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INTRODUCTION

Retinoids are the natural and synthetic derivatives of vitamin A (retinol), and

function as steroid-hormone-like molecules in regulating diverse biological processes

such as cellular proliferation, differentiation, and apoptosis (1). Retinoid actions are

mediated by the retinoic acid receptors (RARs) and retinoid X receptors (RXRs) (2, 3).

RARs and RXRs are ligand-activated transcription factors that bind as RXR:RAR

heterodimers to retinoic acid response elements (RAREs), specific DNA sequences in

target gene promoters (2, 3). Ligand binding causes the dissociation of co-repressor

proteins and promotes association of co-activators, resulting in activation of gene

transcription (2, 3). Retinoic acid as well as its polar metabolites, such as 4-oxo-RA and

4-OH-RA, have been shown to be biologically active and act as ligands for RARs (4).

The enzyme responsible for the metabolism of RA into the bioactive polar

metabolites, 4-oxoRA and 4-OH-RA, is CYP26, also known as P450RAI (5). CYP26

expression is induced by RA, and in the previous annual summary, data was given that

showed RA-induced CYP26 expression was enhanced by the addition of the fatty acids,

phytanic acid (PA) or docosahexaenoic acid (DHA) in some breast cancer cell lines and

in a murine embryonic stem (ES) cell line. We had also looked at cell proliferation upon

treatment with RA or PA or DHA, or a combination of the retinoid with the fatty acid.

Consistent with previous studies, RA growth inhibited ER-positive breast cancer cell

lines but not ER-negative breast cancer cell lines. The addition of PA or DHA enhanced

this inhibition slightly. Also, the fatty acids alone had growth inhibitory effects on some

of the breast cancer cell lines, making it difficult to conclude how the fatty acids affect

retinoid signaling in breast cancer in general. To determine the mechanism of a modest
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enhancement would be difficult because the breast cancer cell lines used in the study are

independent cell lines that have different degrees of differentiation, aggressiveness,

estrogen receptor expression, and tumor origin. In addition, the different cell lines

metabolize RA differently. In one study, RA-sensitive breast cancer cell lines were

found to metabolize RA at a high rate whereas RA-resistant breast cancer cell lines

metabolized RA at a much lower rate (6). Therefore, the metabolism of RA does affect

how cells will respond to RA treatment. However, the metabolism of RA by CYP26 and

the resulting effects on retinoid signaling is not clear.

To study how retinoid signaling is affected by metabolism of RA into bioactive

polar metabolites, via the activation of CYP26, we generated a CYP26-knock out (-/-) ES

cell line. The CYP26-/- cell line allows us to learn how retinoid signaling is affected in

the absence of this metabolic enzyme, and thus the absence of any polar metabolites of

retinoic acid. The CYP26-/- cell line is initially being characterized by growth curves,

dose response experiments, and HPLC analysis. In the future, gene expression studies

will also be done. Results can be directly compared to the parental cell line, which only

differs by the expression of CYP26.
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BODY

Generation of the CYP26 -/- ES cell line.

The CYP26 targeting construct contains the CYP26 genomic sequence with LoxP

sites subcloned after exon 1 and after exon 7 (Figure lA). The construct was a kind gift

from Dr. Martin Petkovich. The construct was electroporated into a wild-type (WT) ES

cell line, AB 1. Since the construct contained a Neo cassette, cells were grown in the

presence of the antibiotic G418. Resistant clones were isolated for Southern analysis,

and clones that had successfully recombined with the construct were grown in even

higher concentrations of G418 to select for cells that have undergone another round of

recombination. These resistant clones were isolated for Southern analysis, and clones

that had only the CYP26 targeting construct and not the WT CYP26 genomic sequence

were then electroporated with a Cre-recombinase plasmid (Figure 1 B). Cells were grown

in medium without antibiotic and clones were isolated and analyzed by Southern and

Northern. Six positive clones were found to lack CYP26 exons 2-6, and are named

CYP26-/- (Figure IC and D).

Novel
EcoRI BgIII BgIII BgIIU BglII EcoRI

3.9 kb

Novel
BgIII EcoRI Bg BI BgII BglII EcoRI

B. Before Cre: I , ,

- Cre (excises LoxP sites A)

After Cre:AferCY2/Ee: neI EcoRI BgIII BglII EcoRICYP26 -/- ES cell line K• IA I I

2.2 kb
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c. D.

CYP26 Exon7: 165 142 59 WT
-/- = 2.2 kb R C R C R

3.9kb- KO/KO = 3.9 kb

WT 3.5 kb 28s (-5kb)

2.2 kb -.-p,
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-/- = no band
KO/KO = 1.5 kb
WT = 6.2 kb
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Figure 1. Targeted excision of exons 2-6 of the CYP26 gene by using Cre-loxP system.
(A) The targeting construct used to generate the CYP26 knock out is shown here. The
construct contains the CYP26 genomic sequence, including its 7 exons, flanked by 2.8 kb
of 5' homology and 4.3 kb of 3' homology. The neo cassette, which confers antibiotic
resistance, was subcloned inside intron 6 between exon 6 and 7. It is flanked by loxP
sites on either side. Another loxP site was cloned inside intron 1 between exons 1 and 2.
(B) After recombination of the construct into both alleles, Cre recombinase was
introduced to excise at the loxP sites, resulting in the removal of exons 2-6. (C) Southern
analysis was used to determine which clones had successfully excised out exons 2-6.
Briefly, genomic DNA was isolated, digested with BglII enzyme, and electrophoresed on
an agarose gel. The gel was transferred onto a nylon blot and probed with various
radiolabeled DNA. This blot is an example showing lane 1 as a positive clone (-/-). The
top Southern was probed with CYP26 exon 7 and the bottom Southern was probed with
CYP26 exon 2-4. (D) A representative Northern analysis blot showing the induction of
CYP26 after treatment with RA. Three of the six positive clones, #165, #142, #59, are
shown in this Northern analysis where these three CYP26-/- cell lines and the WT cell
line were treated with I uM RA or control vehicle. RNA was isolated, electrophoresed
on an agarose gel, transferred onto a nylon blot, and probed with radiolabeled CYP26
exon 7 DNA. Only the WT cells express the full length CYP26 after RA treatment. The
CYP26-/- clones express a -700 basepair transcript which is most likely to be exon 1 and
7.

CYP26-/- ES cells grow much faster than WT ES cells.

To characterize cell proliferation of the CYP26-/- ES cells, two independent

CYP26-/- ES cell lines, #59 and #142, and the WT cell line were analyzed by growth
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curve assays. After 96 hours, both CYP26-/- ES cell lines grew measurably faster than

the WT ES cells (Figure 2A). By 168 hours, the CYP26-/- cell lines had proliferated

significantly more than the WT cell line (P<0.001). Two-way ANOVA from Prism

Software was used to statistically analyze the data. Both CYP26-/- cell lines showed

similar growth characteristics. All cell lines did not grow well in the absence of LIF, and

by 168 hours, many floating dead cells can be seen in the wells.

(A)

Growth curve of WT and CYP26-1- ES cells

* ..a. #142
--- VVT-UF
-. #•9 -LIF

2000000. --*-#142 -LIF

T•i. IHoUr.)

Figure 2. Cell proliferation of WT and CYP26-/- #59 and #142 ES cells over time in the
presence or absence of LIF. (A) The three cell lines were seeded at a density of 1000
cells per well in 6-well plates either in the presence or absence of leukemia inhibitory
factor, LIF. Cells were counted at 72, 96, 125, and 168 hours after plating.

CYP26-/- ES cells and WT ES cells are growth inhibited by RA similarly.

Since the role of CYP26 is to metabolize RA into polar metabolites, we wanted to

study the sensitivity of the CYP26-/- ES cells to RA treatment. We treated both WT and

CYP26-/- ES cells to a range of RA concentrations, from 1 nM to 1 uM, in the presence

or absence of LIF. After 72 hours of drug treatment, cells were counted. WT and
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CYP26-/- ES cells were growth inhibited by all concentrations of RA used, and they had

similar sensitivity to growth inhibition by RA (Figure 3A and B). Therefore, the CYP26-

/- ES cells are not more sensitive to RA-induced growth inhibition. The absence of LIF

drastically reduced cell proliferation in both WT and CYP26-/- ES cells.

(A) (B)
WT ES cell line AB1 CYP264- ES 0e11 line #69

120% 10

100% --

120%-
ýo% tN

40%

0% 0%

Control tnM 1OnM 1DOnM O100M Control Ir4 1044 10n IO

RA ¢on-tenatton PA on

Figure 3. RA inhibits growth of WT and CYP26-/- ES cells in a dose dependent-maimer.
(A) WT and (B) CYP26-/- ES cells were seeded at a density of 10000 cells per well in
12-well plates in the presence or absence of LIF. One day after plating, the medium was
replaced with medium containing control vehicle (ethanol) or various concentrations of
RA. 48 hours later, the medium was changed again and replaced with fresh medium
containing control vehicle or RA. After a total of 72 hours drug treatment, cells were
trypsinized and counted. This experiment was repeated five times. The cell numbers
were averaged and the condition "Control +LIF" was chosen as 100% growth. The drug
treatments were then normalized to "Control +LIF" to determine their percentage growth.

CYP26-/- ES cells do not metabolize RA and have high levels of intracellular RA.

To study the metabolism of RA by the CYP26-/- ES cells, radiolabeled RA was

used to treat WT and CYP26-/- ES cells and then the medium and the cell extracts were

analyzed by HPLC. Two independent CYP26-/- ES cell lines were used to confirm the

data. Both CYP26-/- ES cell lines did not have any detectable polar metabolites as

compared to the WT ES cells confirning that CYP26 is not functional in the CYP26-/-
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cell lines (Figure 4A). In the WT ES cells, RA was rapidly metabolized into polar

metabolites and by 8 hours radiolabeled RA treatment, very little detectable RA was left

in the cells or in the medium (data not shown). In other words, most of the RA had been

metabolized into polar metabolites. On the other hand, the CYP26-/- ES cells did not

metabolize RA. After 8 hours radiolabeled RA treatment, most of the RA from the

medium was now inside the cell, resulting in a high intracellular level of RA, which was

not seen in the WT ES cells.

Since using radiolabeled RA in the HPLC analysis only allowed us to see what

was happening to the radioactive retinoids, we decided to look at total retinoids in the

cells by treating with non-radioactive RA and then performing HPLC. Similar results

were obtained by this method. After 48 hours treatment with non-radioactive RA, WT

ES cells had no detectable RA in the cells, but the CYP26-/- ES cells still had high

amounts of RA inside the cells (Figure 4B). For both WT and CYP26-/- ES cells, not

much RA was detected in the medium (data not shown).

(A) .Ar~
WT Cells-

, Control (24h) + 100 nM RA (811)
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1 uM RA (24h) + 100 nM RA (8h)
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(B)

WT Cells-
I uM RA (48h)

- CYP26-/-#59 Cells-

1 uM RA (48h)

-RA and Retinol standards

Figure 4. HPLC analysis of RA metabolism in WT and CYP26-/- ES cells. (A) In this
experiment, WT or CYP26-/- ES cells were pretreated with either vehicle control or 1 uM
RA. Then, cells were rinsed with PBS and medium containing 100 nM radiolabeled [H-
3]-RA was replaced. After 8 hours of treatment, medium and cells were collected for
retinoid extraction and HPLC analysis. The Y-axis represents counts per minute and the
X-axis represents time in minutes. All-trans retinoic acid elutes at approximately 24.7
minutes, while polar metabolites elute sooner between 8 and 14 minutes. (B) In this
experiment, WT or CYP26-/- ES cells were treated with 1 uM non-radioactive RA for 48
hours. Cells and medium were collected for retinoid extraction and HPLC analysis. The
Y-axis represents absorption units and the X-axis represents time in minutes. According
to the RA and retinol standards, RA elutes at approximately 24 minutes and retinol elutes
at approximately 33 minutes.
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KEY RESEARCH ACCOMPLISHMENTS

Evaluated the effects of PA, DHA, RA, and synthetic retinoids on the

proliferation of RA-sensitive (MCF-7 and T47D) and RA-resistant (MDA-MB-468)

human breast cancer cell lines (Year 1).

Demonstrated by Northern analysis that CYP26 expression is induced by RA and

this RA-induction is enhanced by the addition of PA in MCF-7 cells (Year 1).

Established a new CYP26-/- ES cell line (Year 2).

Determined that increasing intracellular concentration of RA does not necessarily

increase growth inhibition (Year 2).

REPORTABLE OUTCOMES

N/A

CONCLUSIONS

We had previously shown that the dietary fatty acids, DHA and PA, slightly

enhanced RA-induced growth inhibition in human breast cancer cells. Additionally, we

found that CYP26 expression in MCF-7 breast cancer cells was induced by RA and this

induction was slightly enhanced by the addition of PA. The modest enhancement by the

fatty acids to retinoid-signaling was too small for us to determine the mechanism.

In this report, we showed that CYP26 was the key enzyme in the metabolism of

RA in WT ES cells. When CYP26 was knocked out in those cells, polar metabolites

were not detected. CYP26-/- ES cells grew very fast compared to the WT ES cells,

which may be due to the conversion of retinol into 4-oxo-retinol by CYP26 in the WT ES
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cells. Retinol may be present in the medium from the fetal bovine serum, which is a

necessary supplement. The CYP26-/- ES cells were found to be equally sensitive to RA-

induced growth inhibition as WT ES cells. However, by HPLC analysis, CYP26-/- ES

cells were found to have higher intracellular levels of RA. This suggested that increasing

intracellular levels of RA did not equal increasing growth inhibition. Other studies have

implicated that increasing RA availability inside the cells by inhibiting CYP26 should

result in growth inhibition (7, 8). Because some cancers were found to express CYP26 at

a higher level than normal cells, it was suggested that inhibitors to CYP26 could be used

as an anticancer agent (9). However, our data suggested that increasing RA

concentrations inside the cells was not enough to inhibit cell proliferation. Further

studies will be necessary to fully understand how retinoids specifically affect cell

proliferation and cell growth.
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