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Peroxisome proliferator-activated receptors (PPARs) are nuclear
hormone receptors that have been implicated in a variety of
biologic processes. The PPARd isotype was recently proposed as a
downstream target of the adenomatous polyposis coli (APC)yb-
catenin pathway in colorectal carcinogenesis. To evaluate its role
in tumorigenesis, a PPARd null cell line was created by targeted
homologous recombination. When inoculated as xenografts in
nude mice, PPARd 2y2 cells exhibited a decreased ability to form
tumors compared with PPARd 1y2 and wild-type controls. These
data suggest that suppression of PPARd expression contributes to
the growth-inhibitory effects of the APC tumor suppressor.

The peroxisome proliferator-activated receptors (PPARs) are
nuclear hormone receptors originally identified by their

ability to mediate the transcriptional effects of peroxisome
proliferators (reviewed in ref. 1). Subsequently, PPARs have
been implicated in many normal and disease-related processes,
including lipid metabolism, inflammation, embryo implantation,
diabetes, and cancer (reviewed in ref. 2). Similar to other nuclear
hormone receptors, PPARs heterodimerize with another nu-
clear hormone receptor, retinoid X receptor, and exert their
effects via regulation of gene transcription upon binding of
ligand. To date, three isotypes have been identified, a, g, and d
(the last is also known as PPARb and NUC-1). Although all
three isotypes of PPARs have been shown to modulate lipid
metabolism, isotype-specific functions have also been described.
For example, on the basis of experiments with specific agonists
and knock-out mice, PPARg has been shown to be involved with
insulin resistance (3). PPARg has also been implicated in a
variety of neoplastic processes, including colorectal cancer,
although its role as a promoter or suppressor of tumor growth
remains controversial because of conflicting results in mouse
versus human systems (4–6).

Recently PPARd was identified as a potential downstream
target of the adenomatous polyposis coli (APC)yb-cateninyT
cell factor-4 (TCF-4) tumor suppressor pathway (7). In normal
colorectal tissue, APC binds to b-catenin and inhibits its ability
to form a bipartite transcription complex with TCF-4 (8–10). In
the majority of colorectal cancers, APC is inactivated by trun-
cating mutations, thus giving rise to elevated levels of b-cateniny
TCF-4-mediated transcriptional activity. In cancers with intact
APC genes, mutations of b-catenin that render it resistant to the
inhibitory effects of APC often occur, strongly suggesting that
inhibition of b-cateninyTCF-4-mediated transcription is critical
to APC’s tumor suppressive effects (10–12). Several targets of
the b-cateninyTCF-4 transcription complex have been identi-
fied, including c-MYC (13) and cyclin D1 (14), which have
obvious growth-promoting properties. PPARd was identified as
another potential target of this pathway after it was shown to be
down-regulated upon restoration of APC expression in a human
colorectal cancer cell line (7). This down-regulation appears to
be direct, as the PPARd promoter contains TCF-4 binding sites,
and PPARd promoter reporters are repressed by APC as well as
stimulated by mutant b-catenin. Consistent with PPARd’s role
as an APCyb-catenin target, PPARd mRNA has been found to

be frequently overexpressed in many colorectal cancers (7, 15).
Finally, the ability of nonsteroidal antiinflammatory drugs
(NSAIDs) to bind PPARd (16) and potentially inhibit its func-
tion (7) suggested that inhibition of PPARd might contribute to
the chemopreventive effects of NSAIDs such as Sulindac. How-
ever, definitive evidence for an involvement of PPARd in
colorectal carcinogenesis or chemoprevention has not yet been
presented.

To more rigorously define PPARd’s role in colorectal tumor-
igenesis, we deleted the PPARd gene in a human colon cancer
cell line. No obvious phenotype was observed upon in vitro
culture, and no effects on sensitivity to NSAIDs were observed.
However, PPARd null cell lines had a pronounced effect on
tumorigenicity when grown as xenografts in nude mice. The
PPARd null lines were defective in establishing tumors, and the
few tumors that did arise grew slowly compared with the parental
cells. These data provide unambiguous genetic evidence that
PPARd expression can affect tumorigenesis.

Materials and Methods
Tissue Culture and Transfections. The colorectal cancer cell line
HCT116 (American Type Culture Collection) and its derivatives
were grown in 10% FBS and 1% penicillinystreptomycin in
McCoy’s 5A modified media and maintained at 37°C in 5% CO2.
Cells were transfected with Lipofectamine (GIBCOyBRL), fol-
lowing the manufacturer’s protocol and selected by using hy-
gromycin or geneticin at concentrations of 0.1 mgyml and
0.5 mgyml, respectively.

Generation of PPARd Null Cell Lines. The general strategy for
creating the PPARd null line has been described previously (17)
and is outlined in the Results. In brief, the 59 and 39 homology
arms used for constructing the targeting vectors were PCR
amplified from HCT116 genomic DNA, using primers chosen
from publicly available genomic sequence databases (GenBank
accession no. NT007193). The arms were cloned into vectors
containing a hygromycinythymidine kinase fusion gene that was
flanked by loxP sequences. The primers used for deriving the
targeting vectors and details of the construction are available
from the authors upon request. Screening for homologous
recombination events was performed by PCR as previously
described (17), with the primer sequences 59-GCTAGAGGTT-
TACGTGACCT-39 for the forward primer and 59-TATGAT-
ACGGCTCAATGATG-39 for the reverse primer. After Cre-
mediated loxP excision, allele-specific primers were used for
further genetic verification. The above forward primer was used
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with the following reverse primers: 59-CAGTCATAGC TCTG-
GCATCG-39 for the wild-type allele and 59-GTGGGGTATC-
GACAGAGTGC-39 for the deleted allele. Lox recombination
was mediated by infection with an adenovirus expressing Cre
protein (Ad-Cre) prepared as previously described (18).

The PPARd cDNA construct was created by inserting a
hemagglutinin (HA)-tagged PPARd cDNA from pCMV-
HAHA-PPARd (7) into a modified version of the pMK1059
(pMK-IRES-NEO) vector (19). This modified vector was cre-
ated by excising pMK1059 with XhoI, blunting the ends, and then
inserting the resulting promoter-IRES-NEO fragment into the
EcoRV site of the loxP plasmid pBS246 (20). All targeted clones
identified by PCR were verified by Southern blotting with 10 mg
of genomic DNA digested with the restriction enzyme ApaI and
probed with a 400-bp genomic fragment lying just outside the 59
homology arm.

In Vitro Assays. In vitro assays for Sulindac sulfide-induced apo-
ptosis were performed as previously described (21). All assays
were performed in triplicate, and the triplicates were repeated
at least twice. For colony formation assays, cells were plated at
varying concentrations into T-25 tissue culture flasks, grown for
1 week, and then stained with crystal violet. For in vitro growth

assays, cells were seeded in triplicate in 12-well plates at a
concentration of 3 3 104 cells per well. Cells were harvested at
days 2, 4, and 6, and viable cells as assessed by trypan blue
exclusion were counted in a hemocytometer. Results were
expressed as the mean of three wells 6 SD of the mean.

In Vivo Assays. Cells were harvested before inoculation and
resuspended in serum-free medium at a concentration of 5 3 107

cells per milliliter. Cells (5 3 106 cells, 0.1 ml) were then
inoculated s.c. at the proximal dorsal midline into 3- to 4-week-
old female athymic nuynu mice (Harlan), except for experiment
2, where inoculations were made in the right and left f lanks.
Tumor sizes in two dimensions were measured twice weekly, and
volumes were calculated as previously described, with the for-
mula (L 3 W2) 3 0.5, where L is length and W is width. Mice
were housed in barrier environments, with food and water
provided ad libitum.

Results
Generation of PPARd Null Cells. To explore the function of PPARd
in human cancer cells in a rigorous fashion, we chose to disrupt
the endogenous gene by targeted homologous recombination in
a human colorectal cancer cell line. The HCT116 cell line chosen

Fig. 1. Strategy for generating PPARd null somatic cell lines. (A) Constructs used to mediate recombination at the PPARd locus. PKO1 contained a 1-kb 59
homology arm and a 4-kb 39 homology arm and was used to generate an 11-kb deletion encompassing the entire DNA binding domain (exons 4, 5, and 6). PKO2
contained a 1.8-kb 59 homology arm and a 4-kb 39 homology arm and was used to delete exon 4. The endogenous PPARd locus, the locus after targeting with
PKO1, and the targeted locus after Cre-mediated excision are illustrated. Lx and Hyg-TK designate LoxP sequences and the hygromycinythymidine kinase gene,
respectively. The thymidine kinase gene was not used for negative selection in the protocols actually applied in this study. ApaI sites and the probe sequence
used for Southern blotting are indicated. (B) Schematic of the PPARd rescue vector. A HAHA-tagged cDNA of PPARd was cloned into a construct containing an
IRES-geneticin resistance gene cassette flanked by LoxP sequences as described in Materials and Methods.
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for these experiments contains a mutated b-catenin gene result-
ing in increased b-cateninyTCF-4 transcriptional activity and
accordingly expresses significant amounts of PPARd. The first
allele of PPARd was disrupted by homologous recombination
with the targeting vector PKO1, depicted in Fig. 1A. Recombi-
nation with PKO1 was predicted to result in deletion of 11 kb of
the PPARd gene, including the entire DNA-binding domain.
Transfection of HCT116 with this vector and selection with
hygromycin resulted in one successful recombination event
among 3,000 individual clones screened. This successful recom-
bination event was confirmed by Southern blot analysis (Fig. 2).
This PPARd 1y2 clone was then used to generate PPARd 2y2
cells with a second round of PKO1-mediated recombination. To
use the same PKO1 vector in the PPARd 1y2 cells, it was
necessary to restore hygromycin sensitivity. This was achieved by
infection with an adenovirus (Ad-Cre) expressing the Cre pro-
tein that mediated excision of the hygromycin resistance gene by
virtue of the flanking loxP sequences. Multiple clones were
recovered, and all demonstrated loss of hygromycin resistance
and excision of the hygromycin gene by Southern blot analysis.
One such clone was selected for a second round of PKO1-
mediated recombination, as described below.

After screening approximately 5,000–6,000 clones and failing
to detect a successful recombination, we considered the possi-
bility that complete loss of PPARd might be lethal or severely
growth inhibitory. Indeed, complete disruption of the PPARd
gene in mice can result in decreased embryo viability (22). We
therefore devised a rescue strategy. In brief, the vector RV,
which constitutively expressed a HA-tagged PPARd that could
be subsequently removed by Cre-mediated recombination (Fig.
1B), was transfected into the HCT116 PPARd 1y2 cells.
PPARd 1y2 clones with the RV (PPARd 1y2yRV) were then
selected for their resistance to geneticin, which ensured expres-
sion of the PPARd cDNA because of the modified internal
ribosomal entry site (IRES) sequence (19) separating the PPARd
cDNA and the geneticin resistance gene (Fig. 1B). Expression of
the HA-PPARd protein in PPARd 1y2yRV clones was dem-
onstrated by Western blotting with an anti-HA antibody (data
not shown). Transfection of a representative PPARd 1y2yRV
clone with the PKO1 vector resulted in one successful recom-
bination event after approximately 1,000 clones were screened.
Southern blotting confirmed that homologous recombination
had deleted the remaining endogenous PPARd allele, resulting
in the line PPARd 2y2yRV, as shown in Fig. 2.

PPARd Null Cell Lines Are Viable in Vitro. The PPARd 2y2yRV cell
line was then used to test whether deletion of PPARd was lethal
or severely growth inhibitory. The PPARd 2y2yRV cells could
easily be rendered PPAR null by Cre-mediated excision after
infection with Ad-Cre. As a control for nonspecific effects, a
sister PPARd 1y2yRV clone was similarly infected with Ad-
Cre. Surprisingly, clones that had excised the PPARd RV were
recovered in equal numbers from both the PPARd 2y2yRV
and PPARd 1y2yRV clones, indicating that PPARd is not
required for in vitro growth. Excision of the PPARd cDNA was
confirmed by both PCR and Western blot analysis (data not
shown). There were no obvious differences in the growth
properties between the two groups of recovered clones in vitro,
although both PPARd 1y2 and PPARd 2y2 clones grew
slightly more slowly than wild-type HCT116 cells (see below).

To rule out the possibility of clonal variability, additional
PPARd null cell lines were sought. Unfortunately, the low
recombination frequency of the targeting vector significantly
hampered our ability to generate more clones. To circumvent
this problem, a second-generation targeting vector (PKO2) was
constructed that had a longer 59 homology arm (1.8 kb vs. 1.0 kb)
and deleted only the first coding exon of the PPARd gene
encompassing 200 bp, as shown in Fig. 1 A. Preliminary exper-
iments in our laboratory suggested that decreasing the size of the
deleted region might increase the recombination frequency of
targeted homologous recombinations. We therefore hoped that
recombination rates with PKO2 might be superior to those
observed with PKO1. Indeed, transfection of wild-type HCT116
resulted in 11 successful recombinations among 200 clones
tested, representing an increase in targeting efficiency of '150-
fold. Likewise, transfection of PPARd 1y2yRV resulted in two
successful recombinations among 200 clones tested. The two
PPARd 2y2yRV clones were confirmed by Southern blotting
and subjected to infection with Ad-Cre to generate PPARd null
cells (data not shown). As with the original null clone, viable

Fig. 2. Southern blot analysis of PPARd engineered cell lines. HCT116,
parental cells; PPARd 1y2, HCT116 cells after successful recombination with
PKO1; Cre’d PPARd 1y2, PPAR 1y2 cells after Cre-mediated LoxP excision of
the Hyg-TK gene; PPARd 2y2, PPARd 1y2 cells after successful recombination
of the remaining PPARd locus with PKO1.

Fig. 3. PPARd is not required for Sulindac-mediated apoptosis. HCT116,
PPARd 1y2, and PPARd 2y2 clones were treated for 72 h with 0, 80, 100, and
125 mM Sulindac sulfide, and surviving colonies were assessed by crystal violet
staining. Treatments were performed in triplicate; representative wells are
shown.
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clones could be recovered at similar frequencies, demonstrating
that deletion of the PPARd gene was not lethal.

PPARd Is Not Required for Sulindac-Mediated Apoptosis. We had
previously suggested that inhibition of PPARd by NSAIDs might
contribute to their chemopreventive effects. One potential in
vitro surrogate of NSAID chemoprevention is their ability to
induce apoptosis. Consistent with a possible role of PPARd in
apoptosis, we have previously demonstrated that overexpression
of PPARd could partially rescue cells from Sulindac-induced
apoptosis (7). To determine whether PPARd is required for
Sulindac-mediated apoptosis, wild-type HCT116, two indepen-
dently derived PPARd 2y2 clones, and a sister PPARd 1y2
heterozygote clone were analyzed for their response to Sulindac.
Cells were treated with Sulindac at various concentrations and
then stained with crystal violet to assess the number of surviving
cells after 72 h. There was no appreciable difference in cell
viability between these four cell lines (Fig. 3), indicating that
PPARd is not required for NSAID-mediated apoptosis.

PPARd Is Required for Efficient Tumorigenicity. Although the above
data conclusively demonstrated that PPARd is not required for
in vitro cell growth, we questioned whether the absence of this
receptor had any effect on tumorigenicity. To address this
hypothesis, wild-type HCT116, PPARd 1y2, and PPARd 2y2
cells were injected s.c. and grown as xenografts in nude mice.
There was a dramatic difference in tumor establishment and
growth of the PPARd 2y2 cells compared with wild-type
HCT116 and the PPARd 1y2 cells. This in vivo growth defi-
ciency was observed in five independent experiments (Table 1).
Although there was no appreciable difference in tumor estab-
lishment or growth between wild-type HCT116 and the PPARd
1y2 cells, both of the PPARd 2y2 cell lines yielded fewer
tumors per mouse compared with wild-type and PPARd 1y2

cells (Table 1 and Fig. 4). In addition, the few tumors that did
arise in the mice were smaller than their wild-type or PPARd
1y2 control counterparts (Table 1 and examples in Fig. 4A). It
is important to note that the two PPARd null cell lines used in
these experiments were independently derived. The fact that
both lines were defective in growth in nude mice indicated that
this in vivo phenotype depended on disruption of the PPARd
gene and was not the result of clonal variability. To further assess
this issue, a total of four additional independently derived
PPARd null clones were tested for their in vivo tumorigenicity,
and all displayed similar defects in tumor growth relative to the
wild-type and PPAR (1y2) cells (data not shown). The in vivo
growth defects of the PPARd null cells did not simply reflect
general alterations in growth, as all lines grew well in culture.
Quantitative analysis demonstrated that the PPARd 1y2 and
PPARd 2y2 cells were indistinguishable in their in vitro growth
properties, although parental HCT116 cells generally grew
somewhat better than the modified cells (Fig. 5).

Discussion
Since their identification and cloning a decade ago, PPARs
have been implicated in numerous biologic pathways. Al-
though various functions for the PPAR a and g isotypes have
been described, less is known about the biological significance
of PPARd. We and others have demonstrated that PPARd is
overexpressed in both human and rodent colorectal tumors (7,
15). However, the functional consequence of this overexpres-

Table 1. In vivo growth of PPARd null cells

Experiment no. Frequency All tumors Established tumors

1 (28 days)
PPARd 1y1 2y2 1218 6 1095 1218 6 1095
PPARd 1y2 2y2 987 6 49 987 6 49
PPARd 2y2 clone 1 1y2 2 6 2 4 6 NA

2 (30 days)
PPARd 1y1 4y4 1306 6 680 1306 6 680
PPARd 1y2 4y4 2333 6 803 2333 6 803
PPARd 2y2 clone 1 4y4 374 6 46 374 6 46

3 (33 days)
PPARd 1y1 10y10 1617 6 248 1617 6 248
PPARd 2y2 clone 1 4y10 271 6 107 609 6 90

4 (34 days)
PPARd 1y1 5y5 1922 6 823 1922 6 823
PPARd 2y2 clone 2 2y5 86 6 64 214 6 115

5 (34 days)
PPARd 1y1 6y6 673 6 80 673 6 80
PPARd 1y2 5y5 732 6 164 732 6 164
PPARd 2y2 clone 1 2y5 56 6 48 141 6 66
PPARd 2y2 clone 2 1y5 49 6 49 243 6 NA

In vivo growth of PPARd null cells. Five experiments are presented measur-
ing the growth of various PPARd null lines as described in Materials and
Methods. The Frequency column indicates the fraction of inoculation sites in
which a tumor grew. The All tumors column indicates the average volume
(mm3) 6SE of tumors for all inoculation sites, whereas the Established tumors
column indicates the average volume (mm3) 6SE for only those tumors that
were clearly detectable on the date of the final measurement, as indicated in
parentheses next to the experiment number. NA, not applicable.

Fig. 4. PPARd is required for efficient tumorigenicity. HCT116, PPARd 1y2,
and PPARd 2y2 cells were injected as xenografts in nude mice and sacrificed
after 34 days as described in Materials and Methods. (A) Representative mice
at day 34. (B) Growth curves of HCT116, PPARd 1y2, and PPARd 2y2 xeno-
grafts. Each data point for HCT116 represents the average tumor size of six
mice, and each data point for the PPARd 1y2 and PPARd 2y2 cell lines
represents the average tumor size of five mice. Error bars represent the SEM.
Tumors that did not grow were assigned a volume of zero.
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sion for tumor growth is not clear. The generation of a
PPARd2y2 colon cancer cell line has enabled us to rigorously
evaluate the role of this receptor in colorectal tumorigenesis.
By comparing isogenic cell lines that differed only in their
presence or absence of the PPARd gene, we have unambigu-
ously shown that this receptor can directly affect the growth
and establishment of colorectal tumors in vivo. This observa-
tion, in combination with the demonstration that PPARd is
consistently overexpressed in colorectal cancers and can be
controlled by TCF-4yb-catenin transcription complexes, sug-
gests that APC mediates part of its growth-suppressive effects
through PPARd.

The recent creation of the PPARd null mouse has demonstrated
that this receptor is involved with lipid metabolism, similar to the
other two PPAR isotypes (22). However, PPARd 2y2 mice were
only generated with a Mendelian pattern of inheritance after
backcrossing, suggesting that the absence of PPARd may be lethal
in certain mouse strains. In addition, PPARd null mice are smaller
than their control littermates, and as previously stated, PPARd is
overexpressed in colorectal cancers. These results suggested that
PPARd null cancer cells may not be viable. We therefore developed
a rescue strategy that enabled us to conditionally express a PPARd
cDNA before deletion of the second allele. This system allowed
us to generate a PPARd 2y2 line without concern that we had
selected for a viable phenotype by clonal selection. The subsequent
isolation of multiple viable PPARd null clones conclusively proved

that this gene was not required for in vitro growth of colorectal
cancer cells.

Previous experiments have demonstrated that PPARd can
bind to lipids resembling the substrates and products of cyclooxy-
genases (16, 23) and that NSAIDs can inhibit PPARd activity
(7). Moreover, we have previously shown that PPARd overex-
pression can partially rescue colon cancer cells from the apo-
ptotic effects of NSAIDs (7). However, our current data suggest
that PPARd is not a major mediator of Sulindac-induced apo-
ptosis, as PPARd 2y2 cell lines did not display any appreciable
difference in sensitivity to this NSAID. The partial rescue from
NSAID-mediated apoptosis may have been due to the broadly
overlapping effects of growth-regulatory genes within cell cir-
cuits (24, 25). These results also emphasize the value of gene
disruption experiments, which are considerably more straight-
forward to interpret than those employing unphysiologic levels
of overexpression. However, it remains possible that inhibition
of PPARd contributes to other important chemopreventive
effects of NSAIDs. Consistent with this notion, PPARd null mice
appear to be partially resistant to the antiinflammatory effects
of Sulindac (22), and products of COX-2 metabolism have
recently been shown to act as ligands for PPARd (15, 26). These
issues will become clearer once the relationship between in vitro
apoptosis caused by NSAIDs and in vivo chemoprevention
become better defined.

Although the absence of PPARd clearly affects tumorigenicity
in the HCT116 cell line, it is difficult to determine whether this
effect is unique to this cell line or is generally applicable.
However, because the APC pathway is mutated with high
frequency in colon cancer and overexpression of PPARd has
been observed in many colorectal cancers, it seems likely that
increased expression of PPARd could generally contribute to the
neoplastic process. Furthermore, the fact that PPARd is a
transcription factor suggests that such growth-promoting effects
are directly related to expression andyor repression of target
genes. As such, a comprehensive analysis of gene expression with
PPARd 2y2 cells and appropriate controls may allow identifi-
cation of important growth-regulatory genes. To our knowledge,
there is only one other gene whose disruption in a colorectal
cancer cell line has been shown to limit tumorigenicity. Sasazuki
and colleagues showed that disruption of the mutant K-RAS
gene in HCT116 cells resulted in a phenotype very similar to that
observed in the PPARd null cells: continued growth in vitro but
poor growth in vivo (27). Such experiments provide critical
information for defining appropriate targets for therapy. PPARd
is an especially good target for pharmaceutical development
because it is a receptor, and its ligands could potentially be
modified to form antagonists. Moreover, it is a member of a
family of genes that are eminently ‘‘drug targetable’’ and thereby
form the basis for a large number of current drugs used to treat
a variety of diseases. Specific pharmacologic inhibitors may be
developed against PPARd and may be predicted to inhibit the in
vivo growth of tumors in ways similar to that observed here after
genetic disruption of this gene.
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Fig. 5. In vitro growth characteristics of PPARd-modified cells. (A) In vitro
growth assay comparing growth kinetics of parental HCT116, PPARd 1y2, and
PPARd 2y2 clones. Each data point represents the average of three wells, and
the bars represent the SD from the mean. (B) Colony formation assay dem-
onstrating no difference in colony number between parental HCT116, PPARd

1y2, and PPARd 2y2 clones. Note that colony numbers were roughly equiv-
alent among all four cell lines, although the parental HCT116 colony sizes were
slightly larger, consistent with the growth curves in A.
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