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p27Kip1 induction and inhibition
of proliferation by the intracellular
Ah receptor in developing thymus
and hepatoma cells
Siva Kumar Kolluri,1 Carsten Weiss,1 Andrew Koff,2 and Martin Göttlicher3

Forschungszentrum Karlsruhe, Institute of Genetics, 76021 Karlsruhe, Germany; 2Laboratory of Cell Cycle Regulation,
Memorial Sloan-Kettering Cancer Center, New York, New York 10021 USA

The Ah receptor (AhR), a bHLH/PAS transcription factor, mediates dioxin toxicity in the immune system,
skin, testis and liver. Toxic phenomena are associated with altered cell proliferation or differentiation, but
signaling pathways of AhR in cell cycle regulation are poorly understood. Here we show that AhR induces the
p27Kip1 cyclin/cdk inhibitor by altering Kip1 transcription in a direct mode without the need for ongoing
protein synthesis or cell proliferation. This is the first example of Kip1 being a direct transcriptional target of
a toxic agent that affects cell proliferation. Kip1 causes dioxin-induced suppression of 5L hepatoma cell
proliferation because Kip1 antisense-expressing cells are resistant to dioxins. Kip1 is also induced by dioxins
in cultures of fetal thymus glands concomitant with inhibition of proliferation and severe reduction of
thymocyte recovery. Kip1 expression is likely to mediate these effects as thymic glands of Kip1-deficient mice
(Kip1D51) are largely, though not completely, resistant.

[Key Words: Cell cycle; mRNA induction; dioxins; fetal thymus; cyclin dependent kinase inhibitors; PAS
proteins]
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The Ah receptor (AhR) is a prominent member of the
bHLH/PAS transcription factor family characterized by
a basic helix–loop–helix (bHLH) DNA-binding domain
and a Per/AhR/Arnt/Sim (PAS) homology region for
dimerization (Burbach et al. 1992; Ema et al. 1992;
Schmidt and Bradfield 1996; Crews 1998). AhR and the
hypoxia-inducible factors (HIFs) are the conditionally ac-
tivated members of the bHLH/PAS family (for review,
see Crews 1998). Among the other members, AhRR
modulates the activity of AhR (Mimura et al. 1999), Sim
(single minded) serves a predominant role in brain mid-
line development, and several other (bHLH/)PAS pro-
teins like Per1, Per2, and Per3, Cycle, BMAL1, and Clock
are involved in circadian rhythm regulation (for review,
see Dunlap 1998). HIFs allow a cell and the organism to
respond specifically to hypoxic conditions. The predomi-
nantly studied mode of AhR activation is through bind-
ing of nonphysiological compounds, such as heterocyclic
food mutagens and aromatic hydrocarbons (Ah). The
nonphysiological compounds that have gained the most
consideration are the Seveso poison 2,3,7,8-tetrachloro-
dibenzo-P-dioxin (TCDD) and other halogenated aro-

matic hydrocarbons that are collectively called dioxins
and are found ubiquitously generated in the industrial-
ized nations by numerous combustion processes. The
AhR in the absence of an activating ligand resides as a
complex with chaperoning heat-shock protein 90
(HSP90) in the cytosol. Conditional activation on en-
gagement of a proper ligand such as TCDD involves dis-
sociation of the HSP90 and formation of a nuclear and
DNA-binding dimer with the Arnt protein (AhR nuclear
translocator) that is another, though nonconditionally
regulated, member of the bHLH/PAS transcription fac-
tor family. Dimerization occurs through both the amino-
terminal bHLH domain as well as a central PAS domain.
The AhR/Arnt complex binds to specific DNA-recogni-
tion elements, the xenobiotic responsive elements
(XREs), which have been mostly mapped in the genes for
xenobiotica metabolizing enzymes like cytochromes
P450 1A1, 1A2, and 1B1, glutathione S-transferase Ya or
UDP–glucuronyltransferase or NADPH/quinone oxido-
reductase (for review, see Poland and Knutson 1982;
Poellinger et al. 1992; Nebert et al. 1993; Schmidt and
Bradfield 1996).

AhR serves a physiological role because targeted inac-
tivation leads to improper proliferation of hepatocyte
subsets, liver defects, and delayed population of the pe-
ripheral organs of the immune system (for review, see
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Lahvis and Bradfield 1998). The endogenous mode by
which AhR is activated to serve these functions is not
known. Also the target gene(s) that have to be regulated
by AhR for liver integrity and proper population of lym-
phatic organs are not known, and it is unlikely that the
failure to induce xenobiotica metabolism explains the
defects. In addition, inadvertent AhR activation by di-
oxin poisoning of rodents and humans leads to a wide
variety of toxic symptoms, all of which involve changes
in cell proliferation or differentiation. They may depend
on a uniform initial effect on the cell cycle though tissue
specific factors determine the final outcome. Toxic ef-
fects are thymus aplasia, reduction in sperm counts,
chlorine acne, teratogenicity, and carcinogenicity par-
ticularly in the rodent liver. AhR mediates dioxin toxic-
ity (Nebert et al. 1993; Fernandez-Salguero et al. 1996)
but none of the symptoms is likely to be a consequence
of induced xenobiotica metabolism. Rather, additional
AhR dependently regulated genes have to be considered
to explain the wide variety of biological consequences of
inappropriate gain of AhR activity (Sewall and Lucier
1995). Even the mode of AhR action on these postulated
genes cannot be predicted. Detailed studies on a similar
family of conditionally regulated transcription factors,
for example, the steroid hormone receptors, show that
one receptor molecule can serve qualitatively quite dis-
tinct functions in activation of gene transcription or
cross-talk with other transcription factors (for review,
see Göttlicher et al. 1998).

Whereas HIF-1a appears to regulate cell cycle by p53-
and p21-dependent pathways (Carmeliet et al. 1998),
little is known about AhR target genes that could ex-
plain the roles of AhR on cell proliferation. In the present
study we searched for an AhR-initiated pathway to the
regulation of proliferation using the toxic outcome of
inappropriate AhR activation by dioxins as a model. We
employed the cell culture system of 5L rat hepatoma
cells in which AhR activation severely delays cell cycle
progression through G1 (Göttlicher and Wiebel 1991;
Weiss et al. 1996). We show that AhR inhibits cell cycle
progression in 5L cells by direct induction of the p27Kip1

cyclin/cyclin-dependent kinase (cdk) inhibitor on
mRNA and protein levels. Consistent with a primary
role of p27Kip1 in the growth arrest response to TCDD,
fetal thymus cultures of p27-deficient mice were much
less sensitive to TCDD compared to control mice. Re-
sistance was not absolute, consistent with the fact that
p27 establishes only one pathway that is partially redun-
dant.

Results

AhR-dependent cell cycle control requires gene
transcription

Hyperphosphorylation of the retinoblastoma (Rb) pro-
tein characterizes a hallmark in progression through the
G1 phase of the cell cycle because Rb is a substrate of the
G1 phase cyclin D- and cyclin E-dependent kinase activi-
ties and Rb hyperphosphorylation is associated with

cells passing the restriction point (Sherr and Roberts
1995; Bartek et al. 1996). The AhR ligand TCDD, much
like serum starvation, inhibits G1-phase progression of
5L cells prior to hyperphosphorylation of Rb in asynchro-
nously proliferating cultures (Fig. 1A) or 5L cells syn-
chronously released from a low serum-induced cell cycle
arrest (Fig. 1B, cf. lanes 1–3). Two hours of TCDD treat-
ment prior to the expected occurrence of hyperphos-
phorylated Rb (P-Rb) suffice to substantially reduce Rb
phosphorylation. The transcriptional inhibitor actino-
mycin D is tolerated (lane 4) during the last 2 hr before
accumulation of P-Rb and thus could be used to test
whether the effect of activated AhR on the cell cycle
requires gene transcription. If TCDD was added together
with actinomycin D, phosphorylated Rb accumulated at
least as efficiently as in untreated cells (cf. lanes 2 and 5),
indicating that the effect of dioxin on the cell cycle re-

Figure 1. Transcription-dependent delay of cell cycle progres-
sion by TCDD. (A) Asynchronously growing 5L cells were
starved by serum deprivation or treated with 1 nM TCDD for
48 hr. The degree of Rb phosphorylation was detected by West-
ern blot analysis in which the antibody apparently preferen-
tially recognizes P-Rb. (B) 5L Cells were growth arrested by
starvation in serum-free medium for 24 hr and synchronously
induced to proliferate by addition of serum. Cell cycle progres-
sion was monitored 8 hr later by the phosphorylation status of
Rb as in A. Cells were treated 2 hr prior to analysis with 1 nM

TCDD, the transcriptional inhibitor actinomycin D (5 µg/ml),
or both. (C) Wild-type and mutant AhR (mAhR) were expressed
together with GFP in AhR-deficient BP8 cells to reconstitute
TCDD-induced cell cycle arrest. A schematic outline of AhR
mutations is shown. Proliferation of TCDD-treated cells was
determined by flow cytometry after DNA staining with H33258
as the percentage of cells in the G2 and S phases of the cell cycle.
Efficiently transfected green fluorescing cells ( ± AhR/mAhR)
were compared with the cells that were not efficiently trans-
fected (−AhR) from the same culture dish and FACS analysis.
Similar results were obtained in two to six independent experi-
ments.
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quires ongoing and presumably induced gene expression.
The residual P-Rb in TCDD-treated cells (Fig. 1B, lanes 3
and 5, cf. with Fig. 1A) is most likely due to the short
window of treatment, which was minimized to allow the
actinomycin D experiment.

Further evidence for the need of gene expression was
provided by testing AhR mutants for their ability to sup-
port TCDD-induced cell cycle delay in a subclone of the
5L cells (BP8AhR−) that lacks AhR mRNA expression
(Weiss et al. 1996). Expression vectors for wild-type or
mutant AhR were transiently cotransfected together
with an expression vector for the green fluorescent pro-
tein (GFP) (Heim et al. 1995) to allow identification of
efficiently transfected cells by their green fluorescence
in a flow cytometric analysis. After transient transfec-
tion and culture in the presence of TCDD cell cycle pro-
files were determined by flow cytometry and analyzed
separately for the GFP-expressing cells (+AhR/mAhR) or
nonexpressing cells (−AhR). Figure 1C shows that the
percentage of TCDD-treated cells in the S and G2 phases
is reduced on transfection of wild-type AhR but not of
the mutant receptors that either lack their capability to
bind to the specific AhR-responsive DNA element
(AhRm39, Dong et al. 1996; Gal4-AhR83-805, Weiss et
al. 1996) or to transactivate gene expression on DNA
binding (AhRDC). Efficient expression of the receptor
mutants was tested in parallel experiments by activation
of a Gal4-responsive reporter gene in the case of Gal4–
AhR83-805 or dominant-negative effects of the other
mutants over wild-type AhR with respect to activation
of an XRE-responsive reporter gene. In conclusion the
mutational analysis supports the notion that AhR delays
cell cycle progression by inducing a specific target gene
rather than interfering with pro-mitogenic signaling by
other transcription factors or inactivation of the cell
cycle machinery by protein–protein interactions.

Induction of the cyclin/cdk inhibitor p27Kip1 by AhR

In a biochemical analysis, the TCDD-induced G1 arrest
in 5L cells is characterized by the loss of at least one of
the G1-phase-associated cyclin/cdk activities, for ex-
ample, the cyclin E-dependent histone H1 kinase activ-
ity (Fig. 2A). Expression, however, of cyclins as well as
the associated cdks (Fig. 2B) required for the G1–S tran-
sition in the cell cycle (Lees 1995; Morgan 1995) is not
reduced. The apparent induction of cyclins D2 and D3
may be caused by ongoing mitogenic signaling without
the cells proceeding to S phase. Inhibition of cyclin/cdk
activity without apparent loss of cyclin or cdk proteins
together with the finding that AhR apparently has to
induce gene expression to inhibit cell cycle progression
suggested to us that dioxins induce an inhibitor of cyc-
lin/cdk activity, such as a member of the Ink4 or Cip/
Kip protein families that would be able to inhibit both
the cyclin D- and cyclin E-dependent kinase activities
that contribute to Rb phosphorylation (Sherr and Roberts
1995). By Western blot analysis, p27Kip1 (Polyak et al.
1994; Toyoshima and Hunter 1994) was found at persis-
tently elevated levels after a period of 4–24 hr (Fig. 2C) or

even 72 hr (data not shown) of dioxin exposure. This
induction is specific because p18Ink and p21Cip1 levels
were not changed substantially, and other inhibitors
(p57Kip2, p15Ink, p16Ink, p19Ink) could not be detected
(data not shown).

Increased amounts of p27Kip1 associated with cyclin E
after TCDD treatment as shown by immune coprecipi-
tation analysis (Fig. 2D). In the same precipitates we
found the expected accumulation of a slower migrating

Figure 2. Induction of the p27Kip1 cell cycle inhibitor during
TCDD-dependent delay of cell cycle progression. Biochemical
properties of G1-phase cyclins and cdks were analyzed from
30%–60% confluent asynchronous 5L cell cultures that, except
for those in C and G, had been treated for 24 hr with TCDD or
DMSO. Cyclin E-dependent histone H1 kinase activity (A) was
measured in an immune complex kinase assay using an anti-
cyclin E (lanes 1,2) or a nonspecific antibody (lanes 3,4).
Amounts of (B) G1-phase cyclins and cdks, and (C) p27Kip1 were
determined by Western blot analysis. (D) Amounts of cdk2 and
Kip1 associated with cyclin E were determined by Western blot
analysis in immune precipitates similar to those used in A. (E)
The amount of free cyclin E not bound in Kip1-containing pro-
tein complexes was determined by Western blot analysis of ex-
tracts that had been immunodepleted against Kip1 or a matched
nonspecific (NS) antigen (N-CAM). (F) Protein levels of p27Kip1

were determined by Western blot analysis of whole-cell extracts
from solvent- or TCDD-treated cultures of the AhR-expressing
5L wild-type cells or their AhR-deficient BP8AhR−

derivatives.
(G) Inducibility of Kip1 protein levels was analyzed in BP8 cells
that ectopically expressed AhR (BP8Ahr+

). These BP8Ahr+
cells

(lanes 3,4) had been generated by transient transfection of ex-
pression vectors for AhR and a truncated murine MHC protein.
TCDD treatment was from 24 hr to 48 hr after transfection.
Subsequently, efficiently transfected cells were isolated for
Western blot analysis by magnetic cell sorting directed against
the expressed MHC protein. Control cultures (lanes 1,2) re-
ceived only the MHC selection marker and the empty expres-
sion vector.
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form of cdk2 (Fig. 2D), which presumably lacks phos-
phorylation at Thr-160 (Polyak et al. 1994). Kip1 in the
complex with cyclin E/cdk2 is thought to prevent Thr-
160 phosphorylation. The presence of the phosphory-
lated form of cdk2 in complexes with cyclin E could
indicate cyclin E/cdk2 complexes without Kip1. Alter-
natively, inactive Kip1 complexes with cyclin E/phos-
phorylated cdk2 could exist such as those found in a
previous study (Liu et al. 1997). Cdk2 might be phos-
phorylated prior to complexation with Kip1. The possi-
bilities were tested by immune depletion directed
against Kip1 (Fig. 2E). Already in control cells the aKip
antibody precipitated some cyclin E (<30 %). Virtually
all cyclin E was depleted after TCDD-treatment of cells
by aKip1, but not by an unspecific antibody suggesting
that induced Kip1 levels suffice to complex most of the
cyclin E/cdk2 complexes. Such complexes are likely to
be catalytically inactive irrespective of the state of cdk2
phosphorylation (Sherr and Roberts 1995). A similar
analysis addressing Kip1 complexes with D-cyclins was
not feasible because even in control cells most of the
D-cyclins were found complexed with Kip1, consistent
with a role of Kip1 as adaptor or assembly factor for
D-cyclins (La Baer et al. 1997).

Induction of p27Kip1 depends on the AhR as it was not
found in an AhR-deficient subclone of 5L cells (BP8AhR−,
Fig. 2F, lanes 3 and 4). Transient expression of AhR in
BP8 cells (Fig. 2G, lanes 3 and 4), but not the transfection
of the empty expression vector (lanes 1 and 2), reconsti-
tuted TCDD inducibility of the Kip1 protein in a par-
tially purified pool of efficiently transfected cells. To-
gether these data suggest that AhR either directly regu-
lates accumulation of p27Kip1 leading to G1 arrest or
arrests cells in G1 allowing p27Kip1 to accumulate. The
following experiments focus on clarifying this relation-
ship and the mode of Kip1 induction.

Induction of Kip1 on the mRNA level

Northern blot analysis of 5L cells showed that Kip1
mRNA is induced fourfold by TCDD treatment (Fig. 3A,
lanes 1,2). This mRNA induction is direct as it appar-
ently does not involve the induction of intermediary
gene products and is observed also in the presence of the
translational inhibitor cycloheximide (Fig. 3A, lanes 3,4).
The efficiency of cycloheximide treatment is indicated
by the lack of p27Kip1 protein accumulation despite the
induction of the mRNA (Fig. 3A, third panel). A poten-
tial contribution of mRNA stabilization to the observed
accumulation of Kip1 mRNA was excluded by following
the decay of Kip1 mRNA in control and TCDD-induced
5L cells after inhibition of further transcription by acti-
nomycin D (Fig. 3B,C). Both the basal and the TCDD-
induced amounts of Kip1 mRNA are eliminated with
similar half-life times of 106 and 112 min, respectively.
Hence, a bona fide transcriptional induction appears to
prevail. This proposition was confirmed in a nuclear run-
off analysis by showing a 2.1 ± 0.4-fold (n = 3) and 5 ± 2-
fold (n = 2) increased transcriptional rate after 4 and 24 hr
of TCDD treatment, respectively (Fig. 3D).

Further support for an induction on the level of gene
expression was obtained by a reporter gene analysis. A
luciferase construct driven by 1609 bp of the upstream
regulatory sequences of the murine Kip1 promoter
(Kwon et al. 1996) was stably integrated into 5L cells.
The reporter gene was found inducible by 2.5-fold after
24 hr of TCDD treatment, whereas control cell pools
containing a minimal Kip1 promoter element (42 bp) or
a promoter truncated at position −1382 were not induc-
ible (Fig. 3E). A fragment of the Kip1 promoter compris-
ing base pairs −1609 to −1312 was also found twofold
inducible by TCDD when cloned into the context of a
heterologous promoter (Fig. 3E) indicating that the
known Kip1 promoter sequences contain at least one
TCDD-responsive element that is located in the −1609
to −1312 fragment. In summary the data identify the
AhR as a transcriptional inducer of Kip1 expression that
acts directly, presumably in conjunction with other cel-
lular factors, without the need for induced synthesis of
intermediary proteins.

Finally, we wanted to exclude the possibility that
TCDD arrests 5L cells by a mode independent of Kip1
and that the observed induction of Kip1 expression were
the mere consequence of synchronization of cells in G1.
Therefore, 5L cells were arrested in the G1 phase by se-
rum starvation and the efficiency of arrest was con-
firmed by flow cytometric analysis of DNA profiles. The
fraction of cells in the S and G2/M phases of the cell
cycle was reduced from 29% to 6%. The arrest per se did
not suffice to induce Kip1 mRNA (Fig. 3F, lanes 1,3).
Moreover, Kip1 mRNA was still inducible in growth-
arrested cells that presumably also in the presence of
TCDD do not change their status within the cell cycle
(Fig. 3F, lanes 3,4). This suggests that the induction of
Kip1 mRNA cannot be the consequence of a TCDD-in-
duced arrest in a particular phase of the cell cycle that
might be associated with high levels of Kip1 expression.
More likely, induced Kip1 expression could cause the
inhibition of cell cycle progression by TCDD.

Kip1 is known to be regulated in many cases by post-
transcriptional mechanisms (Pagano et al. 1995; Hengst
and Reed 1996; Loda et al. 1997). A putative induction of
Kip1 protein by TCDD-induced stabilization in addition
to the mRNA induction was ruled out by a [35S]methio-
nine pulse-chase experiment. The rate of [35S]methio-
nine incorporation into p27Kip1 was found 2.1-fold in-
duced in the presence of TCDD. The half-life of 35S-
labeled Kip1 after addition of nonlabeled methionine
was very similar (∼3 hr) in both solvent and TCDD-
treated cells (Fig. 4, A and B). The loss of p27Kip1 after
cycloheximide treatment suggested a similar protein
half-life time of 3 hr irrespective of TCDD treatment
(data not shown). Furthermore, Kip1 might be induced
by an increased rate of translation of the available
mRNA. This was addressed by short time [35S]methio-
nine pulse labeling. In the absence of a transcriptional
inhibitor the rate of p27Kip1 synthesis is increased, most
likely because of the increased amounts of mRNA (Fig.
4C, left lanes). To prevent an increase in Kip1 mRNA
even in the presence of TCDD, the pulse-labeling experi-

Induction of p27Kip1 by the Ah receptor

GENES & DEVELOPMENT 1745

 on January 27, 2006 www.genesdev.orgDownloaded from 

http://www.genesdev.org


ment was performed after pretreatment with the tran-
scriptional inhibitor actinomycin D. Under these condi-
tions, TCDD treatment does not lead to an increased
rate of p27Kip1 synthesis. In the most simple case, this
argues against a direct effect of TCDD on Kip1 mRNA
translation, but it cannot formally be ruled out that
TCDD transcriptionally induces an intermediary factor
that enhances Kip1 mRNA translation.

Causal role of p27Kip1 in the AhR-induced inhibition
of proliferation

If Kip1 causes the TCDD-induced inhibition of cell cycle
progression and the effects on accumulation of hyper-
phosphorylated Rb protein (Fig. 1B), it has to be induced
in sufficient time, for example, within 2 hr. mRNA and
protein are induced as early as 30 min (1.6-fold) and 1 hr
(1.5-fold), respectively (Fig. 5). Markedly increased Kip1
levels are found after 2 hr of treatment.

To provide causal evidence for Kip1 being required for

the TCDD-induced delay of cell cycle progression the
accumulation of Kip1 was prevented by transient expres-
sion of a Kip1 antisense RNA. Coexpression of GFP
(Heim et al. 1995) allowed isolation of efficiently trans-
fected cells by fluorescence activated cell sorting (FACS)
for the analysis of Kip1 protein expression (Fig. 6A) and
incorporation of bromodeoxyuridine (BrdU) into S-phase
cells (Fig. 6B). In cells only transfected with GFP and the
empty expression vector, TCDD inhibited the prolifera-
tion rate by 60% as expected from previous cell cycle
analysis (Weiss et al. 1996). After expression of Kip1 an-
tisense RNA no TCDD-induced Kip1 could be detected
(Fig. 6A) and TCDD effects on BrdU incorporation were
only marginal (Fig. 6B). On microscopic evaluation ∼10%
of nontransfected cells were sticking to and copurifying
with the sorted fluorescing cells. These cells could well
account for the subtle dioxin effects observed in the
Kip1-antisense sample. Hence, Kip1 induction is re-
quired for the AhR-dependent delay of G1–S phase pro-
gression and could sufficiently explain the observed
changes in the cell cycle machinery.

Figure 3. Induction of Kip1 mRNA expression in 5L cells by TCDD. (A) Kip1 mRNA levels were determined by Northern blot
analysis in 5L cells after 4 hr exposure to TCDD with or without 30 min of pretreatment with the translational inhibitor cyclohexi-
mide (50 µg/ml). Cycloheximide treatment was efficient because p27Kip1 protein accumulation was prevented (third panel) whereas
levels of a noninducible protein (p38HOG1 kinase) remained unchanged in the same extracts. (B,C) Kip1 mRNA stability in control or
TCDD-treated 5L cells was analyzed after induction for 4 hr and disruption of further transcription by actinomycin D (5 µg/ml). The
decay of Kip1 mRNA was followed by Northern blot analysis and PhosphorImager quantification in comparison to GAPDH mRNA.
mRNA half-life times were determined by regression analysis from the presentation in C. (h) −TCDD; (j) +TCDD. (D) The tran-
scriptional rate of the Kip1 gene was analyzed by a nuclear run-off analysis (Greenberg and Ziff 1984) with nuclei prepared from 5L cells
that had been treated for 4 hr or 24 hr with 1 nM TCDD or the DMSO solvent. A representative result (24 hr) is shown. (E) Kip1
promoter reporter gene constructs (Kwon et al. 1996) comprising either 1609, 1382, or 42 bp upstream of the transcriptional start site
were stably integrated into 5L cells. Also a Kip1 promoter fragment comprising base pairs −1609 to −1312 in front of a TK81-promoter–
luciferase reporter gene (Nordeen 1988) was stably transfected. Inducibility in cell pools (average values of triplicate
determinations ± S.D.) was calculated as the ratio of reporter gene activity from cells that had been treated for 24 hr with 1 nM TCDD
or the solvent, respectively. (F) Kip1 mRNA expression and inducibility by TCDD were tested in 5L cells that had been serum starved
for 24 hr. Cells were treated for additional 4 hr in serum-free medium with 1 nM TCDD or the DMSO solvent prior to Northern blot
analysis. Fractions of cells in the S–G2/M segment of the cell cycle were determined from parallel cultures by flow cytometry. (N.D.)
Not determined.
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The AhR–p27Kip1 pathway in the developing thymus

One symptom of dioxin poisoning in vivo that could be
related to alterations in cell proliferation is the atrophy
of the thymus. This effect is also found in cultures of
fetal thymus glands (FTOC) and involves inhibition of
thymocyte proliferation (Lai et al. 1997; Staples et al.
1998). We tested whether TCDD induces Kip1 in the
developing thymus and found the Kip1 levels in thymo-

cytes increased by TCDD treatment (Fig. 7A). This co-
incided with a decrease in thymocyte proliferation as
shown by reduced [3H]thymidine incorporation into thy-
mocyte DNA (Fig. 7B) and reduced cell numbers in the
mid-S to G2/M phases of the cell cycle (Fig. 7C,
18.9 ± 0.9% vs. 12.7 ± 2.3%). The fraction of cells in S
and G2/M was reduced in all thymocyte subpopulations
independent of the status of CD4 or CD8 expression.
However, effects were more pronounced in the earlier
double negative subpopulation. The differential suscep-
tibility of individual subpopulations might also be the
reason for the observed slight increase in the representa-
tion of an immature CD8+CD4low population (Fig. 7D).

Prolonged culture in the presence of TCDD severely
reduces the number of recovered thymocytes. Control
thymic lobes treated with the solvent for 7 days yielded
8.2 ± 0.6 × 105 thymocytes per lobe, whereas only
9 ± 4 × 104 thymocytes per lobe could be recovered from
TCDD-exposed cultures (Table 1). The most mature
cells expected, that is, TCRa,b+ (Zuniga-Pflücker and Le-
nardo 1996), were also found in TCDD-treated cultures
suggesting that differentiation per se is not disrupted un-
til this stage (data not shown). The representation of
TCRa,b+ cells was for an unknown reason even less ef-
ficiently depleted.

FTOCs from Kip1-deficient mice

To test a causal role of Kip1 in dioxin effects on the fetal
thymus cultures were established from wild-type or Kip1
mutant littermate embryos (Fig. 8A). The targeted mu-

Figure 4. p27Kip1 protein half life and rate of synthesis. (A)
Protein half life of p27Kip1 in 5L cells was analyzed by protein
pulse labeling with [35S]methionine for 3 hr in the presence of 1
nM TCDD or DMSO solvent followed by a chase for 0, 3, or 6 hr
with nonlabeled methionine. The autoradiogram of immune
precipitated p27Kip1 is shown (solid arrow) together with a non-
specifically precipitated protein (open arrow). (B) Band intensi-
ties in A were quantitated from scanned X-ray films using the
calibrated NIH image 1.61 software. (h) −TCDD; (j) +TCDD.
(C) The rate of p27Kip1 protein synthesis was determined by
[35S]methionine pulse labeling (1 hr) followed by immune pre-
cipitation of p27Kip1. Cells had been pretreated for 2 hr 45 min
with actinomycin D (5 µg/ml), 2 hr 30 min TCDD (1 nM), both,
or the solvent (DMSO) only. One out of two similar experi-
ments, each, are shown.

Figure 5. Time course of Kip1 mRNA and protein induction by
TCDD in 5L cells. Expression of Kip1 mRNA and protein in 5L
cells after the indicated times of TCDD treatment was deter-
mined by Northern blot analysis of poly(A)+ RNA (top) or West-
ern blot analysis of total cell extracts (bottom), respectively.

Figure 6. Expression of Kip1 antisense RNA impairs TCDD-
induced inhibition of 5L cell proliferation. Proliferation rates in
the presence or absence of TCDD were determined in 5L cells
that had been transiently cotransfected with expression vectors
for a Kip1 antisense RNA and the GFP (anti-Kip1) or the empty
expression vector and GFP (control). Green fluorescing cells
were collected by FACS and analyzed by either Western blotting
for p27Kip1 levels (A) or the percentage of cells that had incor-
porated BrdU in the presence (solid bars) or absence (open bars)
of TCDD (B) (means ± S.D. from three independent experiments
in which BrdU staining was evaluated without prior knowledge
of sample identity). Significance of differences was tested by
Student’s t-test.
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tation in the Kip1 gene (D51 allele) impairs interaction
with the cyclin E/cdk2 complex and hence does not per-
mit inhibition of the kinase activity (Kiyokawa et al.
1996). Embryos were also characterized with respect to
AhR expression because a polymorphism for the AhR
gene locus has been described and the Kip1-deficient
mouse colony still contained some genetic background
of the 129/Sv strain from random intercrossing and
back-crossing to C57/Bl6 mice. Dominant AhR alleles
code for high-affinity receptors (e.g., b1-allele in C57/Bl6
mice) and recessive alleles code for low-affinity receptors

(e.g., d allele in 129 mice). Genotyping of the embryos
took advantage of the different sizes of the AhR proteins
encoded by the b1 allele of C57/Bl6 and the d allele of
129/Sv mice (Fig. 8B, left two lanes). Protein extracts of

Figure 7. TCDD-induced p27Kip1 protein and cell cycle delay
in FTOCs. Fetal thymus glands were cultured for two days in
the presence of TCDD or the DMSO solvent before preparation
of thymocytes. (A) p27Kip1 protein in thymocytes was deter-
mined by Western blot analysis and even loading was confirmed
by reprobing with an Erk1 antibody. (B) Incorporation of
[3H]thymidine was quantitated per amount of genomic thymo-
cyte DNA after addition of [3H]thymidine for the last 12 hr of
culture. (C) The cell cycle distribution of total thymocytes after
2 days of culture was determined by flow cytometry after DNA
staining with H33258. (D) Thymocyte subpopulations after 2
days of culture were analyzed by cell surface staining and flow
cytometry. One representative out of three experiments is
shown; the numbers in B and C are means ± S.D. from three
independent experiments (P < 0.01).

Table 1. TCDD sensitivity of Kipwt/wt FTOCs homozygous
(AhRb/b) or heterozygous (AhRb/d) at the AhR gene locus

Parameter
−TCDD

(%)

+TCDDa (%)

AhRb/b AhRb/d

Thymocytes in mid-S–G2/M
at 2 days of culture 100 68 ± 6 66 ± 8

Thymocyte recovery at 7 days 100 11 ± 2 11 ± 4

aRelative values compared to solvent treated cultures, mean ±
S.E. (n $ 3).

Figure 8. FTOC from wild-type or Kip1 mutant mice. FTOCs
were prepared from wild-type (WT), Kip1 mutant (D51/D51), or
heterozygous littermate embryos. A representative PCR-based
genotyping for Kip1 is shown in A. Genotyping for AhR alleles
(B) was performed by Western blot analysis of the encoded pro-
teins. Liver cytosolic extracts from C57/Bl6 (AhRb1 allele) and
129/Sv (AhRd allele) mice were loaded as reference together
with extracts from AhRb/b or AhRb/d embryos. (Solid arrow-
head) The size of AhRb1 (95 kD) and a putative degradation
product (82 kD) that is specific for the C57Bl6 mouse; (open
arrowhead) AhRd; (L) a prominent unspecific band. (C) The ef-
fect of TCDD on cell cycle distribution depending on the Kip1
genotype in FTOCs from embryos that carry at least one allele
coding for a high-affinity AhR (b1 allele). The fraction of cells in
mid-S–G2/M in each of the solvent-treated control thymic lobes
was set to 100% and the pair-matched TCDD-treated lobe was
evaluated relative to that. Data from six litters were grouped
according to genotyping of the embryos (Means ± S.E.: nWT = 10;
nKip1 WT/D51 = 4; nKip1 D51/D51 = 5). (Solid bars) +TCDD; (open
bars) −TCDD. TCDD effects in each group and differences be-
tween groups were statistically evaluated by Student’s t-test.
(D) Thymocyte recovery after 7 days of FTOCs in the absence or
presence of TCDD was determined by hemocytometer count-
ing. For each pair of thymic lobes isolated from an individual
embryo the cell number recovered from the solvent (0.1%
DMSO) treated lobe was set to 100% and the recovery from the
TCDD-treated lobe (1 nM) was calculated as relative value. Data
from three litters were grouped according to Kip1 genotyping
and confirmation of the presence of at least one high-affinity
AhR allele. Values are means ± S.E. (nwt = 4, nhet = 5, nKip1 D51/

D51 = 6) and significance levels were calculated by Student’s
t-test.
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each embryo used for FTOC were analyzed in a similar
way (Fig. 8B, right four lanes). All but one sample showed
the presence of an AhR protein encoded by at least one
copy of the b1 allele so that most of the embryos could
be considered for subsequent analysis. Furthermore, a
control experiment confirmed that one copy of the b1
allele confers TCDD sensitivity because FTOCs from
heterozygous F1 embryos of a C57/Bl6 × 129/Sv breeding
were as sensitive to TCDD as FTOCs from C57/Bl6
mice (Table 1).

Kip1-deficient embryos together with wild-type or het-
erozygous littermate embryos were obtained from het-
erozygous breeding. Analysis of cell cycle distribution in
non-TCDD-treated 2-day-old FTOCs from Kip1 mutant
mice showed a slight but only poorly significant increase
in the percentage of cells in the mid-S–G2/M segment of
the cycle (18.6 ± 2.7% (Kip1 wild type) to 22.2 ± 3.0%
(Kip1-deficient), P < 0.05, data not shown). To assess
TCDD effects on thymocytes depending on the Kip1 ge-
notype the lobes of each thymus were cultured sepa-
rately in the absence or presence of TCDD. The fraction
of cells in the mid-S–G2/M segment of the cell cycle was
determined in each individual lobe as an indicator of the
proliferation rate. Values of solvent-treated lobes were
set to 100% and matched TCDD-treated lobes were
evaluated relative to the control lobe. Data were grouped
according to Kip1 genotype after confirmation that at
least one copy of the AhR allele coding for the high-
affinity AhR had been present (Fig. 8C). TCDD treat-
ment for two days reduces the proliferation rate, that is,
percentage of cells in S–G2/M, in FTOCs from Kip1
wild-type embryos by 35% (Fig. 8C, cf. also Fig. 7C). In
FTOCs established from Kip1 mutant embryos, the ef-
fect of TCDD was severely impaired, for example, the
proliferation rate is reduced only by 10% (Fig. 8C). This
decrease in TCDD responsiveness of FTOCs from Kip1-
deficient embryos is significant compared to wild-type
littermates (P < 0.002). The remaining reduction in pro-
liferation rate, though minor, is still significant
(P < 0.02). After 7 days of culture, the recovery of thymo-
cytes is reduced to 10% in cultures from wild-type em-
bryos (Fig. 8D). In Kip1-deficient thymic lobes the reduc-
tion of thymocyte recovery is still detectable but is
much less pronounced as almost 40% of thymocytes are
recovered from TCDD, compared with solvent-treated
lobes (Fig. 8D).

Discussion

TCDD induces the p27Kip1 cell cycle inhibitor in an
AhR-dependent way and this induction occurs by in-
creased expression of the Kip1 mRNA. In contrast to
other stimuli, there is no indication that TCDD induces
p27Kip1 protein stability or rate of mRNA translation.
The induction of Kip1 in 5L cells is, as in other experi-
mental systems, associated with reduced proliferation
and the biochemical data could plausibly explain this
effect. The evident question is whether increased Kip1
levels inhibit proliferation or whether elevated Kip1 lev-
els are found as a consequence of cell cycle arrest by a

putative alternate mechanism. Successful application of
Kip1 antisense RNA or antisense oligonucleotides has
been reported a few times and here the loss of TCDD
sensitivity in Kip1 antisense RNA-expressing 5L cells
strongly indicates that Kip1 induction is cause rather
than consequence of the TCDD-induced delay of cell
cycle progression.

Furthermore, we show for the first time a primary and
direct mode of Kip1 mRNA induction that is not second-
ary to a cell cycle arrest by a putative Kip1-independent
mechanism because Kip1 mRNA is well inducible in
serum-starved cell cycle-arrested cells. Kip1 mRNA in-
duction by TCDD and the AhR is also direct, that is,
resistant to the translational inhibitor cycloheximide, in
the sense that no intermediary protein synthesis is re-
quired. This still leaves several possibilities to explain
how AhR could regulate Kip1 expression.

The reporter gene analysis indicates that a fragment of
1609 bp of murine Kip1 promoter upstream sequence
contains at least one of the required cis-regulatory ele-
ments although the reporter gene is only twofold induc-
ible as compared to a fivefold inducibility of the endog-
enous gene. This may depend on the often-observed
lower inducibility of randomly integrated reporter genes
as compared to the properly arranged endogenous gene
but it may also indicate that there are additional TCDD-
inducible elements outside the cloned fragment. A po-
tential recognition sequence for an AhR/Arnt heterodi-
mer (CACGCTA) is found 1120 bp upstream of the tran-
scriptional start site, though orientation is opposite to
the consensus element (Poellinger et al. 1992; Swanson
et al. 1995). AhR could together with Arnt induce Kip1
expression through this site in a similar way as other
target genes such as CYP450 1A1 are regulated. This is,
however, not likely because overexpression of Arnt in an
analysis similar to that shown in Figure 1C enhances as
expected the inducibility of a CYP450 1A1-derived re-
porter gene but diminishes the effect of TCDD on the
cell cycle. Overexpression of a dominantly negative-act-
ing DNA-binding deficient mutant of Arnt impairs in-
ducibility of the CYP450 1A1-derived reporter gene but
does not affect the TCDD effects on cell cycle progres-
sion (data not shown). These findings suggest that induc-
tion of Kip1 by the AhR may occur independent of Arnt.
Furthermore, deletional analysis of the Kip1 promoter
suggests that TCDD induces the Kip1 promoter through
a fragment from −1609 to −1312 bp that does not contain
a consensus binding site for the AhR/Arnt heterodimer.

Steroid hormone and retinoid receptors that are func-
tionally but not structurally similar to AhR serve as the
precedent that one receptor can act in several qualita-
tively distinct ways. Modes of action involve the binding
to the appropriate recognition sequences (Beato et al.
1995; Mangelsdorf and Evans 1995) as homo- or het-
erodimers. A second type of receptor action depends on
interaction with other transcription factors (for review,
see Göttlicher et al. 1998) and cellular signaling path-
ways (Migliaccio et al. 1998). There is evidence for sev-
eral types of AhR action, for example, by a rapid activa-
tion of the Src tyrosine kinase (Enan and Matsumura
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1995), and also dimer formation with partner proteins
distinct from Arnt could be assumed. The TCDD respon-
sive fragment of the Kip1 promoter (base pairs −1609 to
−1312) contains elements at positions −1427, −1350,
−1314 and elements in reverse orientation at positions
−1562, −1531, −1434, and −1351 that resemble recogni-
tion half-sites of AhR, for example, TYGC (Swanson et
al. 1995), but differ in the adjacent base pairs that should
bind Arnt (GTG). A detailed future analysis of the Kip1
promoter may by the identification of the cis-regulatory
element(s) and the trans-acting factor(s) lead to an un-
derstanding of the exact mode of AhR action.

Kip1 is the first target gene of the AhR that has been
shown to mediate TCDD toxicity. A number of other
candidate genes such as the genes for interleukin-1b, tis-
sue plasminogen activator inhibitor 2 (Sutter et al. 1991),
down-regulation of the receptors for epidermal growth
factor and estrogens as well as induction of the AP-1
proteins c-Jun and c-Fos (for review, see Nebert et al.
1993) had been identified before but a clear causal link to
a toxic dioxin action had never been established. Also a
direct interaction of AhR with the Rb protein has been
proposed (Ge and Elferink 1998) to delay cell cycle pro-
gression in 5L cells. However, this interaction should, in
contrast to our findings with respect to inhibition of pro-
liferation by TCDD, not depend on the induction of
Kip1.

In addition to inhibition of proliferation of cultured
cell lines like the 5L cells, certain symptoms of dioxin
toxicity in vivo are associated with reduced cell prolif-
eration and could possibly be caused by the induction of
p27Kip1. Examples are the antimitotic effects during liver
regeneration (Bauman et al. 1995) and in primary hepa-
tocytes (Hushka and Greenlee 1995), a severe delay in
body weight gain, and possibly the dioxin-induced wast-
ing syndrome of the adult, as well as reduced sperm
count and thymic weight (for review, see Poland and
Knutson 1982; Sewall and Lucier 1995). A role of Kip1 in
at least some of these processes is likely since they are
largely the opposite of the phenotype of Kip1-deficient
mice generated by germ-line mutagenesis that results in
increased overall body weight and multiple organ hyper-
plasia including hyperplastic thymus and testis (Fero et
al. 1996; Kiyokawa et al. 1996; Nakayama et al. 1996).

The analysis of FTOCs supports the proposition of a
major role of Kip1 in dioxin toxicity because Kip1 is
induced by TCDD and Kip1-deficient thymic glands
are much less sensitive than glands from wild-type em-
bryos. Thymocyte development comprises phases of dif-
ferentiation, TCR-gene rearrangement, and prolifera-
tion. At least one of these transitions, for example, after
completion of the TCRb-chain rearrangement, is associ-
ated with a drop in Kip1 expression (Hoffman et al.
1996). TCDD treatment could induce or maintain inap-
propriately high levels of Kip1 protein that impede
proliferation when a rapid expansion of a thymocyte
population is required. Even a relatively moderate de-
crease in the proliferation rate by 35% as that found in
our analysis could account for a 10-fold drop in cell
number considering the hypothetical and simplified

calculation that the number of cell cycles in the ob-
served time period of 7 days drops, for example, from
nine to less than six.

Kip1 accounts for a major part of the dioxin effect but
a minor activity is still found in Kip1-deficient glands.
Theoretically, this residual activity of TCDD would
only require the loss of approximately one cell doubling
over the observation time. The TCDD effects in Kip1-
deficient thymic glands may be mediated by alternate
pathways in addition to Kip1 or may even depend on
residual activities in the D51 mutant Kip1 protein, such
as a weak interaction capacity with cdk2 (Kwon and
Nordin 1998) or hitherto poorly defined functions in the
carboxyl terminus (Uren et al. 1997). It is, however, re-
markable that the mutation of Kip1 affects the sensitiv-
ity to TCDD at all because other agents that, like serum
starvation, high cell density, and treatment with rapa-
mycin or TGFb, were thought to affect proliferation in a
Kip1-dependent manner are mostly functional in Kip1-
deficient primary cells (Nakayama et al. 1996; Coats et
al. 1999), and there is only one report that supports an
important, though not unique, role of Kip1 in response to
rapamycin (Luo et al. 1996). Furthermore, it is well ac-
cepted in a similar case that p53-dependent induction of
the p21Cip1/Waf cyclin/cdk inhibitor mediates cell cycle
arrest by DNA damage. Yet, p21-deficient cells are only
partially impaired in their capacity to arrest proliferation
on DNA damage (Brugarolas et al. 1995; Deng et al. 1995)
presumably because of alternate pathways that allow
even p21-deficient cells to inhibit proliferation on dam-
age.

Other effects of dioxins like the carcinogenicity and
tumor-promoting activity in rodents (Kociba et al. 1978;
Pitot et al. 1980) and human (for review, see Huff et al.
1994) are not likely to be explained by the induction of a
cell cycle inhibitor. Kip1 rather appears as a tumor sup-
pressor gene considering the spontaneous occurrence of
pituitary tumors in Kip1-deficient mice (Fero et al. 1996;
Kiyokawa et al. 1996; Nakayama et al. 1996) and the
enhanced susceptibility to cancer at many different sites
even of Kip1 hemizygous mice (Fero et al. 1998). Further-
more, reduced levels of Kip1 protein have been found
associated with poor prognosis cancer in human (Steeg
and Abrams 1997). This tumor suppressor activity of
Kip1 could be relevant for the anticarcinogenic activity
of TCDD found with respect to the development of
mammary tumors in rodents (Kociba et al. 1978; Hol-
comb and Safe 1994). One might even imagine exploiting
the inducibility of Kip1 by ligands to the AhR as part of
a cytostatic anticancer therapy, particularly if it were
feasible to separate different activities of the AhR by
appropriate design of the ligand much as it is possible to
specifically address different activities of the glucocorti-
coid receptor by the choice of the ligand (Göttlicher et al.
1998).

In conclusion, we show the first example of directly
inducible control of Kip1 mRNA expression by a low-
molecular-weight ligand to the AhR. This pathway me-
diates part of the toxicity of dioxins and one might even
envision states of disease where this pathway could be
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therapeutically exploited by the use of appropriately de-
signed ligands to the AhR.

Materials and methods

Cell culture and biochemical analysis

Cell culture and gene transfer protocols have been described
(Weiss et al. 1996). For Western blot analysis normally whole
cell extracts were prepared in denaturing SDS sample buffer.
Immune complex kinase assays and precipitations were per-
formed as published (Matsushime et al. 1994). Antibodies (from
Santa Cruz, if not stated otherwise) were rabbit anti-Rb (C-15),
rabbit anti-cyclin D1 (H-295), mouse anti-cyclin D2 (mAb, Neo-
markers), rat anti-cyclin D3 (mAb 18B6), rabbit anti-cyclin E
(M-20), goat anti-CDK2 (M-2), goat anti-CDK4 (H-22), goat (for
immune depletion) or rabbit anti-Kip1 (C-19), rabbit anti-Erk
(K-23), and mouse anti-AhR (Affinity Bioreagents). Northern
blots were usually performed on 10 µg of total RNA with a rat
probe generated by RT-PCR using primers corresponding to
nucleotides 28–54 and nucleotides 548–577 of the murine Kip1
cDNA (Polyak et al. 1994). Equal loading of protein gels was
confirmed by staining parts of the gels, and RNA loading was
controlled by hybridization with a GAPDH probe. For 35S-label-
ing experiments appropriately pretreated cells were deprived of
methionine and serum for 30 min prior to addition of 3.7 MBq
of [35S]methionine/ml of medium. Labeled proteins were im-
munoprecipitated in standard RIPA buffer with a rabbit a-Kip1
(C19) antibody.

Transient transfection studies and flow cytometric analysis

Expression vectors for wild-type and mutant AhR have been
described (Weiss et al. 1996). The point mutation R39A was
introduced by PCR. The Kip1 antisense RNA expression vector
was generated by cloning the PCR fragment used for Northern
hybridization into pCMV5 (Weiss et al. 1996) to generate
pCMV5–anti-Kip1. pCMV–hGFP contains a XhoI–HindIII open
reading frame for GFP (Heim et al. 1995) in pCMV5 prepared by
digestion with SalI and HindIII. Cells were transfected by elec-
troporation with 1.5 µg of pCMV–hGFP and 10 µg of AhR ex-
pression vectors, pCMV5–anti-Kip1, or the empty expression
vector, respectively. For analysis of AhR mutants, cells were
treated with 1 nM TCDD or DMSO, harvested 45 hr later using
trypsin, fixed in 4% formaldehyde, permeabilized in 0.05%
Tween 20, and stained for their DNA content with bisbenz-
imide H33258. Three color analysis was performed (FACS-Star
Plus, Becton Dickinson) using an FITC filter for detection of
GFP, a PE filter for compensation of cellular autofluorescence,
and UV excitation for analysis of DNA content.

For expression of Kip1 antisense RNA, cells were left un-
treated for 32 hr prior to exposure to 1 nM of TCDD or DMSO
for additional 18 hr of which during the last 5 hr BrdU was
present in the culture medium. Cells were harvested using tryp-
sin and green fluorescing cells were sorted to a purity >80%
without prior fixation. For Western blot analysis 2 × 104 cells
were lysed in sample buffer and comparable loading of lanes
within a factor of 2 was confirmed by reprobing the blot against
ERK1 and ERK2. Remaining cells were spun onto glass slides for
immunocytochemical detection (Kit by Boehinger, Mannheim)
of cells having incorporated BrdU.

Enrichment of transfected cells by ferromagnetic beads

Cells were transfected by electroporation with 2.5 µg of
pMACSKK (Miltenyi, Bergisch-Gladbach, Germany), 2.5 µg of

pCMV–GFP, and 10 µg of pCMV–AhR or pCMV5, respectively.
Twenty-four hours later, cells were treated for additional 24 hr
with 1 nM TCDD or DMSO. Cells were collected using 0.25%
trypsin and 10 µg/ml DNase I. Attachment of anti-KK-coated
ferromagnetic beads and enrichment for efficiently transfected
cells to a purity of ∼50% was performed on V+MACS-columns
as described by the manufacturer.

FTOC

Fetal thymus glands were prepared at day 14.5 of pregnancy and
cultured on 3-µm pore grids (Costar). Culture medium was Dul-
becco’s modified Eagle medium supplemented with 20% fetal
bovine serum, 2 mM glutamine, Dulbecco’s nonessential amino
acids, 2-mercaptoethanol, and penicillin/streptomycin with ad-
dition of 1 nM TCDD or 0.1% of the DMSO solvent. Thymo-
cytes were prepared after 2 or 7 days of culture by passing
through a 70-µm mesh and either lysed for Western blot analy-
sis (105 cells) or stained with fluorochrome-conjugated antibod-
ies against CD4, CD8, or TCRa,b. Fixation and DNA staining
for FACS analysis was as described above.

Genotyping of Kip1-deficient embryos used for FTOC

PCR genotyping of the targeted Kip1 gene locus was performed
using a common 58-primer (58-agcccgagcctggagcggatggacgcc)
and two 38-primers specific either for the wild-type (58-ctctc-
cacctcctgccattcgtatctgccc) or the mutant allele (58-ggacatagcgt-
tggctacccgtgatattgctga) in a single-tube PCR reaction of 35
cycles at 94°C, 63°C, and 72°C for 1 min each. Products of 220
and 290 bp were indicative of the wild-type or mutant allele,
respectively. Genotyping for the AhR was performed by West-
ern blot analysis of sonicated embryonal head and trunk tissue
exploiting the difference in molecular mass of the AhR ex-
pressed in C57Bl6 mice (95 kD) and 129/Sv mice (104 kD).
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