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SUMMARY
The aryl hydrocarbon receptor (AhR) and AhR nuclear translo-
cator (Amt) protein were evaluated in the Hepa 1ci c7 (Hepa-1)
cell line by indirect immunofluorescence microscopy and Western
blot analysis. Wild-type (WT) Hepa-1 cells stained for AhR show
intense cytoplasmic fluorescence with minimal nudear reactivity.
WT cells treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) show a time-dependent decrease in cytoplasmic AhR
staining and a concomitant increase in nuclear fluorescence. WT
cells stained for Arnt show nuclear fluorescence with minimal
cytoplasmic reactivity, a pattern unchanged after TCDD treat-
ment. Hepa-1 type II variants express normal levels of AhR but
are defective in TCDD-mediated induction of cytochrome
P4501A1 . Type II variants stained for Arnt show reduced nuclear
fluorescence, compared with WT cells, and express minimal

levels of Arnt protein, as determined by Western blot analysis.
Type II variants stained for the AhR show intense cytoplasmic
fluorescence that becomes nuclear after TCDD treatment. De-
tailed evaluation by immunoelectron microscopy of the AhR and
Arnt present in the nuclear compartment of WT cells shows that
both proteins are uniformly distributed and do not appear to be
associated with nuclear pores, membranes, or nucleoli. Western
blot analysis of nuclei isolated from WT Hepa-1 cells fractionated
with Nonidet P-40 shows that minimal levels of AhR or Arnt are
retained in the nuclear fraction after TCDD treatment. Collec-
tively, these results indicate that the unliganded AhR resides in
the cytoplasm, Arnt is localized to the nucleus, and Hepa-1 cells
defective in Arnt expression exhibit TCDD-mediated nuclear
accumulation of the AhR.

Exposure to TCDD and related halogenated aromatic hydro-
carbons produces a wide range of biological responses in ani-

mals (1, 2). These include the direct transcriptional activation

of several enzymes, a wasting syndrome, thymic atrophy, epi-

thelial proliferation, teratogenicity, and tumor promotion. At

present, the events that ultimately cause many of these re-
sponses are poorly understood; however, the process requires

binding of an agonist to a soluble protein termed the AhR and
transcriptional activation of specific genes (2, 3).

The AhR has been identified in nearly all vertebrates ex-
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amined and is expressed iq a wide range of tissues (4-6). The
unliganded AhR is found in the high-speed supernatant fraction
of tissue homogenates as a high molecular mass complex of 280

kDa (9 S) (7, 8) that contains hsp9O (9-11). Recent studies
suggest that hsp90 is required to maintain the ligand-free
receptor in a high affinity binding conformation (11). After

ligand binding, a fraction of the AhR can be isolated by salt
extraction of “nuclear” pellets, but the complex is smaller (176
kDa, 6 5) and does not contain hsp90 (7-12). In vitro and in
vivo the 6-S but not the 9-S complex binds specific DNA
enhancer sequences termed DREs (13-16). Recently, it has
been shown that the transcriptionally active 6-S complex is a
heterodimer of the ligand-bound AhR and a protein termed
Arnt (17-21). The Arnt protein was named for its suggested
role in the nuclear translocation of the liganded AhR (17).
From the deduced amino acid sequences of the cDNAs for the
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Ahfl �nd Arnt proteins, it hu� he�n shownth�t both protein�
contain a bULH region, which is a motif shared by a number
of dimeric transcription factors (18, 22-24).

The murine hepatoma cell line Hepa-1 has become an im-

portant model system to study the AhR-, Arnt-, and TCDD-

mediated induction of CYP1A1 (cytochrome P4501A1) (25, 26).

Hepa-1 cell lines defective in the induction of CYP1A1 have

been selected after mutagenesis, and they fall into distinct

complementation groups (27-29). One class (group A variants)

contains defects in cytochrome P4501A1. Type I (group B)2

variants express a reduced number of AhRs that appear to bind

TCDD normally and can be isolated from nuclei after [3H]

TCDD treatment. Type II (group C) variants contain WT levels

of AhR and bind TCDD normally, but the AhR cannot be
isolated from nuclei after [3H]TCDD treatment. TCDD-me-

diated induction of CYP1A1 can be partially rescued in group
C cells by transfection of human Arnt cDNAs (18). The defect
in type II cells is undefined but presumably involves Arnt.

At present, there is little information concerning the subcel-

lular distribution of the AhR or Arnt proteins and their re-
sponse to agonists in vivo. Most of the studies concerning the

AhR and Arnt proteins have used disrupted cell and tissue
fractions or in vitro transcription-translation systems. In this

report, we describe the production and characterization of

specific polyclonal antibodies to the AhR and Arnt proteins.
We use the antibodies to evaluate the subcellular distribution

of AhR and Arnt in the various Hepa-1 cell lines by indirect
immunofluorescence microscopy, electron microscopy, and

Western blot analysis. The results show that 1) the unliganded

AhR resides in the cytoplasm in all Hepa-1 cell lines, 2) a
significant fraction of the AhR becomes translocated to the

nucleus after ligand binding in WT Hepa-1 cells, type II var-
iants, and group C variants, 3) the Arnt protein resides in the
nucleus in all Hepa-1 cell lines, and 4) subcellular fractionation
methods do not accurately preserve the distribution of the AhR

and Arnt observed in vivo.

Experimental Procedures

Materials. TCDD was a gift from Dow Chemical Co., 2,7-dichloro-

dibenzo-p-dioxin was a gift from Dr. David Firestone (Food and Drug
Administration), 2,3,2’,3’-tetrachlorobiphenylwas purchased from An-

alabs Inc. (North Haven, CT), and 3,4,3’,4’-tetrachlorobiphenyl was
purchased from RFR Corp. (Hope, RI); 2,4,5,2’,4’,5’-hexabromobi-

phenyl and 3,4,5,3’,4’,5’-hexabromobiphenyl were synthesized by Dr.
Andrew Kende, University of Rochester. All compounds were solubi-

lized in DMSO.
Buffers. MENG is 25 mM MOPS, pH 7.5, 1 mM EDTA, 0.02%

sodium azide, 10% glycerol. PBS is 0.8% NaCl, 0.02% KC1, 0.14%
Na2HPO4, 0.02% KH2PO4, pH 7.4. The 2X sample buffer is 125 mM
Tris, pH 6.8, 4% lithium dodecyl sulfate, 25% glycerol, 4 mM EDTA,
20 mM dithiothreitol, 0.005% bromphenol blue. TTBS is 50 mM Tris,

0.2% Tween 20, 150 mM NaCl, pH 7.5. TTBS+ is 50 mM Tris, 0.5%
Tween 20, 300 mM NaCl, pH 7.5. BLOTTO is 5% dry milk in TTBS.

Blocking buffer is PBS containing 4% bovine serum albumin.

Construction of bacterial expression vectors and purification

2 Type I and type II variants were isolated by Dr. J. Whitlock. Group A, B,

and C variants were isolated by Dr. 0. Hankinson. There are presently no reports
that directly compare the different variants from the independent laboratories.
Because type I and group B cells and type II and group C cells exhibit similar

phenotypes, we assume (for this study) that they belong to the same complemen-

tation groups. Both sets of cells were evaluated in the experiments described in
this report, although most of the data presented are derived from the cells
obtained from Dr. Whitlock.

of f�j9p pr�t�in� The b�se p�s�:�4 � � �ll #{231}ofls�414ct.sw�s pq�;
(qiagen, Chatsworth, CA), which permits inducible expression of pro-

teins fused to six histidine residues at either the amino or carboxyl

terminus. For the AhR, the 1400-base pair AseI-BamHI restriction

fragment (corresponding to amino acids 61-419) was cut from the

mouse Ah’� allele cDNA (24) and blunt-end ligated into vector pQE8

at the BamHI site, to generate pBEAR-1. This plasmid expressed the

BEAR-i protein, which migrated on SDS-PAGE at approximately 40

kDa. For Arnt, a 1365-base pair fragment of the Arnt open reading
frame (amino acids 318-773, based on the human cDNA sequence) (18)
was isolated after polymerase chain reaction of mouse mRNA. The
purified fragment was ligated into pQE12 to generate pBEARNT. This

plasmid expressed the BEARNT protein, which migrated at approxi-
mately 50 kDa on SDS-PAGE.

Escherichia coli strain MiS cells containing the appropriate plasmid

constructs were incubated for 5-6 hr at 37’ in the presence of isopropyl-

/3-D-thiogalactopyranoside (1 mM). Pelleted cells were disrupted by

sonication and inclusion bodies were purified by centrifugation. Fusion
protein was purified from inclusion bodies under denaturing conditions,

as described by the manufacturer (Qiagen). The eluted protein was
dialyzed against trifluoroacetic acid (0.1%) and lyophilized. Freeze-

dried protein was stored at -20#{176}until use.
Immunization, bleeding, serum preparation, and storage. The

lyophilized protein (400-500 �zg) was suspended in sterile saline solu-

tion, emulsified by mixing with an equal volume of Freund’s adjuvant,
and administered subcutaneously and intramuscularly into New Zea-
land white rabbits (6). Two or three animals were used for each antigen.

The animals were bled 10 days after each booster immunization. After

addition of sodium azide, the blood was heated at 37’ for 1 hr, chilled

at 0’ for 1 hr, and centrifuged. The serum was stored at -20’ until
affinity purification.

Affinity gel preparation and antibody purification. The pun-
fled fusion protein was solubilized to 2 mg/ml in 0.1 M NaHCO3, 0.5 M

NaCl, pH 9.0, containing 2% SDS, and was mixed with an equal volume

of hydrated cyanogen bromide-activated Sepharose 4B (Sigma Chemi-

cal Co., St. Louis, MO) for 3 hr at 22’. The coupling efficiency was
generally 50-90%, as determined by analyzing the unbound protein in

the supernatant. After blocking with ethanolamine, the resin was
extensively washed with the following series of solutions: 1) 1 mg/ml
bovine serum albumin in PBS, 2) 25% ethanol in PBS, 3) 50% ethanol

in PBS, 4) 25% ethanol in PBS, and 5) PBS. The gel was then

resuspended in Tris buffer (10 mM, pH 7.5) containing sodium azide
(0.02%). Immune IgG was affinity purified as described (6). Preimmune

IgG was isolated from rabbit serum by Protein A-Sepharose chroma-

tography (30).

Affinity-purified antibodies specifically depleted of immune IgG

(preabsorbed antibodies) were generated as follows. The purified fusion

proteins were separated by SDS-PAGE and blotted to nitrocellulose,

and the band migrating at 40 kDa (BEAR-i) or 50 kDa (BEARNT)
was excised. The immobilized protein was then incubated with affinity-

purified IgG (1-3 �ig/ml) in blocking buffer for 24 hr at 4’. The solution
was filtered through 0.45-sm filters and stored at 4’ until use.

Nomenclature of antibodies. Antibodies to the BEAR-i fusion
protein that react specifically with the AhR are termed A-i. Antibodies

to the BEARNT fusion protein that react specifically with Arnt are

termed R-i. These antibodies were used as the affinity-purified IgG
fraction, unless otherwise noted. GAR-TR, GAR-G, and GAR-AP were

purchased from Jackson Immunonesearch (West Grove, PA). The

concentrations of the antibodies used in each experiment are indicated
in the text.

Cells and growth conditions. WT Hepa-i cells, type I variants,
and type II variants were a generous gift from Dr. Jim Whitlock, Jr.

(Department of Pharmacology, Stanford University). The cells were
propagated in DMEM containing 5% FBS. Dr. Oliver Hankinson

(Department ofEnvironmental Medicine, University of California, Los

Angeles) generously provided group B (Bi5ECiii2O u’�TG’4) and group

C (B13NBii1TGTC) Hepa-i variants. These cells were propagated in
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a-modified Eagle medium containing 5% FBS. In some experiments,
cells were propagated in DMEM containing adsorbed FBS or in DMEM
that did not contain phenol red. FBS was adsorbed with 1% charcoal!

0.1% dextran for 30 mm at room temperature, centrifuged at 3000 rpm,

and then sterilely filtered.

Cell growth and fixation. Cells were detached from growth flasks

by trypsinization (0.05% trypsin/0.5 mM EDTA), centrifuged, and
resuspended in appropriate growth medium at a density of 2-5 x i05/

ml. Cells were pipetted into culture dishes containing sterile glass

coverslips coated with poly-L-lysine (0.01%; Sigma) or onto Permanox

chamber slides (Lab Tech, Naperville, IL). Cells were propagated in
appropriate medium for 1-4 days at 37’, washed extensively with PBS,

and incubated with vehicle (DMSO) or test compound in DMEM
without FBS, for the times indicated in the text.

Subconfluent cells on coverslips were washed with PBS at 22’ and
then fixed for 30 mm at room temperature in PBS containing 4%
paraformaldehyde, pH 7.4. Coverslips were washed in PBS (2-3 mm),
dried by aspiration, and immersed in 100% anhydrous methanol at
-20’ for 4 mm. Coverslips were removed, allowed to dry, rinsed twice

in PBS, and then stored at 4#{176}in PBS containing 0.02% sodium azide.
Cells were stained within 2 weeks of fixation. To verify morphology,

cells were stained with hematoxyln and eosin as described (30).
Immunofluorescence staining and microscopy. Coverslips were

incubated in blocking buffer (22*) for 2 hr, followed by fresh blocking
buffer containing appropriate primary antibody for 1-3 hr (22*). The

primary antibodies in blocking buffer were filtered through a 0.45-sm

filter and used at 1-3 �sg/ml. Coverslips were rinsed with PBS and
washed with three changes ofTTBS+ for a total of45 mm. The washed

coverslips were rinsed with PBS and incubated for 1 hr at 22’ in PBS

containing GAR-TR (1/750 dilution). The final secondary antibody
solution was filtered before use as described above. Coverslips were
washed in TTBS+ as described above, rinsed extensively with distilled

water to remove all salt and detergent, and mounted onto glass slides

in 50% glycerol containing 2% n-propyl galate (Sigma). Once dry,

coverslips were sealed to slides with nail polish.
Fluorescence was observed with a Zeiss Axiophot microscope, using

the 568-nm filter. On average, 15-20 fields (5-20 cells each) were

evaluated on each slip, and three were photographed to generate the
raw data. Experiments were repeated at least three times. The intensity
of fluorescence varied between experiments but the pattern of staining

was always consistent. All cells were photographed and printed with

constant exposure times.

Electron microscopy. Cells were propagated on Permanox cham-

ben slides and fixed with para.formaldehyde as described above. Cells
were incubated in blocking buffer for 1-2 hr at 22’ and then incubated
with primary antibody (3 �g/ml) in blocking buffer for 16-24 hr at 4’.

Chamber slides were rinsed with PBS and washed for i hr with four
changes of TTBS+. Slides were then incubated for i6-24 hr at 4’ with

GAR-G (1/15 dilution) in PBS containing 5% normal goat serum.
Slides were washed in TTBS+ as described above and then fixed for
is mm with 1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.
Slides were washed in buffer and postfixed with 2% osmium tetroxide

for 30 mm. The slides were then washed with distilled water, dehydrated
in a graded series of alcohols, and infiltrated in a mixture of propylene

oxide and Eponate (Ted Pella, Redding, CA). After infiltration, each
Permanox slide was inverted on a slide-duplicating mold (Electron
Microscopy Sciences, Fort Washington, PA), filled with Eponate, and
polymenized at 60’ for 36 hr. The monolayer was immersed in liquid

nitrogen to separate it from the slide. Small areas of the monolayer
were cut out with a jeweler’s saw and glued onto an epoxy stub.

Monolayers were sectioned on a Reichert Ultracut E3 microtome
equipped with a diamond knife. Thin sections were examined unstained

or stained in an Hitachi H-7000 electron microscope operated at 75

kV.
Preparation of cell cytosol. Cytosol was prepared by two methods.

In method i, Hepa-i cells were detached from growth flasks by tryp-

sinization (0.05% trypsin/0.5 mM EDTA), washed twice with PBS, and

. �k�_ �:

Fig. 1. Western blot analysis of Hepa-1 cytosol. One hundred micrograms
of cytosol were resolved on 7.5% SDS-PAGE gels, transferred to nitro-
cellulose, and incubated with A-i (2 �g/ml), R-i (2 �g/ml), preabsorbed
A-i , preabsorbed R-1 , or preimmune rabbit lgG (2 ,zg/ml). Antibody
binding was visualized by staining of the blots with GAR-AP, as detailed
in Experimental Procedures. A, Lane 1 , WT Hepa-i cytosol stained with
A-i ; lane 2, type I Hepa-i cytosol stained with A-i ; lane 3, type II Hepa-
1 cytosol stained with A-i ; lane 4, WT Hepa-i cytosol stained with R-1;
lane 5, type I Hepa-i cytosol stained with R-i ; lane 6, type II Hepa-i
cytosol stained with R-i . B, Lane 1 , WT Hepa-i cytosol stained with
preabsorbed A-i ; lane 2, WT Hepa-1 cytosol stained with preabsorbed
A-i ; lane 3, WT Hepa-i cytosol stained with preimmune lgG; lane 4, 20
/Lg of WT Hepa-i cytosol stained with 1 �tg/ml A-i as control.

centrifuged at 1000 rpm. Typsinization was utilized so that cells could

be accurately counted and processed in small volumes of buffer. Cell
pellets were suspended to 1 x i08/ml in MENG supplemented with

molybdate (20 mM), EDTA (5 mM), and 2-mercaptoethanol (10 mM),
at 4’. Cells were homogenized with 50 strokes in a Dounce homogenizer

and centrifuged at iOO,000 x g for 1 hr at 4’. In method 2, cells were

harvested and washed as described above. Cells were suspended in i

volume of 2x lysis buffer (50 mM HEPES, pH 7.4, 2 mM dithiothreitol,

40 mM sodium molybdate, iO mM EGTA, 6 mM MgC12, 20% glycerol,

0.i mg/ml phenylmethylsulfonyl fluoride) supplemented with 2% Non-
idet P-40 and were gently tniturated. Suspensions were centrifuged at
1000 rpm and the supernatant was removed. Pellets (nuclei) were
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3 Richard S. Pollenz, unpublished observations.

washed twice with i X lysis buffer and suspended to the same volume

as the cytosol with ix lysis buffer. Nuclei were uniform in appearance

and no intact cells were observed by light microscopy. Nuclei were

briefly digested with DNase (0.02 mg/ml) for 5 mm at 4’ and then

sonicated for 30 sec. All samples were stored at -80’ until use.

SDS-PAGE and Western blotting. Protein samples were resolved
by denaturing SDS-PAGE on discontinuous polyacrylamide slab gels

and were electrophoretically transferred to nitrocellulose or polyvinyl-

idene difluoride membranes (Millipore) as described (6). The blot was

incubated with 0.i% Ponceau S (in i% acetic acid) to visualize protein

bands, washed in distilled water, and incubated in BLOTTO buffer for

1-2 hr at 22’. Blots were then washed in T’FBS, dried, and stored in
cellophane at 4’ . Immunochemical staining was carried out for 1-2 hr

at 22’ with varying concentrations of primary antibody in BLOTTO

buffer. Blots were washed with three changes of TTBS+ for a total of

45 mm. The blots were then incubated for 1 hr at 22’ in BLOTTO

buffer containing a i/5000 dilution of GAR-AP and were washed with

three changes of TTBS+ as described above. Color development was

performed with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl

phosphate as a reagent (30).

Results

Fig. 2. Immunofluorescence microscopy of Hepa-i cells stained for the
AhR. All cells were propagated in DMEM/5% FBS, fixed, and stained
with 1 �g/ml A-i and GAR-TR (1/750) unless otherwise noted. A, WT
Hepa-i cells; B, type I Hepa-i cells; C, WT Hepa-i cells stained with
preabsorbed A-i and GAR-TR (1/750); D, WT Hepa-1 cells stained with
preimmune lgG (1 ,zg/ml) and GAR-TR (i /750). Bar, 1 0 �m.

The A- 1 and R- 1 antibodies show high specificity for

Hepa-1 cell cytosol. The specificity of the R-1 and A-i

antibodies was determined by immunochemical staining of

Western blots of cytosolic fractions prepared from WT, type I,

and type II Hepa-1 cells. Previous reports indicated that Hepa-

1 cells express the Ah�� allele ofthe AhR, which has a molecular

mass of approximately 95 kDa (6, 24). The molecular mass of

human Arnt is approximately 87 kDa (18, 19). Fig. 1A shows

two identical blots, stained with either the A-i or R-i antibody.
The A-i antibody reacts predominantly with a protein of

approximately 95 kDa in WT and type II cytosol (Fig. 1A, lanes

1 and 3) and shows reduced immunoreactivity with type I

cytosol (Fig. 1A, lane 2). WT Hepa-1 cytosol stained with

preabsorbed A-i or preimmune IgG (Fig. iB, lanes 2 and 3,

respectively) shows minimal immunoreactivity. To confirm

that the A-i antibody reacts with authentic AhR, WT Hepa-i

cytosol was photoaffinity labeled with 2-azido-3-[’251]iodo-7,8-

dibromodibenzo-p-dioxin, as described previously (3i). The

protein recognized by A-i is specifically labeled in these exper-
iments (data not shown).

The R-i antibody primarily stains a protein that migrates

slightly faster than the AhR in both WT and type I cytosol
(Fig. iA, lanes 4 and 5). The cytosol from type II cells shows

reduced immunoreactivity (Fig. iA, lane 6), consistent with the

idea that these cells have a defect in Arnt. WT Hepa-i cytosol

stained with preabsorbed R-i also shows minimal immuno-

reactivity (Fig. 1B, lane 4). Further confirmation of R-i speci-

ficity is its ability to precipitate the AhR-Arnt heterodimer

from TCDD-treated cytosol and to produce a “supershift” when

included in gel-shift assays with nuclear extracts of TCDD-

treated WT Hepa-i cells (20).�

The unliganded AhR is localized to the cytoplasm in

WT Hepa- 1 cells. WT Hepa-1 cells fixed and then stained

with the A- 1 antibody show intense punctate fluorescence

throughout the cytoplasm and exhibit minimal nuclear staining
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(Fig. 2A).4 Type I cells stained under identical conditions

exhibit markedly diminished cytoplasmic fluorescence, consist-

ent with their reduced expression of the AhR (Fig. 2B). Group

B cells stained with A-i also show a significant decrease in
cytoplasmic fluorescence (data not shown). To confirm that

the cytoplasmic staining is specific for the A-i antibody, WT
Hepa-i cells were stained with preabsorbed A-i (Fig. 2C) or

preimmune IgG (Fig. 2D). Cells stained under these conditions
show minimal fluorescence.

The AhR shows a dramatic redistribution to the nu-

cleus in WT Hepa- 1 cells treated with agonists. WT
Hepa-1 cells were treated with various AhR agonists, fixed, and
then stained with the A-i antibody. Cells fixed immediately

after treatment with 2 nM TCDD (time 0) exhibit intense
punctate fluorescence primarily in the cytoplasm (Fig. 3A).
With increasing duration of TCDD exposure, there is a pro-
gressive decrease in the cytoplasmic fluorescence and a concom-

itant increase in nuclear fluorescence (Fig. 3, B-E). After 120
mm ofTCDD treatment (Fig. 3E), the nucleus shows an intense
uniform pattern of fluorescence, whereas the cytoplasmic stain-

ing approaches the background level observed in cells stained
with preimmune IgG (see Fig. 2D). When WT Hepa-1 cells are

treated with other agonists such as 3,4,5,3’,4’,5’-hexabromo-

biphenyl or 3,4,3’,4’-tetrachlorobiphenyl (Fig. 4, A and B,
respectively), the A-i staining is also localized to the nucleus

and cytoplasmic fluorescence is diminished. WT Hepa-1 cells
treated with inactive congeners such as 2,4,5,2’,4’,5’-hexabro-

mobiphenyl, 2,3,2’,3’-tetrachlorobiphenyl, or 2,7-dichlorobi-
benzo-p-dioxin (Fig. 4, C, D, and E, respectively) exhibit punc-
tate cytoplasmic fluorescence and minimal nuclear staining.
These compounds do not induce P45OiAi activity in structure-

activity studies (32). In addition, when WT Hepa-i cells are

treated with TCDD for 90 mm at 4#{176},the A-i staining remains
cytoplasmic (Fig. 4F; compare with DMSO-treated cells in Fig.

4G and TCDD-treated cells at 37#{176}in Fig. 4H).
Arnt is localized to the nucleus in WT Hepa- 1 cells.

WT Hepa-i cells fixed and then stained with the R-1 antibody

show intense nuclear fluorescence and minimal cytoplasmic

fluorescence (Fig. 5A). The nuclear fluorescence appears uni-

form, is excluded from nucleolar regions, and does not appear

to be concentrated at nuclear membranes. Type II cells stained

with R-i show a significant decrease in the level of nuclear

fluorescence, compared with WT Hepa-1 cells, but generally

exhibit a similar level of cytoplasmic staining (Fig. 5D). Similar
results are observed when group C cells are stained with R-1.5
WT Hepa-i cells stained with preabsorbed R-i also show

markedly reduced nuclear fluorescence (Fig. 5E). WT Hepa-1

cells stained with preimmune IgG exhibit a low level of cyto-

Fig. 3. Immunofluorescence microscopy of WT Hepa-i cells after treat-
ment with TCDD and staining for the AhA. WT Hepa-i cells were
incubated at 37#{176}with TCDD (2 nM) for the indicated intervals, fixed, and
then stained with A-i (1 �g/ml) and GAR-TA (i/750). A, 0 mm; B, i 5
mm; C, 30 mm; D, 60 mm; E, 120 mm. Bar, iO �m.

4 The description of fluorescence levels is objective and based on the observa-
tion of >1000 untreated WT Hepa-1 cells. In every intact cell, the majority of
fluorescence was always present in the cytoplasm, although varying levels of

reactivity could be observed in the nuclear compartment. Because the level of
nuclear reactivity was always very low, it was not possible to clearly determine

its significance. It should be noted that the photographs represent two-dimen-

sional images of three-dimensional structures and that the volume ratio of
cytoplasm to nucleus is approximately 9:1. We do not discount the possibility
that a small number of AhRs are present in the nuclear compartment.

5 Richard S. Pollenz, unpublished observations.
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Fig. 4. Immunofluorescence microscopy of WT Hepa-i cells after staining for the AhR after different treatments. WT Hepa-i cells were treated for
90 mm at 37#{176}(unless otherwise noted), fixed, and stained with A-i (1 �zg/ml) and GAR-TR (i /750). A, 250 n� 3,4,5,3’ ,4’ ,5’-hexabromobiphenyl
treatment; B, 250 nM 3,4,3’ ,4’-tetrachlorobiphenyl; C, 250 n� 2,4,5,2’ 4’ ,5-hexabromobiphenyl; D, 250 n� 2,3,2’ ,3’-tetrachlorobiphenyl; E, iO np,i
2,7-dichlorodibenzo-p-dioxin; F, 2 n�i TCDD for 90 mm at 4#{176};G, vehicle control (0.i% DMSO); H, 2 n� TCDD for 90 mm at 37#{176}.Bar, 10 �m.

plasmic fluorescence, which is similar to that observed in cells cells are incubated with FBS or when phenol red is included in

stained with R-i (Fig. 5F). the medium (33). To investigate these findings with respect to

Previous studies suggest that the glucocorticoid receptor the location of Arnt, WT Hepa-i cells were stained with R-i

redistributes from the cytoplasm to the nucleus when cultured after growth in modified DMEM. The nuclear staining is not
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Fig. 5. Immunofluorescence microscopy of WT Hepa-1 cells stained for Arnt. WI Hepa-i cells were propagated in DMEM/5% FBS (or as noted),
fixed, and stained with 3 �g/ml R-i and GAR-TR (i /750). A, WT Hepa-i cells; B, WT Hepa-i cells grown in DMEM/5% absorbed FBS; C, WT Hepa-
1 cells grown in DMEM/5% absorbed FBS without phenol red; D, type II Hepa-i cells; E, WI Hepa-1 cells stained with preabsorbed A-i and GAR-
TA (i /750); F, WT Hepa-i cells stained with preimmune lgG (3 �g/ml) and GAA-TA (1/750); G, WT Hepa-i cells treated with 2 flM TCDD for 90 mm
at 37#{176};H, WT Hepa-i cells treated with 250 n� 3,4,5,3’ 4’ ,5’-hexabromobiphenyl for 90 mm at 37#{176};I, WT Hepa-i cells treated with 250 n�i
3,4,3’,4’-tetrachlorobiphenyl for 90 mm at 37#{176}.Bar, iO �m.

diminished when cells are grown in medium supplemented with
charcoal-absorbed FBS either in the presence or in the absence
of phenol red (Fig. 5, B and C, respectively). The R-1 staining

also remains nuclear when Hepa-i cells are propagated for 2
hr in the absence of FBS (data not shown). To investigate the
influence of various AhR agonists on the distribution of Arnt,
WT Hepa-i cells were incubated with TCDD, 3,4,5,3’,4’,5’-
hexabromobiphenyl, or 3,4,3’,4’ -tetrachlorobipheyl (Fig. 5, G,

H, and I, respectively) and stained with R-i. These treatments
do not influence the distribution or intensity of the nuclear
fluorescence.

The AhR translocates to the nucleus in type II and
group C cells after TCDD treatment. Previous reports
indicated that, after [3H]TCDD treatment of type II or group
C Hepa-i cells, the AhR is not recovered in nuclear fractions

as it is in [3HJTCDD-treated WT Hepa-1 cells (27-29). To

investigate these observations, type II and group C cells were

treated with TCDD, fixed, and then stained with A-i as de-
scribed in Experimental Procedures. At time 0 (Fig. 6A), type
II cells exhibit punctate fluorescence primarily in the cyto-
plasm. After TCDD treatment, the cytoplasmic fluorescence
decreases in a time-dependent manner and the nuclei of the
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Fig. 6. Immunofluorescence microscopy of type II and group C Hepa-i cells after treatment with TCDD and staining for the AhA. Cells were
incubated at 37#{176}with TCDD (2 nM) for the indicated intervals, fixed, and then stained with A-i (i �g/ml) and GAA-TA (1/750), unless otherwise
noted. A-D, Type II variants; E and F, group C variants. A, 0 mm; B, 30 mm; C, 60 mm; o, stained with preimmune lgG (1 �tg/ml); E, 0 mm; F, 60
mm. Bar, 10 �m.

cells show a concomitant increase in fluorescence (Fig. 6, B and
C). One hour after TCDD treatment (Fig. 6C), the staining
pattern approximates that observed in WT Hepa-i cells treated

with TCDD (compare with Fig. 4E). Group C variants also

show a dramatic redistribution of the AhR from cytoplasm to
the nucleus after TCDD treatment (Fig. 6, E and F).

Evaluation of AhR and Arnt distribution in WT Hepa-
i cells by electron microscopy. The distribution of AhR

and Arnt in the cytoplasm and nucleus was evaluated further

by electron microscopy using immunogold-labeled secondary

antibodies. The AhR is primarily localized in the cytoplasm of
untreated cells and does not appear to be associated with

cytoskeleton, intracellular vesicles, or endoplasmic reticulum

(data not shown). After treatment with TCDD, there is a

significant increase in gold labeling of the nuclear compartment

and a concomitant loss of staining in the cytoplasm. AhR

staining is uniform throughout the nucleus but is not associated

with membranes, nuclear pores, or nucleolar regions. Arnt
staining is predominantly nuclear and does not exhibit signifi-

cant changes in distribution when cells are treated with TCDD
(data not shown). To investigate the association of Arnt with

structures known to be involved in nuclear transport (34),

nuclear membranes were evaluated at high magnification. Fig.

7 shows a section cut through the nuclear membrane to expose

the nuclear pore complexes (Fig. 7, arrows). R-i does not stain

these structures and is not found associated with any of the

nuclear membranes.

The AhR and Arnt distribute into the same subcellular
compartments when cells are fractionated. In view of the
electron microscopy and immunofluorescence results, it was

pertinent to assess the subcellular distribution of the AhR and

Arnt by biochemical fractionation methods. WT and type II

Hepa-i cells were disrupted in buffer containing Nonidet P-40,
and cytosol and nuclear fractions were prepared as described

in Experimental Procedures. Cytosolic and nuclear fractions

equivalent to the same quantity of cells were separated by SDS-

PAGE and analyzed by Western blotting.
Fig. 8A shows a Western blot of WT and type II Hepa-i cell

fractions stained for the AhR. In vehicle-treated cells, the

majority of the AhR is present in the cytosolic fraction (Fig.

8A, lanes 1 and 2). After treatment with TCDD, the relative
amount of AhR detected in the cytosol appears unchanged, in

comparison with untreated cells, but a small amount of AhR is

detected in the WT Hepa-i nuclei (Fig. 8A, lanes 3 and 4). The

AhR is not detected in the nuclei of TCDD-treated type II cells

(Fig. 8A, lane 6). Fig. 8B shows an identical blot stained for

Arnt. As observed with the AhR, the majority of Arnt is found

in the cytosolic fraction of vehicle-treated WT Hepa-i cells
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A)

1234
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68 -
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Fig. 7. Nuclear pore complexes stained for Arnt. WT Hepa-i cells were
fixed and stained with 3 �g/ml A-i , followed by GAR-G (i/i 5). Sections
were processed for electron microscopy and stained with uranyl acetate
as described in Experimental Procedures. Arrows, nuclear pore corn-
plexes. Note lack of immunogold staining of these structures and the
nuclear membrane. Bar, 0.5 zm.

(Fig. 8B, lanes 1 and 2). When WT Hepa-i cells are treated
with TCDD, the majority of Arnt is detected in the cytosol, but
a fraction of the protein is also detected in nuclei (Fig. 8B,
lanes 3 and 4). Cytosol and nuclei prepared from type II cells
do not exhibit significant Arnt staining (Fig. 8B, lanes 5 and
6).

Discussion

The AhR and Arnt reside in distinct subcellular com-
partments in Hepa- i cells. The current model of gene acti-
vation by the AhR hypothesizes that the AhR is complexed

97-

68-

Fig. 8. Western blot analysis of WT and type II subcellular fractions. WT
and type II cells were treated with vehicle or TCDD (2 nM) for 90 mm,
and cytosolic and nuclear fractions were prepared. Cytosolic fractions
(i 00 �g of protein) and nuclear fractions (approximately 30 �g of protein)
equivalent to the same number of cells were resolved by SDS-PAGE,
blotted to nitrocellulose, and stained as described in Experimental Pro-
cedures. A, Blot stained with 2 ,&g/ml A-i . Lane 1 , cytosol from vehicle-
treated WT cells; lane 2, corresponding nuclei from WT cells; lane 3,
cytosol Vom TCDD-treated WT cells; lane 4, corresponding nuclei from
TCDD-tr4.ated WT cells; lane 5, cytosol from TCDD-treated type II cells;
lane 6, corresponding nuclei from TCDD-treated type II cells. B, Western
blot stained with 2 �g/ml A-i . Lanes 1-6, same as in A.

with hsp90 in the cytoplasm, where it binds to an agonist. The

AhR then dissociates from hsp90, undergoes a poorly under-

stood activation event, and binds with Arnt, and this ligand-

bound heterodimer specifically recognizes the DREs in target

genes to regulate transcription (2). These events have been

studied largely in vitro using disrupted cell fractions; therefore,
the subcellular location of the AhR and Arnt in vivo, the

location of their interaction, and the function of Arnt in nuclear
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6 Richard S. Pollenz, unpublished observations.

translocation mechanisms are not known. In this report, we

have examined these questions in Hepa-i cells using affinity-

purified polyclonal antibodies specific to the AhR and Arnt.

The results show that, in the absence of any added agonist, the

AhR is primarily localized in the cytoplasm of Hepa-i cells,
whereas Arnt appears to be localized in the nucleus. Despite
the differential localization of the two proteins, a significant

fraction of the AhRs appear to translocate to the nucleus after

treatment with TCDD, 3,4,5,3’,4’,5’-hexabromobiphenyl, or

3,4,3’,4’-tetrachlorobiphenyl. These agonists do not appear to

affect the nuclear localization of the Arnt protein.

The validity of these results is dependent on the specificity
of the prepared antibodies and the specificity of the immuno-

fluorescence staining. The A-i (anti-AhR) and R-i (anti-Arnt)

antibodies used in these experiments are affinity-purified IgG

fractions produced against bacterially expressed fusion pro-

teins, and their specificity is supported by a number of experi-

ments. First, the A-i and R-i antibodies recognize a single

protein species in WT Hepa-i cell cytosol, as determined by
Western blot analysis. Second, the A-i and R-i antibodies
react poorly with cytosol and whole-cell lysates prepared from

type I and type II cells, respectively. These results correlate

with the immunofluorescence data, which show that type I cells

have reduced AhR staining and type II cells stain poorly for

Arnt. Third, both the A-i and R-i antibodies can be used to
precipitate AhR-Arnt heterodimers from TCDD-treated cyto-

sol, and the antibodies specifically cause supershifts when

incubated with AhR-Arnt heterodimers in gel-shift assays.

The finding that Arnt is primarily localized in the nucleus is

supported by the finding that the Arnt protein contains an
amino acid sequence near its amino terminus that could serve
as a nuclear localization signal (Arg-Ala-Ile-Lys-Arg-Arg-Pro;

amino acids 39-45) (19). Interestingly, the AhR also contains

an amino-terminal basic sequence (Arg-Lys-Arg-Arg-Lys-Pro;
amino acids i2-i7) (23, 24), but it is localized in the cytoplasmic

compartment in the unliganded state. The cytoplasmic location

of the AhR may be the result of its association with hsp90 (9-

ii); hsp9O is thought to function in masking the nuclear tar-

geting site or “tethering” the unliganded glucocorticoid receptor

in the cytoplasmic compartment (33, 35). It is not known
whether Arnt is bound to other proteins in the absence of

liganded AhR, but these results suggest that Arnt complexes
with the liganded AhR in the nuclear compartment and not the

cytoplasm.

Hepa- 1 cell lines defective in Arnt protein exhibit
TCDD-mediated nuclear localization of the AhR. Type II
and group C Hepa-i cell variants are characterized by i) normal

binding of radioligand to the AhR in the cytosolic fraction in

vitro, 2) failure ofAhR agonists to induce cytochrome P45OiAi,
and 3) failure to detect the AhR in the nuclear fraction of
disrupted cells after [3H]TCDD treatment (27-29). The arnt
gene was isolated after complementation of the defect in group

C cells and partial restoration of TCDD-mediated P45O1A1
induction and nuclear localization of the AhR (18). It has

subsequently been shown that the Arnt protein is a component
of the complex that contains the liganded AhR and specifically
binds to DREs (i9-2i). The function of Arnt in nuclear trans-

location mechanisms has not been formally evaluated.
In this report we have used immunofluorescence microscopy

to demonstrate that the AhR accumulates in the nucleus of

TCDD-treated type II and group C Hepa-i cells (which express

minimal levels of Arnt protein), in a manner indistinguishable

from that of WT Hepa-i cells. However, when the nuclear

fraction from TCDD-treated type II cells is evaluated by West-

em blot analysis the AhR is not detected, and the AhR is found

in the cytosolic fraction. Similarly, WT Hepa-i cells treated

with TCDD exhibit intense AhR and Arnt staining in the

nucleus by immunofluorescence, but upon cell fractionation
and Western blot analysis only a small fraction of total AhR

and Arnt is detected in the nucleus. These results suggest that

the majority of AhR and Arnt redistribute from the nuclei

during fractionation. This explanation is supported by the

observation that we detect the 200-kDa subunit of RNA polym-

erase in cytosolic fractions prepared by a number of methods6

and previous reports that suggest that up to 95% of nuclear

proteins can redistribute during biochemical fractionation of

cells (36). The problem of artifactual redistribution of proteins

has long been investigated with respect to the steroid hormone

receptors, and it required immunohistochemical evaluation of

cells and tissues to resolve their location (Refs. 37-39 and

references cited therein). Collectively, these results suggest that

the components involved in the nuclear translocation of the

AhR are functional in type II and group C cells, and they also

suggest that the Arnt protein does not function in nuclear

translocation mechanisms. It would appear that both the li-

gand-bound AhR and Arnt are required for the retention of

these proteins in the nuclear compartment after subcellular

fractionation but only a minor fraction of the total AhR or
Arnt protein remains tightly associated with nuclear structures.

Implications. The amino acid sequences deduced from

cDNA for the mouse AhR (23, 24) and human Arnt (19) show

that both proteins contain a bHLH motif identified in proteins

that bind DNA and require dimerization for function (22).

Other proteins that contain bHLH motifs include E12, E47,

daughterless, and those in the MyoD family (MyoD, myogenin,

etc.). Recent data suggest that proteins that contain distinct

dimerization domains can associate with each other to influence

the regulation of various genes. For example, it has been

reported that functional interactions can occur between MyoD

and c-Jun (40), the Fos/Jun and ATF/CREB families (41), and

the glucocorticoid receptor and c-Jun (42). It is intriguing to

speculate that the AhR and Arnt may interact with additional

proteins and that their subcellular location may influence the

types of interactions that can occur. The identification of novel

AhR and Arnt protein interactions may provide clues pertain-

ing to the pleiotropic response observed in different animal

species after exposure to TCDD and other halogenated aro-

matic hydrocarbons.
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