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ABSTRACT

The 3-methylcholanthrene-transformed tumorigenic cell line, MCA-
C3H/10T1/2 CL1S (MCA), expresses the novel benz(a Â»anthracene(BA)-
inducible polycyclic aromatic hydrocarbon-metabolizing cylochrome
P-450 (P-450-EF). The level of expression is comparable to that reported

for the nontumorigenic C3H/10T1/2 CL8 (10T1/2) cells (Pottenger, L. H.,
Christou, M., and Jefcoate, C. R. Arch. Biochem. Biophys., 286: 488-497,
1991). Sarcomas (3-12 mm in diameter) generated in athymic "nude" mice

by S.C. injection of MCA cells exhibited much lower 7,12-dimethylbenz-
(a(anthracene-metabolizing activities (5-15% of the levels in cultured

cells), both constitutively and after in vivo treatment with BA. A sharp
decrease in P-450-EF expression was observed both at the functional level
(10- to 30-fold) (as determined by antibody inhibition studies) and at the
apoprotein level (50- to > 100-fold) (as determined by Western iminuno-
blots). However, in contrast to the BA-treated MCA cells in which
P-450-EF comprises essentially the total spectrally detectable P-450 con
tent (~30 pmol/mg) with virtually undetectable cytochrome I' 4501 VI.

tumors from these cells expressed substantial levels of P-4501A1 Â¡niinun-
odetectable protein in response to BA treatment (â€”0.5-3 pmol/mg). In

these tumors, P-450-EF expression decreased to undetectable or barely
detectable levels i 0.2-0.5 pmol/mg). P-4501Al-expressing cells were lo

calized in tumor sections immunocytochemically and were morphologi
cally identical to other MCA cells, which formed the majority of the
sarcoma. At the functional level, antibody inhibition studies and product
ratios demonstrated that P-4501A1 accounted for only 40% of the total
dimethylbenz(a)anthracene-metabolizing activity of BA-induced tumor
microsomes, whereas the remaining activity was due to P-450-EF. This low
catalytic activity for P-4501A1 (35-95 pmol/mg/h) indicated that the ma
jority of BA-inducible P-4501A1 in the tumors (>95%) was expressed as
apoprotein. The contribution from P-450-EF was consistent with full ex
pression of hemoprotein. Tumor size affected the total dimethylbenz(a)-
anthracene-metabolizing activities/mg microsomal protein (small tumors
were 2- to 3-fold more active than large tumors) but had no effect on the
ratio of activities dependent on, respectively, P-450-EF and P-4501A1

holoenzymes (1.5:1), thus suggesting controlled coexpression of these pro
teins. Reculturing of tumor-derived cells effected partial restoration of
P-450-EF expression and eliminated the expression of P-4501A1, confirm

ing a unique contribution from tumor environment to the regulation of
these genes. Possible mechanisms for an environment-dependent con
certed regulation of the P-4501A1 and P-450-EF genes are discussed.

INTRODUCTION

The mouse embryo-derived cell line 10T1/23 (1) is readily trans

formable to the malignant phenotype by PAH procarcinogens without
addition of an exogenous activating enzyme source (2, 3). This trans-
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formation has been shown to be dependent on the generation of
specific reactive intermediates (4, 5), which include predominantly the
"bay region dihydrodiol epoxides" of each PAH (6, 7). This metabolic

activation pathway is multistep and requires 2 separate cytochrome
P-450-dependent mono-oxygenations with an intermediate hydration
by microsomal epoxide hydratase. The mono-oxygenations occur at

specific sites on, respectively, the parent hydrocarbon and the subse
quently formed dihydrodiol, which is referred to as the "proximate
carcinogen."

Xenobiotic-metabolizing cytochrome P-450 isozymes have been

grouped into 4 families and at least 12 subfamilies based on the extent
of homology between the nucleotide sequences of the corresponding
genes (8). Examination of the PAH-metabolizing activities of several
cytochrome P-450 isozymes (9) demonstrated that CYP1A1, the ma
jor PAH-inducible form in rodent liver and extrahepatic tissues (10),
as well as hepatoma-derived cell lines (11), is typically the most
active. P-4501A1 is, however, very ineffective in catalyzing the 3,4-

epoxidation of DMBA (9), a pathway that is very prominent in 10T1/2
cells (12) and is known to be the crucial first step in the metabolic
activation of this potent carcinogen (13, 14).

Earlier work from this laboratory indicated that the positional se
lectivity for BP metabolism in PAH-treated transformable 10T1/2

cells was distinct from that observed in similarly treated rodent liver
and lung (15). Primary mouse and hamster embryonic cells also
exhibit this distinctive pattern of metabolism (16). More recently,
detailed studies by Pottenger and Jefcoate (12) established that the
major PAH-metabolizing cytochrome P-450 in 10T1/2 cells, tempo
rarily denoted as P-450-EF, was indeed distinct from P-4501A1 with
regard to its relative inducibility by BA versus 2,3,7,8-tetrachlorod-
ibenzo-/)-dioxin (BA > 2,3,7,8-tetrachlorodibenzo-/>-dioxin) and also

its positional selectivity for metabolism of both BP and DMBA. Most
notably, unlike P-4501A1, P-450-EF effectively catalyzed DMBA-
3.4-diol formation (â€”25%of total metabolites), as compared to <2%
in BA-induced HepalclcV (Hepa-1) cells. Partial purification and
subsequent extensive immunochemical characterization of P-450-EF,
recently described by our laboratory (17), clearly demonstrate a PAH-
inducible M, 55.000 protein that is distinct not only from P-4501A1
and P-4501A2 but also from members of several other known P-450
families (P-450II-IV, XXVII, and XXI). This P-450-EF protein is,
however, immunochemically closely related to a M, 57,000 adreno-
corticotropin-inducible cytochrome P-450 from rat adrenal mi
crosomes (P-450-RAP), recently purified and characterized in our
laboratory (18). The classification of both P-450-EF and P-450-RAP
within an existing or novel P-450 family is pending cDNA-sequence

information that is currently being investigated.
Tumors frequently express lower levels of mixed-function oxidase

activities than the normal tissue. In particular, it is well documented
that hepatic nodules and liver tumors typically exhibit decreased lev
els of cytochrome P-450-mediated enzyme activities (19, 20). The

precise mechanisms underlying these biochemical changes have been
difficult to elucidate, in large part because of the complexity of en
zymes and the cellular heterogeneity typically found in an organ in the
i/i vivo setting. Earlier studies in our laboratory indicated that the
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pattern of BP metabolism in a transformed cell line derived from
MCA-treated 10T1/2 cells was similar to that in the parental cell line

(15). These data strongly suggested that, similar to our findings in
10T1/2 cells (21), P-4501A1 remains undetectable in the chemically

transformed cells.
The present study investigates whether the dominant expression of

P-450-EF relative to P-4501A1, consistently observed in cultured

MCA cells following PAH induction, is maintained in tumors arising
from these cells. We present evidence that MCA cells in the tumor
exhibit a sharp decrease in the expression of P-450-EF that is, how
ever, concomitant with a switching on of P-4501A1 expression.

MATERIALS AND METHODS

Chemicals. (3H]DMBA was obtained from Amersham Radio-

chemicals (Arlington Heights, IL) and purified by reverse-phase
HPLC freshly before use. Unlabeled DMBA, BA, and reaction co-

factors were purchased from Sigma Chemical Co. (St. Louis, MO);
HPLC grade methanol was from Baker/Mallinckrodt; nitrocellulose
and materials for gel electrophoresis were from Bio-Rad Laboratories

(Richmond, CA); enhanced chemiluminescence detection kit was
from Amersham Corp. (Arlington Heights, IL).

Cell Cultures and Microsome Preparation. 10T1/2 and MCA
cells were provided by Dr. C. R. Reznikoff (Department of Human
Oncology, University of Wisconsin, Clinical Cancer Center, Madison,
WI) and grown in Dulbecco's modified Eagle's/F12 (1:1; GIBCO)

supplemented with 10% fetal bovine serum (Gemini), 2 min
L-glutamine (Sigma), and the antibiotic gentamicin sulfate (Sigma).
Cell stocks were frozen in the same media with 10% dimethyl sul-
foxide and kept in liquid nitrogen. New cultures were initiated in T-25
tissue culture flasks in humidified incubators with 5% CO2 at 37Â°C.

10T1/2 cells were passaged at ~80% confluence, whereas MCA cells
were passaged 4-7 days postconfluence. For induction studies and

microsome isolation, both 10T1/2 and MCA cells were grown in
multiple 150-cm2 tissue culture flasks to â€”¿�80%confluence. MCA

cells that are not contact-inhibited were also grown to 4 and 11 days

postconfluence. The various cell cultures were then treated with either
dimethyl sulfoxide (0.1%) or BA (10 UM)for 24 h. For dose-response

studies, cells were treated with doses of BA ranging between 3 and 30
UM.Microsomes were prepared from each set of cells, as described
previously (12). For tumor generation, MCA cells were grown to 4
days postconfluence and harvested with trypsin/EDTA (Sigma).

Tumors and Tumor-derived Cells. Tumors were generated by
s.c. injection of 6-week-old female athymic (nude) mice with MCA
cells at 2 sites (dorsal and/or ventral; 5 X IO6 cells/site). Detectable
tumors (~2 mm in diameter) were formed within 3 weeks of injection.

The tumors tested varied in size but were classified either as small (up
to 6 mm in diameter) or large (9-12 mm in diameter). For in vivo
induction studies, tumors were treated by direct injection of BA (~1

mg in 150 ul corn oil) for 3 days. Quantitation of the residual levels
of BA in microsomes from several treated tumors and direct compar
ison to the BA levels in microsomes from maximally induced cultured
MCA cells confirmed that this method provided an effective and
reproducible means of exposing tumor cells to a sufficient concentra
tion of BA. In contrast, administration of BA i.p. (75 mg/kg in corn
oil) yielded variable levels of BA in the tumor cells and was therefore
not used beyond the preliminary stage. The last injection was given 24
h before sacrifice of the nude mice by cervical dislocation. The tumors
(untreated or BA-induced) were excised, cleared of skin and other

connective tissue, pooled, and subfractionated to microsomes using
published procedures (12). For the culturing of tumor-derived cells,

tumors were removed aseptically, minced finely, and layered over

rat-tail, collagen-coated plates (T-100). The tumor expiants were cov
ered with fully supplemented Dulbecco's modified Eagle's/F12 media
and placed in a humidified incubator with 5% CO2 at 37Â°C.Media

were replaced every 2 days. When adequate numbers of cells had
grown out of the expiants (7-10 days), cells were harvested using
0.1% EDTA in Hanks' balanced salt solution without Ca2 + or Mg2 +

and seeded in T-25 plastic flasks. The various tumor-derived cell lines
were passaged 3-5 times, and cell stocks were frozen in liquid nitro
gen. For microsome preparation, tumor-derived cells were seeded in
multiple 150-cm2 flasks, as described above for MCA cells. Both
MCA and tumor-derived cells yielded 1-2 mg microsomal protein/107

cells.
Antibodies. Chicken anti-P-450-EF and anti-P-4501 Al IgG were

isolated in our laboratory from eggs of chickens immunized with
partially pure P-450-EF (17) and pure P-4501A1. as described previ
ously (22). Rabbit anti-P-450-RAP and anti-P-4501 Al were prepared

in our laboratory, as described previously (9, 18).
DMBA Metabolism and Antibody Inhibition Studies. DMBA

metabolite profiles were determined for untreated and BA-treated
10T1/2 and MCA cell microsomes, untreated and BA-induced tumor
microsomes, and tumor-derived cell microsomes. Typical incubations

were carried out with 0.5 mg microsomal protein/ml reaction and a
standard cofactor mixture (12). Reverse-phase HPLC separation of

DMBA metabolites was accomplished using a C,Â«column (Alltech)
and a linear gradient from 50-100% methanol (23). Metabolites were
detected using a time-programmable, variable-wavelength Waters 470

scanning fluorescence detector (Millipore) that enabled optimization
of conditions for maximum sensitivity of detection of each DMBA
metabolite. The conditions used were as follows: The excitation wave
length was set at 268 nm for the duration of the gradient. The emission
wavelength was set at 395 nm for the first 30 min of the gradient and
changed to 478 nm between 30 and 38 min (for detection of DMBA
3,4-diol) and then to 415 nm between 38 and 50 min. The residual

levels of BA in both cell and tumor microsomes were quantitated at
395 nm. Fluorescence data were analyzed using System Gold Soft
ware via a System Gold Analog Interface Module 406 (Beckman). UV
data were generated by a Beckman System Gold programmable De
tector Module 166.

Inhibition of metabolism by chicken antibodies to P-450-EF and
P-4501A1 and rabbit antibodies to P-450-RAP and P-4501A1 was

studied by addition of IgG concentrations that effected maximal in
hibition of each enzymatic activity relative to preimmune IgG. These
concentrations were predetermined by dose-response studies and were
as follows: For chicken anti-P-450-EF, 5 mg/mg; for chicken anti-P-
4501 Al, 5 mg/mg; for rabbit anti-P-450-RAP, 18 mg/mg; and for
rabbit anti-P-4501 AI, l mg/mg.

Table I Comparison of DMBA metabolism by preneoplastic and MC/^-transformed
(neoplasie) 7077/2 cells in log-pluise growth

DMBA metabolite(pmol/mg/h)''Cell

line/
treatment"10TI/2

UT1

BAMCA

UT
BADihydrodiols5,6-4

403358,9-171451212Ãœ10,11-37370323103,4-6046042415Phenols

'9865563570Tolal216Â±35

1670 Â±180152

Â±25
1450 Â±200

"Cells were treated with either dimethyl sulfoxide (0.19r) or BA (10 uM) for 24 h.
' Data represent the means Â±SEM of 5 separate experiments. Each experiment utili/ed

microsomes prepared from separate cell cultures. With both cell types, the 7-hydroxy-
methyl derivative of DMBA (7HOMMBA) was not formed at detectable levels Â«0.5
pmol/mg/h) and is. therefore, not listed.

' Total identifiable DMBA phenols, which include 2-. 3-, and 4-OH DMBA.
'' UT. untreated.
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Fig. I. Relative levels of expression of P-450-EF immunoreactive protein atier Western
immunoblotting (A ) and total DMBA metabolism IB) in untreated (UT) and/or BA-treated

IOTl/2 cells (lop phase growth) and MCA cells at different stages of growth. SC,
subconfluent; C, confluent; PC, postconfluenl. A, microsoma! protein loads were 4 ug/
liint1. Immunoreactive hands were visualized using the enhanced chemiluminescence
staining procedure, as described in "Materials and Methods." ft. mean Â±SEM of duplicate

determinations from 2 to 3 separate experiments.

Western Immunoblots. Microsomal proteins were separated by
SDS-PAGE using 7.5% gels of 0.75 mm according to the method of

Laemmli (24). Proteins were then transferred to nitrocellulose using a
Hoeffer TE51 Transphor Apparatus at a setting of 300 mA for 2 h.
Visualization of immunoreactive proteins was accomplished using the
enhanced chemiluminescence detection method (Amersham), as de
scribed by the manufacturer. Immunoreactive proteins were quantified
by scanning with a Zeineh model SL-504 soft laser densitometer.

Histochemistry and Immunocytochemistry. After cervical dis
location of the nude mice, tumors were excised in foto. Sagittal
3-mm-thick slices, including skin and peritoneal wall, were immersion
fixed in Bouin's fixative (25) overnight and paraffin embedded

(64 cycle). Sections were histochemically reacted with 10% Giemsa,
0.2% toluidine blue-O, 0.2% oil red-O, and hematoxylin and eosin
to evaluate morphology and cellular composition. For immunocyto-
chemistry. serial paraffin sections (5 urn) from untreated and BA-
treated tumors were dewaxed with xylene and inhibisol ( I, I, I-trichlo-

roethane). Background was blocked with 0.3% H2O2 and normal goat
serum ( 1:30). The sections were then incubated overnight at 4Â°Cwith

rabbit anti-P-450lAl or rabbit anti-P-450-EF at 200 ug/ml. The per-

oxidase antiperoxidase method (26) with nickel intensification (27)
was then applied using goat anti-rabbit serum at 1:50. peroxidase

antiperoxidase complex (Miles) at 1:200, and reaction with a
diaminoben/.idine/nickel substrate for visualization of immunoreac
tive cells. Specificity controls included replacement of the primary
IgG with normal preimmune rabbit IgG and preabsorption of the
primary anti-P-4501Al IgG with 10 and 50 ug of pure P-4501A1
protein. Immunoreactivity in lung Clara cells of MCA-treated rats was
used as a positive control for P-4501A1 (28).

RESULTS

Expression of P-450-EF in MCA Cells. Chemically transformed
MCA cells, in log-phase growth, consistently exhibited DMBA-me-

tabolizing activities comparable to those observed in the transform
able 10TI/2 cells, in terms of both total catalytic activities and product
distribution (Table I). The BA inducibility of DMBA metabolism
(8- to 10-fold) was also unchanged in the MCA cells and maintained
the same distribution of products. Characteristically. DMBA-3,4-diol

represented 25% of the total metabolites, as previously reported for
10T1/2 cells (12). The improved HPLC analytical procedures recently
adopted in our laboratory (see "Materials and Methods") enabled the

separate quantitation of DMBA-10.11- and 8,9-diol (previously re
corded as DMBA-8,9-diol only). With both 10T1/2 and MCA cell
microsomes, DMBA-10,1 l-diol was formed preferentially to DMBA-
8,9-diol. and the ratio of the 2 metabolites was constant (DMBA-
10,11-/8,9-diol = 2.5).

The levels of immunodetectable P-450-EF protein were also com

parable between the 2 cell lines. Confluent and postconfluent cultures
of the non-contact-inhibited MCA cells exhibited characteristics sim

ilar to those of the subconfluent cultures in terms of their inducibility
by BA, as determined by both the levels of immunodetectable
P-450-EF protein (Fig. \A ) and the catalytic activities towards DMBA

(Fig. IÃŸ).Hence, all subsequent experiments were carried out using
MCA cells at 4-7 days postconfluence.

The DMBA-metabolizing activity in microsomes from BA-induced
MCA cells was inhibited in a dose-dependent fashion, by both chicken
antibodies to P-450-EF and a rabbit antibody to P-450-RAP (Fig. 2).

This activity was completely unaffected by equivalent concentrations
of the corresponding P-4501A1 antibodies (data not shown).

DMBA Metabolism in Tumors Derived from MCA Cells. Tu
mors generated in nude mice by s.c. injection of MCA cells were
classified either as small (3-6 mm in diameter) or large (9-12 mm in
diameter). In tumors of all sizes, the constitutive DMBA-metabolizing
activities were about 10-fold lower than those in untreated cultured

cells and ranged between 10 and 18 pmol/mg/h (Table 2). Microsomes
from the smaller tumors were, in every case, more active (â€”50%)than

those from the larger tumors (Fig. 3). In both small and large tumors,
the relative proportions of the various metabolites were similar to
those seen in MCA-cultured cells, thus remaining typical of P-450-EF

(Table 1: Fig. 3). Following in vivo treatment of tumors with BA, the
DMBA-metabolizing activities were stimulated by 8- to 15-fold in
large and small tumors, respectively. BA-induced microsomes from
the smaller tumors were 2- to 3-fold more active than those from

larger tumors (Table 2). The residual levels of BA in microsomes from
these tumors ranged between 3 and 5 nmol/mg, which was compara
ble to levels measured in microsomes from maximally induced BA-

100

I
S

ffl

D

Rabbit
D Pre-immune

â€¢¿�Anti-P450-RAP

IgG Concentration (mg/mg protein)
Fig. 2. Dose-dependent inhibition of DMBA metabolism in MCA cells by chicken

anti-P-450-EF (A) and rabbit anti-P-450-RAP (â€¢).Data represent the mean Â±SEM of
duplicate determinations from 2 separate experiments.
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Table 2 DMRA metahii/ism in tumors Je rived ]mm MCA cells

DMBA metabolite (pmol/mg/h) *

Dihydrodiols

Tumor/treatment"SmallyprfBALarge

UTBA5,6-<0.518<0.55.08.9-1.1690.91810.11-2.5242.0103,4-3.5162.56.0Phenols

'8.61096.149Total15.7

Â±1.1236
Â±12.5ll.5Â±

1.088
Â±6.2

" Tumors were injected directly with 0.15 ml of either com oil alone (untreated) or BA

(8 mg/ml) in corn oil (BA).
'' Data represent the means Â±SEM from 2 to 4 separate experiments. Each experiment

utilized microsomes prepared from different tumors. 7HOMMBA was not detectable in all
untreated tumors. Low levels of this metabolite in BA-induced tumors could not be
quantitated because of comigration with highly fluorescent BA metabolites.

'' As described in the legend to Table 1.

d UT. untreated.

1500

Total DMBA metabolism

CD BA

Ãˆ
#

DMBA-10,11-diol/8,9-diol

1.0 -

0.0
Small

Tumors
Large

Tumors
Cells

Fig. 3. Comparison of major DMBA metabolism characteristics of microsomes from
MCA cell-derived tumors versus cultured cells. Data represent the mean Â±SEM of

duplicate determinations from 2 to 3 separate experiments.

treated MCA cells (data not shown). These residual levels of BA,
together with the induction factor, which is also comparable to that in
cultured cells, provided evidence that sufficient BA was reaching the
tumor cells. However. DMBA-metabolizing activities of microsomes
from BA-treated tumors were consistently 6- to 15-fold lower than
those from BA-treated cultured cells. In addition, the relative propor

tions of key DMBA metabolites were consistent but were distinctly
altered relative to those in cultured cells (Fig. 3). Most notably, the
relative proportion of the carcinogen precursor DMBA-3,4-diol (6-
10%) was much lower than that in BA-treated cultured cells (25-

30%). Furthermore, microsomes from BA-treated tumors showed a
decreased ratio of DMBA-10,1 l-/8,9-epoxidation as compared to that
in cultured MCA cells. Hence, the ratio of DMBA-10,11 -/8,9-diol was

decreased to 0.4, as compared to 2.5 in cultured cells (Fig. 3). These
product ratios remained constant as the tumor size changed, despite
the variation in total DMBA-metabolizing activities.

Expression of P-450-EF and P-4501A1 in BA-treated Tumors.

The marked shift in the positional selectivity of DMBA metabolism by
BA-treated tumor, compared to cell microsomes, indicated differences
in the types of PAH-inducible P-450 isozymes expressed in the tu

mors, as compared to the cells used to generate the tumors. The
possible co-expression of P-450-EF and P-4501A1 in the MCA cell-

derived tumors was, therefore, investigated both at the functional
level, using inhibitory antibodies specific to each protein, and at the
apoprotein level, using Western immunoblots. Antibody inhibition
studies using chicken antibodies to P-450-EF (anti-P-450-EF) and
P-4501A1 (anti-P-4501Al) demonstrated a consistent 35^5% con
tribution of P-4501A1 in the metabolism of DMBA by microsomes
from either small or large BA-treated tumors (Fig. 4). The remaining
metabolism was inhibitable by anti-P-450-EF. The inhibition by each

antibody exhibited a positional selectivity characteristic of each of the
2 enzymes. For example, DMBA-3,4-diol formation was totally in
hibited by anti-P-450-EF but was unaffected by anti-P-4501AI. On
the other hand, DMBA-8,9-diol formation was much more sensitive to
anti-P-4501Al, as compared to anti-P-450-EF (Fig. 4). The residual
activity after maximum inhibition of P-4501A1 was also typical of
P-450-EF.

Western immunoblots of microsomes from tumors and cultured
cells, using rabbit antibodies to both P-450-EF and P-4501AI, directly
demonstrated a marked decrease in the levels of P-450-EF protein in
BA-treated tumors to just detectable or undetectable levels (Fig. 5A).

This dramatic decrease was paralleled by a preferential expression of
P-4501A1 that was undetectable in microsomes from similarly treated
cultured cells (Fig. 5B). The low levels of P-450-EF immunodetect-

Total DMBA metabolism

â€¢¿�Anti-P45f>-EF

I I Anti-P4501A1

3,4-Diol 8,9-Diol 3,4-Diol 8,9-Diol

80

60

40

O'â€¢5 20

Â£
!c
Â£ o

fl>

Â£ 100

80

60

40

20

Small Tumors <n=3) Large Tumors (n=2>
Fig. 4. Relative effects of chicken anti-P-450-EF (â€¢) and anti-P-4501Al (G) on

DMBA metabolism by microsomes from BA-induced. MCA cell-derived tumors. Data
represent the mean Â±SEM of duplicate determinations from 2 to 3 separate experiments.

971

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/968/2453183/cr0530050968.pdf by guest on 19 M

ay 2023



CYPIAI AND P-450-EF EXPRESSION IN MCA-10TI/2 TUMORS

Tumors
Small LargeAnti- ? M

P450-EF m UT BA BA ' UT BA

kDa
55 â€”¿�

BA

X
<
m

Fig. 5. Relative expression of P-450-EF (A and
O and P-450IAI (B) immunoreactive proteins in
microsomes from untreated and BA-induced. MCA
cell-derived tumors and BA-induced cultured cells.
A and ti: IMHCI, BA-lreated MCA cell microsomes

(2 ug); Linie 2. microsomes from small untreated
tumor ( 10 ug); Lanes 3 and 4, microsomes from 2
separate BA-treated small tumors (10 \ig/lane):

Lane 5, microsomes from a large untreated tumor
( 10 ug); Lunes 6 and 7, microsomes from 2 separate
BA-treated large tumors ( 10 ug//iw); Lane 8, BA-
Hepa-l cell microsomes (2 |ag). C, IMÃŒÃŒCSI and 4,
microsomes from BA-treated MCA cells (2 ug and
4 ug. respectively); Lanes 2 and 3, microsomes
from an untreated anda BA-treated small tumor (10
ug//i/m'); Lanes 5 and 6, microsomes from an un
treated and a BA-lreated large tumor ( 10 ug//ÃÃ/if).
Bands were visualized using the enhanced chemi-

luminescence staining procedure, as described in
"Materials and Methods."

CAnti-

P450-EF<

Tumor < Tumor
2 Small -sLarge<
im

UTi
< i

BA m UTBA

able protein in BA-treated tumors could only be estimated from blots

reacted with higher concentrations of primary antibody, which, how
ever, also increased the background staining (Fig. 5C). The estimated
levels of P-450-EF protein in the tumors were about 50- to > 100-fold

lower than the immunodetectable levels in similarly treated cultured
cells (Fig. 5C). The levels of P-4501A1 immunodetectable protein in
BA-treated tumors were estimated by comparison with the immuno-
quantified levels in BA-treated Hepa-1 cells previously quantitated
with rat P-450IA1 as a standard (21) and ranged between 0.5 and 3

pmol/mg. In all cases, smaller tumors expressed higher levels of both
P-4501AI and P-450-EF than larger tumors. Based on data from the

antibody inhibition experiments described above, the relative turnover
number of P-450-EF for DMBA metabolism in these tumor mi
crosomes was at least 5-fold higher than that in microsomes from
BA-induced MCA cells. In contrast, the relative turnover number of
P-450IA1 for DMBA metabolism was markedly lower than that of
hepatic P-4501A1 (â€”0.5versus 25 nmol/nmol/min).

Morphology and Composition of Tumor Sections. Differential
histochemical staining of sections from small and large tumors gen
erated from MCA cells demonstrated that these tumors were charac
teristic of fibrosarcomas. The tumors were anaplastic and composed of
closely packed undifferentiated cells of variable sizes and shapes
forming cell cords and whirls (Fig. 6, A and B). There was a notable
paucity of vasculature. Large (older) tumors had necrotic regions,
mostly centrally oriented with nuclear fragments and polymorphic
mononuclear neutrophils (Fig. 6C).

Immunocytochemical Detection of P-4501A1, but not P-450-EF,
in Tumor Sections. In agreement with the Western immunoblot data
described above (Fig. 5ÃŸ),P-4501Al-like immunoreactivity (LI) was
reproducibly present in cells of serial sections from BA-treated tumors

(Fig. 7, A to D) but not in similarly reacted sections from untreated
tumors (Fig. IE}. As expected from the extremely low levels of
P-450-EF seen on Western blots (Fig. 5, A and C), P-450-EF-LI was
not detectable in serial sections from the same BA-treated tumors

972

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/968/2453183/cr0530050968.pdf by guest on 19 M

ay 2023



CYPIAI AND P-450-EF EXPRESSION IN MCA-IOTI/2 TUMORS

A

i â€¢¿�$â€¢

B

â€¢¿�

I,Â«*

.
W7*v*?7ÃiÂ»rÂ«*i*Â¿i:Â».>Â»'Â»t*r^fv Â»

,- r t

Fig. 6. Histology of untreated MCA cell-derived tumors. A, section from a small tumor
displaying cords and whirls of tumor cells, little ground substances, and a paucity of
vessels X 250. B. small tumor displaying cells of varying size X 500. C, central necrosis
and polymorphic mononudcar neutrophil invasion in large tumors X 250.

(data not shown). The cells from BA-treated tumors that displayed
P-4501A1-LI were often localized in peripheral regions of the tumors

and included large, presumably young, tumor fibroblasts (Fig. 7. A
and B). Sections reacted with the same concentration of anti-P-
4501 Al preabsorbed with P-4501A1 (Fig. IF) or replaced with nor

mal rabbit IgG (data not shown) did not display immunoreactivity.
Dominant Expression of P-450-EF in Tumor-derived Cells.

Cells cultured from various tumors through serial passages exhibited
the same morphology as the neoplastic MCA cells used to generate the
tumors. The DMBA-metabolizing activities in microsomes isolated
from BA-treated, tumor-derived cells, though variable, were consis

tently higher than those in tumor microsomes but not as high as those
in MCA cells (Table 3). The relative proportions of key metabolites,
such as DMBA-3,4-diol and DMBA-10,11- and 8,9-diols, were iden

tical to those of cultured MCA cells (compare Table 3 and Fig. 3). The
levels of immunodetectable P-450-EF protein paralleled the total DM
BA-metabolizing activities in that they were considerably higher than

those in the corresponding tumors but remained lower than those in
the original cultured cells (Fig. 8/4). Laser densitometry of the immu-

noreactive bands demonstrated a close correlation between the levels
of P-450-EF protein and total DMBA-metabolizing activity by each
tumor-derived cell line. Analogous Western immunoblots, using anti-
P-450IA1 as the primary antibody, demonstrated the lack of expres
sion of detectable P-4501AI protein in tumor-derived cells (Fig. 8ÃŸ).
Similar to the MCA cells, the DMBA-metabolizing activity of BA-
treated, tumor-derived cells was totally inhibited by anti-P-450-EF
and unaffected by anti-P-4501Al (data not shown).

DISCUSSION

The dramatic decrease of P-450-EF expression and concomitant
switching on of P-4501AI in tumors generated from MCA cells, as

compared to the same cells in culture, highlight the existence of
important regulatory differences for these cells between the culture (;'/i

vitro) and tumor (HI vivo) environments with regard to cytochrome
P-450 expression. Although it is well documented that P-450-depen-

dent metabolism is decreased in hepatomas, as compared to normal
tissue, the mechanism(s) involved are poorly understood. Decreased
cytochrome P-450-mediated enzyme activities and increased levels of

various phase II enzyme activities may cause the tumor cells to be less
susceptible to the toxic effects of other agents and thus allow for a
selective growth advantage of the neoplastic cell population (29, 30).
It has also been suggested that chemically transformed (tumorigenic)
cells should exhibit distinct differences in their expression of xeno-
biotic-metabolizing enzymes relative to the parental cell line (19).
Data from our studies demonstrate that MCA-initiated transformation
of the preneoplastic 10T1/2 cells to the phenotype that confers onco-

genic potential does not alter the expression and inducibility by BA of
the novel PAH-metabolizing and activating P-450 in these cells that
we have recently characterized and designated P-450-EF (17). The
expression of P-450-EF in the cultured tumorigenic cells is unaffected
by cell-cell contact as cells reach confluence. Growing of the MCA

cells into multilayers, several days postconfluence, also has no effect
on the expression and inducibility of P-450-EF and in no way en
hances the expression of P-4501A1 to detectable levels. An earlier

study from our laboratory (15) reported a 40% lower expression of
BA-inducible, BP-metabolizing activity in an MCA-transformed

clone (CL16), as compared to nontransformed IOTI/2 cells. Paletto et
al. (31) have also recently reported substantially (30-70%) lower
BP-inducible aryl hydrocarbon hydroxylase activities in another
MCA-transformed 10T1/2 clone relative to the parental cell line.
These quantitative differences in the levels of P-450-dependent me-
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A

D

Fig. 7. Imrnunohistochemical localization of cytochrome P-45Ãœ1A1in MCA cell-derived tumors using the PAP method with nicke! intensification. A-D. P-4501AI-LI (<â€”) in
fibroblasts of 2 BA-treated tumors: A and B, X 500; C and D. X 250. Â£,lack of immunoreactivity in untreated tumor X 250. F. lack of immunoreactivity in BA-treated tumor after
preabsorption of anti-P-4501AI with 10 ug of the antigen X 250. Replacement of primary anti-serum with normal rabbit serum appeared the same.
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Table 3 DMBA metabulism characteristics of tumor-derived MCA cells

Source/cells "

Total DMBA metabolites

pmol/mg/h fc % 3,4-diol
Regioselectivity

MCAtumorT-D
1T-D
2T-D

3790

Â±60560
Â±25280
Â±203028272.62.32.5

" All cells were treated with BA ( 10 uM) for 24 h.
ft Data expressed as the mean Â±SEM of duplicate determinations from 2 separate

experiments. Each experiment utilized microsomes from separately cultured cells.

tabolizing activities may arise from variation between individual
MCA-transformed clones rather than variable cell culture conditions

(e.g., serum lots). In fact, separate experiments in our laboratory
demonstrated that both the level and pattern of cytochrome P-450

induction by BA in MCA cells, is independent of any serum factors,
since both parameters remained unchanged in cultured cells exposed
to BA in a defined, serum-free medium similar to that previously

described for 10T1/2 cells (32).
Tumors generated from MCA cells express markedly lower levels

of P-450-EF, both constitutively and following in vivo exposure to
BA. This decrease in P-450-EF expression in the in vivo setting cannot

be explained simply in terms of lack of nutrients or general cell
necrosis in the tumor. Our studies with small versus large tumors
clearly demonstrate that the initial 10-fold decrease in P-450-EF levels

occurs in very young tumors that histopathologically show no evi
dence of any cell stress or necrosis. It is, therefore, apparent that the
initial decrease in P-450-EF expression is a function of some impor

tant modification in the tumor, as compared to the cell culture envi
ronment. Expression of a transcriptional represser for P-450-EF in the

tumor is one of several possible explanations for this decrease.
The switching on of P-4501A1, concomitantly with the decrease in

P-450-EF expression, in response to BA provokes several possible
explanations relating to a concerted regulation of the P-4501 Al and
P-450-EF genes. It is possible that a single negative regulator of
P-4501A1, expressed in cultured MCA cells, also acts as an enhancer
of P-450-EF. A decrease or absence of this regulator in the tumor
environment would then explain the switching on of P-4501A1 and
the decrease in P-450-EF expression. Another intriguing possibility
that relates to the recently described feedback regulation of P-4501A1
expression (33-36) is that expression of functional P-450-EF protein

in cultured MCA cells may trigger the generation of products that act
as transcriptional repressors of P-4501A1 when the cells are chal

lenged with BA. In the solid tumors, this repression may be relieved
as a result of lower levels of expression of the P-450-EF protein. Both

of these possibilities support our general hypotheses for a highly
tissue/environment-dependent concerted regulation of the P-4501A1
and P-450-EF genes.

The onset of obvious necrosis in the larger tumors causes a further
2- to 3-fold decrease in the levels of functional P-450-EF and
P-4501A1. The tumor cells maintain expression of a constant ratio of
functional P-450-EF and P-4501A1 holoenzymes at all stages of tu

mor growth. This constant ratio, measured reproducibly in both small
and large tumors, strongly argues in favor of a controlled coexpression
of P-450-EF and P-4501A1 by the tumor MCA cells in response to

PAH rather than the presence of 2 distinct cell populations that are
maintained in a constant ratio in tumors of different sizes. These
findings also argue against the possibility that P-4501A1 may be

expressed in a population of cells, other than MCA, which are derived
from host tissue, as such a cell population would most likely increase
with the size of the tumor. Immunocytochemical localization of
P-4501A1-LI in tumor fibroblasts excludes the possibility that the
reversed dominant expression of P-4501A1 in the tumors would de

rive from infiltrating host cells. The immunoreactive cells were inte
gral parts of the tumor growth pattern, whereas host fibroblasts lo
cated outside the tumor did not immunoreact.

The expression of P-450IA1 in the BA-treated tumors was domi

nant only at the apoprotein level. Data from selective antibody inhi
bition experiments clearly demonstrated that only a small fraction of
P-4501 AI was expressed as functional holoenzyme. It is possible that

low heme availability in the tumors limits the synthesis of higher
amounts of heme-containing proteins. In contrast, the activities for
PAH metabolism indicate that the low levels of P-450-EF expressed in
the BA-treated tumors were predominantly in a holoenzyme form. An
apparently higher turnover number for P-450-EF in tumors, as com
pared to cultured cells, indicates that at least 50% of the immunode-
tectable P-450-EF in microsomes from BA-induced MCA cells rep

resent nonfunctional apoprotein.
It is well documented that 10T1/2 cells constitute a multipotential

cell line that can be converted by 5-azacytidine into 3 mesoderma!

stem cell lineages; namely, myogenic, chondrogenic, and adipogenic
(37). These differentiated cell types have been previously identified by
use of selective histological stains (38). A more recent study demon
strated that reducing oxygen from 20% to 2.5% increases 7-fold the
number of myocytes that appear in cultures of 5-azacytidine-treated

10T1/2 cells (39). Use of selective histochemical stains on serial
sections of MCA cell-derived tumors failed to identify any differen

tiated cell populations. However, abdominal skeletal muscle of host
origin was invaded and constituent fibers separated by the growing

A
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P450-EF

O

OD

Tumor E
Derived Â£

2 3 m

55

B
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P4501A1

55
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- 58

- 53

- 45

- 45

1234
Fig. 8. Relative expression of P-450-EF (A} and P-4501AI (B) Â¡mmunoreactive pro

teins in microsomes from BA-induced. tumor-derived MCA cells. A and B: Lane I,
microsomes from BA-treated MCA cells (5 ug): Lanes 2-4. microsomes from 3 separale
tumor-derived cell lines (5 ug//Â«/Â«');iMiie 5. mierosomes from a small BA-treated tumor
(10 ug). Immunoreactive bands were visualized using the enhanced chemiluminescence-
staining procedure, as described in "Materials and Methods."

975

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/968/2453183/cr0530050968.pdf by guest on 19 M

ay 2023



CYPIAI AND P-450-EK EXPRESSION IN MCA-luTI/2 TUMORS

tumor tissue (data not shown). These data indicate that P-4501A1
expression in the tumors is unlikely to be derived troni a subpopula-

tion of MCA tumor cells that have undergone differentiation as a result
of restricted oxygen levels in the tumors or by some other unknown
factor.

Reculturing of tumor cells by serial passaging of cells growing out
of tumor expiants (3-5 passages), under conditions that allowed pre

dominantly fibroblast growth (plastic dishes and 10% serum), elimi
nated the expression of P-450IAI and partially restored the expres
sion of P-450-EF. These findings suggest that the turning on of
P-4501AI expression in tumor MCA cells may be dependent on one
or more regulatory factors that are present /';/ viva but absent in vitm.

It is. therefore, possible that the positive stimulus for the in viro
expression of P-450IA1 may result in a concomitant decrease in
P-450-EF expression in the tumor. This and other possible explana
tions for the decrease of P-450-EF expression and the switching on of
P-450IA1 in the tumors are currently under investigation.
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