinoic acid. Nature 330: 624–629.

21. Levin AA, Sturzenbecker LJ, Kazmer S, Bosakowski T, Huselton C, et al. (1992)
9-cis retinoic acid stereoisomer binds and activates the nuclear receptor RXR

alpha. Nature 355: 359–361.

22. Brand N, Petkovich M, Krust A, Chambon P, de The H, et al. (1988)

Identification of a second human retinoic acid receptor. Nature 332: 850–853.

23. Mangelsdorf DJ, Ong ES, Dyck JA, Evans RM (1990) Nuclear receptor that
identifies a novel retinoic acid response pathway. Nature 345: 224–229.

24. Petkovich M, Brand NJ, Krust A, Chambon P (1987) A human retinoic acid

receptor which belongs to the family of nuclear receptors. Nature 330: 444–450.

25. Chambon P (1996) A decade of molecular biology of retinoic acid receptors.
Faseb J 10: 940–954.

26. Pinaire JA, Reifel-Miller A (2007) Therapeutic potential of retinoid x receptor
modulators for the treatment of the metabolic syndrome. PPAR Res 2007:

94156.

27. Clark RB (2002) The role of PPARs in inflammation and immunity. J Leukoc
Biol 71: 388–400.

28. Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK (1998) The peroxisome
proliferator-activated receptor-gamma is a negative regulator of macrophage

activation. Nature 391: 79–82.

29. Jiang C, Ting AT, Seed B (1998) PPAR-gamma agonists inhibit production of

monocyte inflammatory cytokines. Nature 391: 82–86.

30. Chinetti G, Griglio S, Antonucci M, Torra IP, Delerive P, et al. (1998)

Activation of proliferator-activated receptors alpha and gamma induces
apoptosis of human monocyte-derived macrophages. J Biol Chem 273:

25573–25580.

31. Schlezinger JJ, Jensen BA, Mann KK, Ryu HY, Sherr DH (2002) Peroxisome

proliferator-activated receptor gamma-mediated NF-kappa B activation and
apoptosis in pre-B cells. J Immunol 169: 6831–6841.

32. Schlezinger JJ, Howard GJ, Hurst CH, Emberley JK, Waxman DJ, et al. (2004)

Environmental and endogenous peroxisome proliferator-activated receptor

gamma agonists induce bone marrow B cell growth arrest and apoptosis:
interactions between mono(2-ethylhexyl)phthalate, 9-cis-retinoic acid, and 15-

deoxy-Delta12,14-prostaglandin J2. J Immunol 173: 3165–3177.

33. Schlezinger JJ, Emberley JK, Sherr DH (2006) Activation of multiple mitogen-

activated protein kinases in pro/pre-B cells by GW7845, a peroxisome
proliferator-activated receptor gamma agonist, and their contribution to

GW7845-induced apoptosis. Toxicol Sci 92: 433–444.

34. Shirley MA, Bennani YL, Boehm MF, Breau AP, Pathirana C, et al. (1996)

Oxidative and reductive metabolism of 9-cis-retinoic acid in the rat.
Identification of 13,14-dihydro-9-cis-retinoic acid and its taurine conjugate.

Drug Metab Dispos 24: 293–302.

35. Marchetti MN, Sampol E, Bun H, Scoma H, Lacarelle B, et al. (1997) In vitro

metabolism of three major isomers of retinoic acid in rats. Intersex and
interstrain comparison. Drug Metab Dispos 25: 637–646.

36. Martini R, Murray M (1993) Participation of P450 3A enzymes in rat hepatic
microsomal retinoic acid 4-hydroxylation. Arch Biochem Biophys 303: 57–66.

37. White JA, Beckett-Jones B, Guo YD, Dilworth FJ, Bonasoro J, et al. (1997)

cDNA cloning of human retinoic acid-metabolizing enzyme (hP450RAI)

identifies a novel family of cytochromes P450. J Biol Chem 272: 18538–18541.

38. Leo MA, Lasker JM, Raucy JL, Kim CI, Black M, et al. (1989) Metabolism of

retinol and retinoic acid by human liver cytochrome P450IIC8. Arch Biochem
Biophys 269: 305–312.

39. Sahi J, Black CB, Hamilton GA, Zheng X, Jolley S, et al. (2003) Comparative

effects of thiazolidinediones on in vitro P450 enzyme induction and inhibition.

Drug Metab Dispos 31: 439–446.

40. Ingber D (1991) Integrins as mechanochemical transducers. Curr Opin Cell Biol
3: 841–848.

41. Garcia AJ, Vega MD, Boettiger D (1999) Modulation of cell proliferation and
differentiation through substrate-dependent changes in fibronectin conforma-

tion. Mol Biol Cell 10: 785–798.

42. Molla A, Block MR (2000) Adherence of human erythroleukemia cells inhibits

proliferation without inducing differentiation. Cell Growth Differ 11: 83–90.

43. Zhang Y, Wang H Integrin signalling and function in immune cells.

Immunology 135: 268–275.

44. Kinashi T Overview of integrin signaling in the immune system. Methods Mol
Biol 757: 261–278.

45. Okazaki T, Ni A, Ayeni OA, Baluk P, Yao LC, et al. (2009) alpha5beta1
Integrin blockade inhibits lymphangiogenesis in airway inflammation.

Am J Pathol 174: 2378–2387.

46. Pierschbacher MD, Ruoslahti E (1984) Cell attachment activity of fibronectin

can be duplicated by small synthetic fragments of the molecule. Nature 309: 30–
33.

47. Baroni A, Paoletti I, Silvestri I, Buommino E, Carriero MV (2003) Early
vitronectin receptor downregulation in a melanoma cell line during all-trans

retinoic acid-induced apoptosis. Br J Dermatol 148: 424–433.

48. Massimi M, Devirgiliis LC (2007) Adhesion to the extracellular matrix is

positively regulated by retinoic acid in HepG2 cells. Liver Int 27: 128–136.

49. Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, et al. (2004) Retinoic
acid imprints gut-homing specificity on T cells. Immunity 21: 527–538.

9-cis-RA and Troglitazone Alters Cell Adhesion

PLOS ONE | www.plosone.org 10 March 2014 | Volume 9 | Issue 3 | e93005



50. Escribese MM, Conde E, Martin A, Saenz-Morales D, Sancho D, et al. (2007)

Therapeutic effect of all-trans-retinoic acid (at-RA) on an autoimmune nephritis
experimental model: role of the VLA-4 integrin. BMC Nephrol 8: 3.

51. Medhora MM (2000) Retinoic acid upregulates beta(1)-integrin in vascular

smooth muscle cells and alters adhesion to fibronectin. Am J Physiol Heart Circ
Physiol 279: H382–387.

52. Sasaki M, Jordan P, Welbourne T, Minagar A, Joh T, et al. (2005) Troglitazone,
a PPAR-gamma activator prevents endothelial cell adhesion molecule expression

and lymphocyte adhesion mediated by TNF-alpha. BMC Physiol 5: 3.

53. Faull RJ, Kovach NL, Harlan JM, Ginsberg MH (1993) Affinity modulation of
integrin alpha 5 beta 1: regulation of the functional response by soluble

fibronectin. J Cell Biol 121: 155–162.
54. Bridges LC, Lingo JD, Grandon RA, Kelley MD (2008) All-trans-retinoic acid

induces integrin-independent B-cell adhesion to ADAM disintegrin domains.
Biochemistry 47: 4544–4551.

55. Williams JB, Napoli JL (1985) Metabolism of retinoic acid and retinol during

differentiation of F9 embryonal carcinoma cells. Proc Natl Acad Sci U S A 82:
4658–4662.

56. Weber C, Alon R, Moser B, Springer TA (1996) Sequential regulation of alpha 4
beta 1 and alpha 5 beta 1 integrin avidity by CC chemokines in monocytes:

implications for transendothelial chemotaxis. J Cell Biol 134: 1063–1073.

57. Sonnenberg A (1993) Integrins and their ligands. Curr Top Microbiol Immunol
184: 7–35.

58. Han S, Rivera HN, Roman J (2005) Peroxisome proliferator-activated receptor-
gamma ligands inhibit alpha5 integrin gene transcription in non-small cell lung

carcinoma cells. Am J Respir Cell Mol Biol 32: 350–359.
59. Nakajima H, Kizaki M, Ueno H, Muto A, Takayama N, et al. (1996) All-trans

and 9-cis retinoic acid enhance 1,25-dihydroxyvitamin D3-induced monocytic

differentiation of U937 cells. Leuk Res 20: 665–676.
60. Humphries JD, Byron A, Humphries MJ (2006) Integrin ligands at a glance.

J Cell Sci 119: 3901–3903.
61. Ludbrook SB, Barry ST, Delves CJ, Horgan CM (2003) The integrin

alphavbeta3 is a receptor for the latency-associated peptides of transforming

growth factors beta1 and beta3. Biochem J 369: 311–318.
62. Sun Z, Martinez-Lemus LA, Hill MA, Meininger GA (2008) Extracellular

matrix-specific focal adhesions in vascular smooth muscle produce mechanically
active adhesion sites. Am J Physiol Cell Physiol 295: C268–278.

63. Pasqualini R, Bodorova J, Ye S, Hemler ME (1993) A study of the structure,
function and distribution of beta 5 integrins using novel anti-beta 5 monoclonal

antibodies. J Cell Sci 105 (Pt 1): 101–111.

64. Whelan JT, Chen J, Miller J, Morrow RL, Lingo JD, et al. 9-cis-retinoic acid
promotes cell adhesion through integrin dependent and independent mecha-

nisms across immune lineages. J Nutr Biochem 24: 832–841.
65. Jarvinen M, Ylanne J, Virtanen I (1993) The effect of differentiation inducers on

the integrin expression of K562 erythroleukemia cells. Cell Biol Int 17: 399–407.

66. Loi CM, Young M, Randinitis E, Vassos A, Koup JR (1999) Clinical
pharmacokinetics of troglitazone. Clin Pharmacokinet 37: 91–104.

67. Gu X, Ke S, Liu D, Sheng T, Thomas PE, et al. (2006) Role of NF-kappaB in

regulation of PXR-mediated gene expression: a mechanism for the suppression
of cytochrome P-450 3A4 by proinflammatory agents. J Biol Chem 281: 17882–

17889.

68. Caswell PT, Vadrevu S, Norman JC (2009) Integrins: masters and slaves of
endocytic transport. Nat Rev Mol Cell Biol 10: 843–853.

69. Gardsvoll H, Ploug M (2007) Mapping of the vitronectin-binding site on the
urokinase receptor: involvement of a coherent receptor interface consisting of

residues from both domain I and the flanking interdomain linker region. J Biol

Chem 282: 13561–13572.
70. Tarui T, Andronicos N, Czekay RP, Mazar AP, Bdeir K, et al. (2003) Critical

role of integrin alpha 5 beta 1 in urokinase (uPA)/urokinase receptor (uPAR,
CD87) signaling. J Biol Chem 278: 29863–29872.

71. Gorrasi A, Li Santi A, Amodio G, Alfano D, Remondelli P, et al. The Urokinase
Receptor Takes Control of Cell Migration by Recruiting Integrins and FPR1 on

the Cell Surface. PLoS One 9: e86352.

72. Svobodova H, Stulc T, Kasalova Z, Dolezalova R, Marinov I, et al. (2009) The
effect of rosiglitazone on the expression of thrombogenic markers on leukocytes

in type 2 diabetes mellitus. Physiol Res 58: 701–707.
73. Segara D, Biankin AV, Kench JG, Langusch CC, Dawson AC, et al. (2005)

Expression of HOXB2, a retinoic acid signaling target in pancreatic cancer and

pancreatic intraepithelial neoplasia. Clin Cancer Res 11: 3587–3596.
74. Feng Y, Wang LY, Cai T, Jin JW, Zhou GF, et al. (2001) All-trans-retinoic acid

increased the expression of integrin alpha5beta1 and induced ‘‘anoikis’’ in
SMMC-7721 hepatocarcinoma cell. J Exp Clin Cancer Res 20: 429–438.

75. Lerga A, Crespo P, Berciano M, Delgado MD, Canelles M, et al. (1999)
Regulation of c-Myc and Max in megakaryocytic and monocytic-macrophagic

differentiation of K562 cells induced by protein kinase C modifiers: c-Myc is

down-regulated but does not inhibit differentiation. Cell Growth Differ 10: 639–
654.

76. Tanaka R, Owaki T, Kamiya S, Matsunaga T, Shimoda K, et al. (2009) VLA-5-
mediated adhesion to fibronectin accelerates hemin-stimulated erythroid

differentiation of K562 cells through induction of VLA-4 expression. J Biol

Chem 284: 19817–19825.
77. Seta N, Okazaki Y, Izumi K, Miyazaki H, Kato T, et al. (2012) Fibronectin

binding is required for acquisition of mesenchymal/endothelial differentiation
potential in human circulating monocytes. Clin Dev Immunol 2012: 820–827.

78. Cooper JP, Hwang K, Singh H, Wang D, Reynolds CP, et al. (2011) Fenretinide
metabolism in humans and mice: utilizing pharmacological modulation of its

metabolic pathway to increase systemic exposure. Br J Pharmacol 163: 1263–

1275.
79. Idres N, Benoit G, Flexor MA, Lanotte M, Chabot GG (2001) Granulocytic

differentiation of human NB4 promyelocytic leukemia cells induced by all-trans
retinoic acid metabolites. Cancer Res 61: 700–705.

80. Varner JA, Emerson DA, Juliano RL (1995) Integrin alpha 5 beta 1 expression

negatively regulates cell growth: reversal by attachment to fibronectin. Mol Biol
Cell 6: 725–740.

9-cis-RA and Troglitazone Alters Cell Adhesion

PLOS ONE | www.plosone.org 11 March 2014 | Volume 9 | Issue 3 | e93005


