
[CANCER RESEARCH 47, 1325-1332, March 1, 1987]

Modification of Steroidogenesis in Rat Adrenocortical Cells Transformed by
Kirsten Murine Sarcoma Virus1

John P. Wiebe2, Kathy I. Myers, and Nelly Auersperg

Hormonal Regulatory Mechanisms Laboratory, Department of Zoology, University of Western Ontario, London, Ontario N6A 5B7 Canada fJ. P. W., K. I. MJ, and
Department of Anatomy, Faculty of Medicine, University of British Columbia, Vancouver, British Columbia, V6TI WS Canada [N. A.]

ABSTRACT

Adrenal fibroblasts from adult rats acquire some adrenocortical paren
chyma! characteristics as a consequence of transformation in early pas
sage with Kirsten murine sarcoma virus. To further define the effects of
Kirsten murine sarcoma virus-induced transformation on the steroid
enzymes of these cells, we investigated the capacity of Kirsten murine
sarcoma virus-transformed and untransformed adrenocortical fibroblasts
to convert progesterone to CiÂ«and ( ;, steroid metabolites. Over 95% of
metabolites produced were identified and quantitated, and rates of enzyme
activities over 24 h were calculated. The transformed and untransformed
cells exhibited Sa- and 50-reductase, 3a-, 3/8-, and 20a-hydroxysteroid
dehydrogenase; 110-, 17-, and 21-hydroxylase (HY); and C,- -Â«-'vaso
activities. Viral transformation resulted in several metabolites not found
in untransformed cells, significantly increased 5/8-reductase, 30-hydrox-
>steroid dehydrogenase, and ( ,~ m-hasf activities, and significantly de
creased Sa-reductase, 3a- and 20a-hydroxysteroid dehydrogenase, and
21-HY activities. The 11/MIY and 17-HY activities remained unchanged.
The results support previous data suggesting that adrenocortical fibro
blasts express some characteristics of adrenocortical parenchyma! stem
cells. In contrast to other experimental systems, viral transformation of
adrenocortical fibroblasts did not cause a generalized reduction of differ
entiated functions. Instead, specific increases and decreases in individual
enzyme activities, with persisting synthesis of fetal and adult adrenocor-
tico-specific steroids, resulted in an altered steroid profile that may have
unique effects on the biology of the malignant cells.

INTRODUCTION

One of the most consistent changes that accompany trans
formation of cultured cells with RNA and DNA viruses is the
loss of phenotypic characteristics associated with differentiation
(1). This loss, which may be partial or complete, has been
documented extensively in cell lines (2, 3). Transformation
accompanied by loss of differentiation has also been described
after transfection of ras genes into primary, differentiated hu
man epithelial cells (4, 5).

In contrast to these experimental systems, we observed pre
viously that transformation with KiMSV3 enhanced the expres

sion of functional and structural adrenocortical parenchyma!
differentiation in fibroblast-Iike cells grown from adult rat
adrenocortical expiants in primary culture (6). These cells re
semble myofibroblasts in their growth pattern and ultrastruc-
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ture but, in contrast to stromal fibroblasts from other sites, they
respond to ACTH by a change to a more epithelial morphology
and by functional changes which include increased activity of
3/3-HSD, a key enzyme in adrenocortical steroid metabolism
(7, 8). They are thus competent to express some tissue-specific
features of adrenocortical parenchymal cells with whom they
share a common embryonic origin and in this regard resemble
adrenocortical stem cells. Transformed lines were obtained by
infection of these cells with KiMSV, in passages 0-2. Several
of the transformed lines expressed epithelial growth patterns in
culture. In addition, some of the KiMSV-transformed lines
produced tumors in vivo which histologically resembled human
adrenocortical carcinomas rather than sarcomas (6, 9). Fur
thermore, the transformed adrenocortical cells expressed 3/3-
HSD activity constitutively, i.e., without ACTH stimulation,
under conditions where no similar enzyme activity was detect
able in untransformed cultures. An important aspect of this
model is its functional resemblance to human adrenocortical
carcinomas. In a high proportion of cases, these malignant
tumors secrete excessive amounts of biologically active steroids
constitutively, apparently independently from host controls
(10-12).

The present study was designed to further define the steroi-
dogenic potential of the untransformed and KiMSV-trans
formed fibroblast-like cells, and in particular to establish the
effects of viral transformation on the activities of steroid en
zymes involved in the conversion of progesterone to various Ci9
and C2) metabolites. To accomplish this, the progesterone
metabolites produced by parenchymal and fibroblast-like adre
nocortical cells were compared; in addition over 90% of the
metabolites produced from progesterone by KiMSV-trans
formed and untransformed adrenocortical cells were identified
and quantitated and enzyme activities were calculated for in
cubations varying from 0.5 to 24 h.

MATERIALS AND METHODS

Tissue Culture

Fibroblastic Cells. Primary cultures of normal adrenal glands of 2-
3-month-old male Fischer 344 rats were established by the method of
Slavinski and Auersperg (13). Briefly, the glands were removed aseptic-
ally, minced, and incubated in 35-mm tissue culture dishes in Way-
mouth's Medium MB7S2/1 with 25% FBS, 100 Â¡ngof penicillin per

ml, and 100 Mgof streptomycin per ml (Grand Island Biological Co.,
Grand Island, NY) in a humidified atmosphere at 37Â°Cin 5% CC^-air.

Outgrowths consisted perdominantly of fibroblast-like cells with an
admixture of cells containing lipid inclusions and cells of epithelial
morphology. First-passage cultures were obtained by trypsin dissocia
tion of primary cultures and propagation in medium with 10 to 25%
FBS which preferentially supports fibroblastic growth. The cells were
assayed for Steroidogenesis in passage 1 which corresponds to the stage
when they were infected with KiMSV in previous transformation stud
ies.

Parenchyma! Cells. Primary cultures of highly differential adreno
cortical parenchymal cells were established from glands of 2-3-month-
old Fischer 344 rats by collagenase dissociation and maintained in
Waymouth's Medium 752/1 with 15% horse serum and 2.5% FBS as
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described previously (14). The cells were assayed for steroidogenesis
after 3-6 days in culture.

Transformed Line TRA 27/I. This line was chosen as representative
of a series of KiMSV-transformed lines described previously (6). TRA
27/1 cells originated in a fibroblastic adrenocortical culture from an
adult rat infected with KiMSV in passage 1. In the present study TRA
27/1 cells were grown in Waymouth's Medium 752/1 with 10% FBS

and antibiotics as above. The steroidogenesis assays were carried out in
passages Sto 12.

Incubation with Progesterone

[14C]Progesterone (New England Nuclear, Boston, MA), purified by

TLC just prior to use, was dissolved in absolute ethanol and diluted
with culture medium to approximately 10.0'' dpm/3 ml. In each exper

iment, 3 to 5 replicate cultures of each cell type were incubated in 25-
cm2 culture flasks in 3 ml of progesterone-containing medium at 37Â°C

for periods ranging from 15 min to 24 h. Following incubation, the
culture medium was removed; the cells were detached with trypsin; and
cells, trypsin, and medium were pooled for extraction. In some experi
ments, the medium was centrifugea (to remove floating cells) and
extracted, while the cell pellet was pooled with the trypsinized cells and
counted by hemocytometer. Each sample was extracted 3 times with 4
volumes of ether-chloroform (4:1) and concentrated under N2 at 40-
45'C.

Steroid Extraction, TLC, Identification, and Quantitation

Methods described previously (15-18) were used to extract and
identify the steroids. The metabolites from 3 replicate experiments
using TRA 27/I and untransformed fibroblastic adrenocortical cells
and from 2 experiments using normal parenchyma! adrenal cells incu
bated with [MC]progesterone for 6 and 24 h were used for identification

purposes as follows. First, each of a total of 217 steroid standards was
individually spotted on Silica Gel (0.25 mm) GF thin layer plates (TLC)
and run twice (15 cm) in System I (chloroform:ether, 10:3) to determine
the Rf in System I; the Rf values were also determined by similarly
running the standard steroids twice in System II (hexanerethyl acetate,
5:2). The mobility of each steroid was then converted relative to the
mobility of progesterone (Rrp). Each extract from cell incubations was
spotted on the lower right hand corner of a 20- x 20-cm TLC plate,
and the plate was run twice in System I and then turned 90Â°and run

twice in System II. Each plate was then apposed to a sheet of Kodak
X-Ray film (X OMAT R film) for a 7-day exposure. Fig. 1 is a
composite drawing of the relative position of [l4C]progesterone metab

olites formed by cell lines under investigation. The Rfp value of the
radioactive spots were determined and compared with those of the 217
known steroids in our library; then the spots were scraped from the
plates, and the gels were extracted with etherchloroform (4:1). The
solvent was evaporated under N2 at 35"C and the metabolite was taken

up in 0.2 ml methanol. Aliquots of each metabolite were used in various
procedures for identification as previously described (16-18) and as
outlined under "Results."

For the quantitative studies, incubates were extracted with
ethenchloroform (4:1) and the following standards were added: 10,500
dpm [3H]20a-hydroxy-4-pregnen-3-one, 9,800 dpm [3H]progesterone,
and 8,000 dpm [3H]androstenedione for recovery calculations; 10 ng of
each of progesterone, androstenedione, 20a-hydroxy-4-pregnen-3-one,
21-hydroxy-4-pregnene-3,20-dione (DOC), 4-pregnene-17a, 21-diol-3,
20-dione (deoxycortisol), ll/3-hydroxy-4-pregnene-3,20-dione, 4-preg-
nene-ll/3,17a,21-trihydroxy-3,20-dione; and 30 n%of 3a-hydroxy-5a-
pregnan-20-one and 3/3-hydroxy-5a-pregnan-20-one. Each sample
(with the steroid standards) was then spotted on the lower right hand
corner of a 20- x 20-cm Silica Gel GF thin layer plate (Fisher Redi/
Plate, 0.25 mm), run 2-dimensionally, and autoradiographed in the
manner described previously (16). The relative mobilities (Rf) were
determined from the autoradiogaphs and the standards were visualized
by UV (3-keto-Ã¤-4steroids) or by iodine vapor. The radioactive areas
were scraped from the plates and extracted with ethenchloroform (4:1)
and methanol and aliquots of each extract were used to measure the
radioactivity via scintillation spectrometry in a toluene-PPO-POPOP
system using a Philips Model PW 4700 liquid scintillation counter.

High Pressure Liquid Chromatography

A Beckman Model 332 gradient liquid Chromatograph with Altex
Model 420 microprocessor and Model 155 variable wavelength detector
was interfaced with a Hewlett-Packard 5840A GC terminal and was
used with either an Altex Ultrasphere ODS 250- x 4.6-mm C|g reversed
phase column or a Whatman Partisil 5 ODS-3 RAC 11/10 column with
a ( 'IK(70-nim) guard column using methanohwater or acetonitrile:water
at various ratios and rates (see "Results"). Fractions were collected

every 0.5 or 1.0 min and radioactivity was determined by liquid scintil
lation spectrometry.

Gas Chromatography

GC was used as described previously (16). A Hewlett-Packard 5830A
gas Chromatograph equipped with a 150-cm (4-mm inside diameter)
column packed with 3% OV-210 on Gas Chrom Q 80/100 mesh was
used (oven temperature, 240Â°C;injection port, 250Â°C,flame ionization
detector, 250Â°C)to obtain retention times of authentic steroids which

had Rfp values similar to those of the metabolite under investigation.
An aliquot of the metabolite was injected and samples were collected
by means of a glass stream splitting device at a ratio of approximately
1:9. The material emerging at the splitter was collected in 24-cm snugly
fitted glass tubes and was eluted with benzene. The radioactivity of the
collected samples was determined by liquid scintillation spectrometry.

GC-MS Analysis

To establish capillary GC retention times and fragmentation spectra,
a Hewlett-Packard GC-Mass Spectrometer (Model 5970A with 5792A
GC, 9825B, 2671G, and 9134A Winchester Drive) was used with a
12.5-m cross-linked methyl silicone capillary column. The conditions
were as follows: splitless mode, 0.7 kg/cm2 helium, 220Â°Cinjection
temperature, column temperature at 150Â°C(initial) to 220Â°Cat 15Â°C/

min, and scan speed of 690 amu/s at an electron multiplier setting of
1800 V. Steroids were dissolved in methanol and I-M! aliquots were
injected.

Formation of Derivatives

Oxidations were performed in 0.2 ml of a 1:1 mixture of acetic acid
and aqueous chromium trioxide (2%, w/v) for 10-120 min at room
temperature. The reaction was terminated with 5-10 volumes of double
distilled water and the steroids were extracted with ether. The extract
was washed with 0.1 volume of sodium bicarbonate (50% saturated)
and then with water (0.5 volume), dried with sodium sulfate, and
evaporated under N2 at 45Â°C.Trifluoroacylations were carried out with

MBTFA (Pierce Chemical Co.). Trimethylsilyl ethers were prepared
with A'-methyl-/V-trimethylsilyltrifluoroacetamide (Pierce Chemical

Co.). Heptafluorobutyrates were prepared with HFBA (Pierce Chemical
Co.).

Crystallizations

An aliquot of MC-labeled metabolite was placed in a glass tube, the

solvent was evaporated, about 20 mg of authentic unlabelled steroid
were added, and crystallizations occurred from acetone:pentane or
aqueous methanol.

Conjugated Steroids

TRA 27/1 cultures in 75-cm2 flasks were incubated on a shaker for
7 h at 37Â°Cin 9 ml medium with approximately 10.06 dpm of [14C]-

pregnenolone (New England Nuclear, Boston, MA). Media were ex
tracted to background radioactivity with mÃ©thylÃ¨nedichloride. Then,
the aqueous fraction was incubated on a shaker at 37Â°Cwith 12 units/

ml of /3-glucuronidase (Sigma No. G-1758) in 0.1 M phosphate buffer
(pH 6.8) for 3 days, followed by mÃ©thylÃ¨nedichloride extraction,
removal of phosphates by precipitation with BaCl2, incubation at 37Â°C

with 500 units/ml of sulfatase (Sigma No. S-9626) in 0.2 M acetate
buffer (pH 5.2) for 3 days, and extraction with mÃ©thylÃ¨nedichloride.
The mÃ©thylÃ¨nechloride extracts were processed as described previously
(6).
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RESULTS

Identification of Metabolites

Metabolite 1. The TLC Rfp values of Metabolite 1 (Fig. 1)
coincided with those of 5a-pregnane-3,20-dione. An aliquot
(200 dpm) of Metabolite 1 was run on the GC and radioactivity
was eluted with authentic 5Â«-pregnane-3,20-dione. Another
aliquot (800 dpm) was run on HPLC (RAG lÃ¬/IOcolumn;
methanolrwater, 62:38, 1.5 ml/min) along with the following
steroids which had Rfp values in the general range (Â±15%)of
the metabolite: 5Â«-pregnane-3,20-dione, 5/3-pregnane-3,20-
dione, 5a-androstane-3,17-dione, 5/3-androstane-3,17-dione,
estrone, l-androstene-3,17-dione, and 4-pregnene-16/3-methyl-
3,20-dione. These standards eluted between 3.8 and 16.7 min
in this system, with at least 1 min separating each. Half-minute
fractions were collected and the radioactivity was determined
by scintillation spectrometry. More than 85% of the injected
radioactivity was collected with the 5a-pregnane-3,20-dione

fraction. Another aliquot (5200 dpm) was crystallized with
authentic 5a-pregnane-3,20-dione (21 mg) using hot ace-
tone:pentane as solvent. The specific activity of the crystals
from 4 crytallizations varied by less than 5% of the initial
calculated specific activity and it was concluded that Metabolite
1 is 5a-pregnane-3,20-dione.

Metabolite 2. The TLC Rfp values coincided with those of
5j3-pregnane-3,20-dione. Aliquots analyzed by GC and HPLC
(same as Metabolite 1, above) showed elution of radioactivity
with 5|8-pregnane-3,20-dione and it was concluded that Metab
olite 2 is 5/S-pregnane-3,20-dione. (Crystallizations were not
attempted because of insufficient amounts of labeled Metabolite
2.)

Metabolite 3. The TLC Rfp values coincided with those of
3or-hydroxy-5Â«-pregnane-20-one and were similar to those of
17a-hydroxy-5a-pregnan-3,20-dione and 20a-hydroxy-5a-
pregnan-3-one. An aliquot of Metabolite 3 (1100 dpm) was run

FRONT OF SOLVENT SYSTEM I

I
Â©<D

â€¢ORIGIN

Fig. 1. Diagram of the relative mobilities (calculated from autoradiographs)
of metabolites of [14C[progesterone (/*) produced by untransformed and trans

formed rat adrenal cells and run twice in System I (chloroformrether, 10:3) and
System II (hexane:ethyl acetate, 5:2). The numbers refer to the metabolite
numbers as discussed in "Results" and listed in Table 1. Metabolites labeled AP

were found only in normal parenchymal adrenal cells.

on HPLC (RAG II/10 column; methanohwater, 70:30, 1.0 ml/
min) together with these 3 steroid standards which had reten
tion times of 17.6, 4.7, and 12.9 min, respectively, and all the
radioactivity eluted with the 3a-hydroxy-5a-pregnan-20-one
peak (17.0-18.5 min). Another aliquot was oxidized with CrO3
and the product was crystallized with authentic 5a-pregnane-
3,20-dione; radioactivity was retained in the crystals through 4
recrystallizations. Finally, an aliquot was derivatized with
MBTFA and run on capillary GC/MS. The retention time and
fragmentation pattern were identical to those of MBTFA-
derivatized 3a-hydroxy-5a-pregnan-20-one and the major ions
(m/e = 215, 107, and 95) showed mass of m/e +2 (217, 109,
and 97) in the metabolite, indicating the presence of I4C. Based
on these criteria, it was concluded that Metabolite 3 is 3a-
hydroxy-5a-pregnan-20-one.

Metabolite 4. The TLC Rfp values approximated those of
17a-hydroxy-5a-pregnane-3,20-dione, 17/3-hydroxy-5a-preg-
nan-3-one, 3/3-hydroxy-4-pregnen-20-one, 20a-hydroxy-5a-
pregnan-3-one, 3|8-hydroxy-5a-pregnan-20-one, and 200-hy-
droxy-5a-pregnan-3-one. Retention times of these steroids on
HPLC (RAC 11/10 column; methanol:water, 70:30, 1.0 ml/
min) were 4.7, 6.8,11.9,13.0,15.9, and 17.9 min, respectively.
All the radioactivity from an aliquot of Metabolite 4 eluted
with 20a-hydroxy-5a-pregnan-3-one (12.5-13.5 min) when run
on the HPLC together with these standards. Another aliquot
was oxidized with CrO3 and the radioactivity was recovered
with authentic 5a-pregnane-3,20-dione when chromatographed
in System I (TLC). GC/MS analysis of an aliquot of Metabolite
4 indicated similarity to 20Â«-hydroxy-5a-pregnan-3-one on the
basis of retention time and MS fragmentation patterns and it
was concluded that Metabolie 4 is 20Â«-hydroxy-5Â«-pregnan-3-
one.

Metabolite 5. The following steroids with TLC Rfp values
broadly similar to Metabolite 5 had retention times on HPLC
(RAC II/10 column; methanol:water, 70:30, 1.0 ml/min) as
indicated: 5a-androstane-3,ll,17-trione (2.6 min), 17/3-estra-
diol(4.5 min), 17a-hydroxy-5a-pregnane-3,20-dione(4.7 min),
21-hydroxy-5o-pregnane-3,20-dione(6.1 min), 3/3-hydroxy-5a-
androstan-17-one (6.5 min), 17/3-hydroxy-5a-androstan-3-one
(6.8 min), 3a-hydroxy-5a-androstan-17-one (8.4 min), 3/3-hy-
droxy-4-pregnen-20-one (11.9 min), 20a-hydroxy-5a-pregnan-
3-one (13.0 min), 3ÃŸ-hydroxy-5a-pregnan-20-one (15.9 min),
and 3o-hydroxy-5a-pregnan-20-one (17.8 min). An aliquot
(6500 dpm) of Metabolite 5 was run in this HPLC system
together with these steroids and more than 90% of the radio
activity eluted with the 3ÃŸ-hydroxy-5a-pregnan-20-one peak
(15.5-16.5 min). Another aliquot was run on the Altex Ultra-
sphere column (methanohwater, 76:24, 1.0 ml/min) and 89%
of the radioactivity eluted with 3/3-hydroxy-5a-pregnan-20-one.
An aliquot (approximately 50 ng) was derivatized with HFBA
and run on the capillary GC/MS. The retention time (15.6
min) was essentially equivalent to HFBA-derivatized 3/3-hy-
droxy-5a-pregnan-20-one (15.7 min), the fragmentation pat
tern was similar, and 5 out of the major ions (m/e =215, 147,
95, 83, and 55) showed mass of m/e +2 (217, 149, 97, 85, and
57) in the metabolite, indicating the presence of I4C. Based on
these criteria it was concluded that Metabolite 5 is 3/3-hydroxy-
5Â«-pregnan-20-one.

Metabolite 6. The TLC Rfp values were similar to those of
4-androstene-3,17-dione and 21-hydroxy-5Â«-pregnane-3,20-
dione. With HPLC (RAC II/10 column; methanohwater, 70:30,
1.0 ml/min) these two steroids were separated by about 9 min
and the radioactivity from Metabolite 6 was eluted with 4-
androstene-3,17-dione. An aliquot was added to authentic un-

1327

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/5/1325/2429925/cr0470051325.pdf by guest on 19 M

ay 2023



ALTERED STEROIDOGENESIS IN TRANSFORMED CELLS

labeled 4-androstene-3,17-dione and crystallized from acetone-
n-pentane; the specific activity of the crystals resulting from 4
successive recrystallizations varied by less than 5% of the initial
calculated specific activity and it was concluded that Metabolite
6 is 4-androstene-3,l 7-dione.

Metabolite 7. The TLC Rfp values were similar to those of
20Â«-hydroxy-4-pregnen-3-one, 20/3-hydroxy-4-pregnen-3-one,
17;8-hydroxy-5/3-androstan-3-one, and 3a-hydroxy-4-andros-
ten-17-one. These steroids were well separated on HPLC (Altex
Ultrasphere column; methanol:water, 76:24, 1.0 ml/min) and
87% of radioactivity from an aliquot of Metabolite 7 eluted
with 20a-hydroxy-4-pregnen-3-one (and about 10% with 20/3-
hydroxy-4-pregnen-3-one). Authentic 20a-hydroxy-4-pregnen-
3-one (15.7 mg) was added to an aliquot (18,825 dpm) of
Metabolite 7 and crystallized from acetone:pentane; the radio
activity remained in the crystals through 4 consecutive recrys
tallizations and varied by less than 5% in the 3rd and 4th
recrystallizations. Another two aliquots (approximately 50 ng
each) of Metabolite 7 were analyzed on capillary GC/MS. In
each case the retention times were identical to those of 20a-
hydroxy-4-pregnen-3-one and the fragmentation patterns were
similar except that 4 of the major ions (m/e = 230, 124, 105,
and 91) and the mass peak (316) occurred at m/e + 2 (i.e. 232,
126,107,93, and 318) in the metabolite indicating the presence
of 14C.Based on these criteria, Metabolite 7 is considered to be
>90% 20Â«-hydroxy-4-pregnen-3-one.

Metabolite 8. The following steroids with TLC Rfp values
similar to those of Metabolite 8 were separated on HPLC (RAC
11/10 column; acetonitrile/water, 50:50, 0.8 ml/min; metha
nohwater, 70:30, 1.0 ml/min): 4-androstene-3/3,170-diol, 5a-
androstane-3a,17/3-dioI, 5a-pregnane-3/3,200-diol, 5a-preg-
nane-3/3,200-diol, 5a-pregnane-3a,20ÃŸ-diol, and 5a-pregnane-
3Â«,20a-diol. Aliquots of Metabolite 8 (920 dpm) were run in
these HPLC systems together with the steroid standards and
all of the radioactivity was recovered in the 5a-pregnane-
3Â«,20a-diol peak. Another aliquot (about 50 ng) was derivatized
with MBTFA and run on the capillary GC/MS. The retention
time (13.02 min) was essentially the same as that of MBTFA-
derivatized 5Â«-pregnane-3a,20Â«-diol (13.08 min) and the frag
mentation pattern and molecular mass indicated the addition
of two trifluoroacetamide groups (2 x 96), i.e. 320 + 192 for
authentic steroid and 322 + 192 for the l4C-labeled metabolite.

The fragmentation patterns were identical except that the mass
and principal ions (m/e = 512, 329, 215, 161, 147, 123, 93) of
the authentic steroid showed m/e + 2 in the metabolite (m/e =
514, 331, 217, 163, 149, 125, 95), indicating the presence of
I4C. Based on these criteria it was concluded that Metabolite 8
is 5a-pregnane-3Â«,20a-diol.

Metabolite 9. The Rfp values were similar to those of 4-
androstene-3,11,17-trione, 4-pregnene-3,ll,20-trione, and 21-
hydroxy-4-pregnene-3,20-dione (DOC) and these steroids were
separated on HPLC (RAC II/10 column; methanohwater,
70:30, 0.8 ml/min) with retention times of 2.8, 3.9, and 5.1
min, respectively. The radioactivity of aliquots of Metabolite 9
eluted 56% with 4-pregnene-3,11,20-trione and 40% with DOC.
Because of the small amounts of Metabolite 9 and an almost
equal mixture of two steroids, crystallizations were not conclu
sive and Metabolite 9 was concluded to consist of 4-pregnene-
3,11,20-trioneand DOC.

Metabolite 10. The TLC Rfp values were similar to those of
11/3-hydroxy-4-androstene-3,17-dione, 11/3-hydroxy-4-preg-
nene-3,20-dione, I7/3-hydroxy-4-androstene-3,16-dione, 17/3-
hydroxy-androst-l,4-diene-3-one, and 3a-hydroxy-5a-andros-
tane-11,17-dione. These steroids were separated by HPLC

(RAC II/10 column; methanohwater, 70:30 at 0.8 ml/min and
50:50 at 1.4 ml/min). For the parenchymal cells, all of the
radioactivity eluted with ll/3-hydroxy-4-pregnene-3,20-dione.
For the KiMSV-transformed and untransformed adrenocortical
fibroblasts, the radioactivity eluted with 110-hydroxy-4-andros-
tene-3,17-dione and remained in the crystals when recrystal-
lized 4 times with authentic 110-hydroxy-4-androstene-3,17-
dione.

Metabolite 11. On the basis of migration in TLC Systems I
and II and two HPLC systems (RAC 11/10 column; metha
nohwater, 70:30, 0.8 ml/min and 60:40, 1.0 ml/min) it was
concluded that Metabolite 11 consists primarily (>96%) of 5a-
pregnane-3a(/3),21-diol-20-one and traces of 4-pregnane-
17a,21-diol-3,l 1,20-trione (cortisone). Crystallization with au
thentic cortisone resulted in loss of 95% of specific radioactivity
in the first crystals and continued losses in subsequent crystal
lizations.

Metabolite 12. The TLC Rfp values were similar to those of
17 different standards in our steroids library. These steroids
were separated by HPLC (RAC II/10 column; methanohwater;
70:30, 0.8 ml/min; 60:40, 1.0 ml/min; 50:50, 1.4 ml/min; and
42:58, 1.5 ml/min). Under these conditions the radioactivity
eluted with 5a-pregnane-ll/3,21-diol-3,20-dione. Since the
amount of Metabolite 12 was relatively small and no significant
differences were noted in amounts of this metabolite between
transformed and untransformed cells, no further attempts were
made at specific identification.

Metabolite 13. The TLC Rfp values were similar to those of
11 different standards in our steroids library. These steroids
were separated by HPLC (Altex Ultrasphere column; metha
nohwater, 72:28, 1.5 ml/min; RAC 11/10 column; metha
nohwater, 50:50, 1.4 ml/min; and 42:58, 1.5 ml/min). Under
these conditions the radioactivity eluted with 4-pregnene-
11/3,2l-diol-3,20-dione (corticosterone; about 85%) and 4-preg-
nene-110,17Â«-diol-3,20-dione (15%). Crystallization with au
thentic steroids indicated the presence of corticosterone in
Metabolite 13.

Metabolite 14. The TLC Rfp values were similar to those of
13 standards in our steroids library. Several HPLC (RAC II/
10 column; methanohwater, 50:50, 1.4 ml/min, 42:58, 1.5 ml/
min) and GC (OV 210 column) fractionations showed radio
activity eluting with 4-pregnen-ll,8,17a,21-triol-3,20-dione
(cortisol) or 5a-pregnane-30,21-diol-ll,20-dione. Cocrystalli-
zation with cortisol did not result in constant specific activity.
Because of the small quantities of Metabolite 14 no further
attempts were made to obtain more conclusive identification
and Metabolite 14 is tentatively considered to be 5Â«-pregnane-
3/3,2l-diol-3,20-dione.

Metabolites 15,16, and 17. The TLC Rfpvalues were similar
only to 5a-pregnan-3-one, 5<*-androstan-3-one, and some ace
tates in our steroids library. No further attempts were made to
characterize these metabolites and they remain unidentified.

Characterization of Untransformed Adrenocortical Cells

Several significant differences were observed between un
transformed cultures of parenchymal cells and fibroblastic cells.
As shown in Fig. 1, two (unidentified) progesterone metabolites
were produced by parenchymal cells only. On the other hand,
parenchymal cells did not produce detectable 5/3-pregnane-3,20-
dione, androstenedione, or ll|3-hydroxy-4-androstene-3,17-
dione (Table 1, Metabolites 2, 6, and 10), which were secreted
by fibroblastic cells. On a per cell basis, synthesis of the follow
ing metabolites was increased in parenchymal cultures, as com
pared to fibroblastic cultures: 20a-hydroxy-5Â«-pregnan-3-one,
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Table 1 Percentage of conversion of f'CJprogesterone to various steroids by untransformed and KiMSV-transformedfibroblast-tike adrenal cells

Values represent typical results from one of four similar experiments. Percentage of conversion was normalized for 1 x lir cells and corrected for recovery.
Cultures were incubated for 6 or 24 h with Id" dpm |MC)progesterone. Values represent the means Â±SE of 3â€”4cultures.

Metabolite1234567891011121314151617Steroid5a-Pregnane-3,20-dione5/3-Pregnane-3,20-dione3Â«-Hydroxy-5a-pregnan-20-one20a-Hydroxy-5a-pregnan-3-one3/3-Hydroxy-5a-pregnan-20-oneAndrostenedione20a-Hydroxy-4-pregnen-3-one5a-Pregnane-3a,20o-diol4-Pregnene-3,l

1,20-trione1
1-Deoxycorticosterone1

l/J-Hydroxy-4-androstene-3,l7-dione5Â«-Pregnane-3Â«(/S),2

1-diol-20-one5a-Pregnane-

110,2 1-diol-3,20-dioneCorticosterone
and4-pregnene-Ili3,17a-diol-3,20-dione5a-Pregnane-30,2

1-diol-3,20-dioneUnidentifiedUnidentifiedUnidentifiedSteroid

enzymes"SoR5/3R5Â«R;

3aHSD5Â«R;
20Â«HSD5aR;
30HSD17-HY;
17,20-lyase20aHSD5aR;

20aHSD;3aHSD11

-HY;11HSD;21-HY11-HY;

17-HY;17,20-lyase5Â«R;

3a/0HSD;21-HY5aR;

11-HY;21-HY11-HY;
21-HY;17-HY21-HY;3HSD6hUntransformed1.14Â±0.150.04

Â±0.040.84
Â±0.250.45
Â±0.070.24
Â±0.030.10

Â±0.025.15
Â±0.351.55
Â±0.180.72

Â±0.330.24

Â±0.140.21

Â±0.040.24
Â±0.34<0.02Transformed0.91

Â±0.340.07
Â±0.040.1

3Â±0.05'0.11
Â±0.05'0.81
Â±0.16'0.05

+0.040.31
Â±0.15*0.18

+0.09*0.26

Â±0.050.46

Â±0.070.05

Â±0.030.26

Â±0.030.21
Â±0.120.30

Â±0.06*0.10

Â±0.0424

hUntransformed1.11

Â±0.14<0.023.90

Â±0.934.11
Â±0.990.45

Â±0.120.02
Â±0.0221.14Â±

1.599.71
Â±1.041.65

Â±0.960.58

Â±0.070.31

Â±0.031.30

Â±0.162.36
Â±0.430.19

Â±0.080.10
Â±0.040.41

Â±0.09Transformed1.38

Â±0.200.41
Â±0.04*0.44
+0.13*<0.02*3.39

Â±0.33*0.44
+0.13'0.48
Â±0.05*<0.02*0.24

Â±0.10''1.26

+0.11'0.56

Â±0.06'0.68

Â±0.150.57
Â±0.08*0.43

Â±0.121.95
+0.15*0.57
Â±0.22*0.48

Â±0.02
" Abbreviations for enzymes: R, reducÃase:HY, hydroxylase.
* Significantly different from untransformed at P < 0.001.
' Significantly different from untransformed at P < 0.01.
d Significantly different from untransformed at P < 0.05.

20-fold; 3ÃŸ-hydroxy-5a-pregnan-20-one,4-fold; 11-deoxycor-
ticosterone/4-pregnene-3,l 1,20-trione, 10-fold;corticosterone/
4-pregnene-ll|8,17a-diol-3,20-dione, 36-fold; 5a-pregnane-
3&21-diol-3,20-dione, 12-fold (Table 1, Metabolites 4,5,9,13,
and 14). Overall progesterone utilization by parenchyma! cells
was approximately 60 times greater than by fibroblastic cells.

Effects of Transformation on Progesterone Metabolism
The l4C-labeledprogesterone metabolites produced by trans

formed and untransformed adrenocortical cells are listed in
Table 1 and the percentage of conversion by IO6cells during a
6- and 24-h period are indicated for two representative experi
ments. Table 1 shows that specific changes in steroidogenic
activities appear to have taken place as a result of the transfor
mation. While the extent of production of several of the metab
olites (Table 1, Metabolites 1, 14, and 17) appears to remain
unaltered, the production of 3a-hydroxy-5Â«-pregnan-20-one,
20c*-hydroxy-4-pregnan-3-one, 20a-hydroxy-5Â«-pregnan-3-
one, 5a-pregnane-3a,20a-diol, 4-pregnene-3,11,20-trione (and
DOC), and corticosterone/4-pregnene-l 10,17a-diol-3,20-dione
(Table 1, Metabolites 3, 4, 7, 8, 9, and 13) is significantly (p <
0.05-0.001 ) decreased and that of 50-pregnane-3,20-dione (Me
tabolite 2), 30-hydroxy-5Â«-pregnan-20-one(Metabolite 5), an-
drostenedione (Metabolite 6), ll/3-hydroxy-4-androstene-3,17-
dione (Metabolite 10), and 5a-pregnan-3a(|8),21-diol-20-one
(Metabolite 11) and Metabolites 15 and 16 is significantly (P
< 0.05) increased in the transformed cells (Table 1). Table 1
also lists the enzymes involved in the formation of each of the
identified metabolites. These results suggested alterations in
steroidogenic enzyme activities. To determine if changes in the
rates of enzyme reactions had occurred, cells were cultured in
the presence of [l4C]progesterone for 0.5, 2, 6, and 24 h and
the 14C-labeledmetabolites were isolated and quantitated for
each time period. Fig. 2 shows the results for 9 steroids with
production rates that differed significantlybetween transformed
and untransformed cells. The rate of production of 20a-hy-
droxy-4-pregnen-3-one, 5a-pregnane-3a,20o-diol, 3a-hydroxy-
5a-pregnan-20-one, 20Â«-hydroxy-5Â«-pregnan-3-one,and cor-

(c)

o
z

TIME OF INCUBATION (HOURS)
Fig. 2. Conversion of [MC]progesterone to (a) 20Â«-hydroxy-4-pregnen-3-one,

(6) 5a-pregnane-3a,20a-diol, (c) 3a-hydroxy-5a-pregnan-20-one, (d) 20a-hy-
droxy-5a-pregnan-3-one, (e) 3/3-hydroxy-5a-pregnan-20-one, (/) corticosterone,
(g) 5<i(Â£)-pregnane-3,20-dione, (In androstenedione plus ll/9-hydroxy-4-andros-
tene-3,17-dione, and (i) unidentified metabolites IS plus 16 by untransformed (O)
and virally transformed (â€¢)adrenocortical cells during 0.5, 2, 6, and 24 h of
incubation. Symbols represent mean of 3-4 cultures and are represented as ng
steroid produced by 10" cells; bars, SE.

ticosterone by the untransformed cells is fairly linear up to 24
h and greatly exceeds that of the transformed cells (Fig. 2, a-
d,f). On the other hand, the rate of production of 3/3-hydroxy-
5a-pregnan-20-one (Fig. 2e), the Ci9 steroids (androstenedione
and 110-hydroxy-4-androstene-3,l 7-dione; Fig. 2h), and the
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unidentified metabolites (Fig. 2i) is significantly higher by the
transformed than the untransformed cells. The rate of forma
tion of 5o(^)-pregnane-3,20-dione between 6 and 24 h is also
higher in the transformed cells (Fig. 2g).

Table 2 shows the results from an experiment in which the
amounts of different classes of steroids (i.e., steroids with a
particular configuration) produced from progesterone during a
6- and 24-h period were calculated. These results show that
transformation results in a significant decrease in synthesis of
steroids with Sa-reduced, 20a-hydroxy, 21-hydroxy, and/or 3a-
hydroxy conformations, while 5/3-reduced, 30-hydroxy and the
19-carbon steroids (androstenes) are significantly increased.

Progesterone metabolites result from the actions of a variety
of steroidogenic enzymes and quantitative differences can occur
because of differences in these enzyme activities. Table 3 shows
the relative activities of 9 steroid-metabolizing enzymes calcu
lated from the 24-h conversion data. It is apparent that viral
transformation resulted in a marked decrease in 5Â«-reductase,
20a-HSD, 3a-HSD, 11-hydroxylase, and 21-hydroxy lase activ
ities (to 32, 1, 3, 35, and 43%, respectively, of untransformed
cells). On the other hand, the transformed cells exhibited aprox-
imately 10-, 6-, and 3-fold greater 5/3-reductase, 30-HSD, and
Ci7-2o-lyase activities, respectively, than the untransformed cells
(Table 3).

Neither /3-glucuronide- nor sulfate-conjugated steroids were
detected in any of the cultures.

DISCUSSION

The steroidogenic potential of the adrenocortical fibroblasts,
used for transformation in the present study, is quantitatively

Table 2 QuantitÃ¤ten of classes of steroids produced from progesterone by
untransformed and KiMSV-transformed adrenocortical cells during 6- and 24-h

periods in culture
Values represent the sum in ng/106 cells (mean Â±SE) of steroids with the

designated chemical configuration produced from 3.1 /m ("Cjprogesterone. (n =
4-6).

Class
ofsteroidSo-ReducedSff-Reduced20Â«-Hydroxy3Â«-Hydroxy30-Hydroxy21-Hydroxy11-Hydroxy/ketoAndrostenes6h24

hUntransformed

TransformedUntransformed130.8

Â±1.2
Â±221.7

Â±74.1
Â±7.4

Â±36.2
Â±43.6
Â±21.21.518.713.40.915.812.21
0.5 Â±4.875.72.218.69.625.117.630.315.8Â±23.2Â±

1.3Â±9.
IeÂ±4.4<Â±4.9*Â±7.1Â±9.7Â±3.4651.3

Â±1.2
Â±1083.8
Â±421.9
Â±19.8Â±179.5

+182.0
Â±107.80.6112.861.46.251.350.118.5

Â±3.4Transformed212.6

Â±12.7
Â±15.5Â±13.6Â±118.1

Â±76.6
Â±63.9
Â±27.5"1.4*2.2'4.1'17.6'12.7"10.5"52.5

Â±7.4"

" Significantly different from untransformed at P < 0.05.
0 Significantly different from untransformed at P < 0.01.
' Significantly different from untransformed at P < 0.001.

Table 3 Relative steroidogenic enzyme activities in untransformed and KiMSV-
transformed adrenocortical cells

Values are represented as nanounits of enzyme activity per 10* cells, where 1

unit equals 1 jimol of steroid converted per min by the enzyme. The activities
were determined by summing all the steroid metabolites resulting from a partic
ular enzyme activity. For example. 20a-HSD activity was calculated by adding
the amounts of 20a-hydroxy-4-pregnen-3-one, 20a-hydroxy-5a-pregnan-3-one,
and 5Â«-pregnane-3a.20a-diol produced by 10" cells from [MC]progesterone in 1
min. Values are the means Â±SE. (n = 5).

Enzyme5n-Reductase

50-Reductase
20n-HSD
3Â«-HSD
3/3-HSD
21-Hydroxylase
110-Hydroxylase
17-20-Lyase

(17-hydroxylase)Transformed468.9

Â±60.828.8
Â±3.1

34.3 Â±4.9
30.1 Â±9.1

26 1.0 Â±38.9
169.3 Â±28.1
141.2 Â±23.2
116.0Â± 16.4Ratio

(transformed:
Untransformeduntransformed)1439.4

+ 238.2
2.7 Â±1.3

2396.9 Â±249.5
933.1 Â±135.8

43.7 Â±13.7
396.5 Â±111.4
402.2 Â±110.7

40.9 Â±6.20.27

10.66
0.01
0.03
6.06
0.43
0.35
2.83

and qualitatively different from that of adrenocortical paren-
chymal cells. Using pregnenolone as substrate, it was shown
previously that the fibroblasts exhibit 20a-HSD activity and
that ACTH induced 30-HSD and 21-hydroxylase activities (7).
The present study revealed several additional steroid metaboliz
ing enzymes in uninfected adrenocortical fibroblast cultures.
The enzymes that were identified in the present study include
5a- and 5/3-reductase, 20a-HSD, 5-ane-3a-HSD and 5-ane-3/3-
HSD, 11/8-hydroxylase, 17a-hydroxylase, 21-hydroxylase, and
Cn-20-Iyase. These results support previous evidence which
suggested that adrenocortical fibroblasts have the potential to
express adrenocortical parenchymal characteristics. The differ
ences observed in the activities of the 17o-, 21-, and 11/3-
hydroxylases and the 17,20-lyase, between the fibroblastic and
parenchymal adrenocortical cells, are in keeping with the hy
pothesis that the fibroblastic cells resemble adrenocortical pa
renchymal stem cells.

In vivo, the functions and specificity of these enzymes vary.
Thus, 21-hydroxylase and l 1/8-hydroxylase are specific for the
adrenal cortex and catalyze, respectively, the terminal steps in
the production of DOC and corticosterone, while Cn^o-lyase
is present in adrenal cortex and gonads and is required for
androgen synthesis. 17-hydroxylase, 5a- and 5/Ã®-reductase,and
20Â«-HSD are more widespread; they modify the activity of
steroid hormones in steroidogenic cells and steroid target tis
sues. In addition, 17a-hydroxylase is a key enzyme in androgen
synthesis. Adrenal 17a-hydroxylase activity is virtually absent
in adult rats but is active in fetal adrenal tissues (19, 20). The
unexpected activity of this enzyme in the untransformed and
transformed fibroblasts in the present study can thus be inter
preted as part of the phenotype of incompletely differentiated
immature steroidogenic cells. Our inability to detect 17a-hy-
droxylase activity in the parenchymal normal adrenal cells used
Â¡nthese studies suggests that the detection of this enzyme in
the fibroblasts was not due to false identification of metabolites.
20o-HSD is expressed with high frequency by cultured steroi
dogenic cells, and it has been suggested that the culture envi
ronment stimulates the activity of this enzyme (21).

All the steroid-metabolizing enzymes found in the untrans
formed target cells were also present in the transformed cells.
This observation demonstrates that the activity of these en
zymes is compatible with v-ras oncogene-mediated transfor
mation, with the acquisition of tumorigenicity and with the
characteristic in vitro growth pattern and morphlogy of virally
transformed cells. Interestingly, this group of enzymes included
1l|8-hydroxylase, which is located in the mitrochondria and
requires cytochromes to carry out oxidation of deoxycorticos-
terone to corticosterone. The mechanisms necessary for this
complex metabolic step thus appear to be intact, even though
the mitochondria in KiMSV-transformed adrenal cells are
sparse and lack the specialized structure of normal adrenocor
tical mitochondria (21). Limited persistence of l 10-hydroxylase
activity in the presence of abnormal mitochondria has also been
observed in the Snell 494 transplantable adrenocortical carci
noma (22, 23). Until Metabolites 15, 16, and 17 are identified
the possibility that transformation activates additional enzymes
remains conjecture.

Significant quantitative changes in activity accompanied
transformation, and these varied greatly among enzymes. While
5-ane-3/3-HSD activity increased about 6-fold, 20o-HSD activ
ity became reduced 69-fold compared to untransformed cells.
5-ane-3$-HSD is an enzyme distinct from 5-ene-3/3-HSD and
is expressed at high levels in testicular development (24). Both
of these enzymes first appear in embryonic rat adrenal glands
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on about Day 14 of gestation (25, 26). They persist thereafter
in the adrenocortical parenchyma and they are also present
transiently in embryonic adrenocortical stromal cells (26). We
reported previously that 5-ene-3j3-HSD activity is absent in
adult adrenocortical fibroblasts cultured without ACTH but is
reproducibly induced by transformation and under culture con
ditions that mimic a regenerative response, i.e., cellular migra
tion and proliferation in the presence of high levels of ACTH.
We proposed that activation of this differentiation-associated
function by viral transformation may represent the expression
of oncofetal gene activity, in keeping with other examples of
fetal gene activation in malignancy and in regeneration (26). In
the present study, this hypothesis is supported by the observa
tion that transformation was accompanied by an increase in
activity of a second enzyme which is also prominent in devel
opment, namely, 5-ane-3,3-HSD (24). These results raise the
possibility that the steroid-metabolizing enzymes, specific for
the fetal or immature state, might serve as tumor markers in
malignancies of the adult adrenal gland.

The drastic reduction in 20a-HSD activity which was induced
in the adrenocortical cells by transformation may reflect a
common change in malignant tumors. It has also been observed
in chemically and hormonally induced mammary carcinomas
in rats (27, 28) and in human endometrial carcinomas (29). In
the studies cited above, the reduction in 20<*-HSD was accom
panied by an increase in 5a-reductase activity. An increase was
observed in Metabolites 5 and 11 in the present study; however,
overall, 5o-reductase activity decreased in the transformed cells.

The loss of differentiated functions which accompanies viral
transformation in most culture models tends to be more com
plete than that which is observed in cancer, clinically. Thus, the
retention by the transformed adrenocortical cells of all the
enzymes found in the target cells, as observed in the present
study, is unusual. It may have been influenced by several factors.
(a) At the time of viral infection, the target cells had only been
in culture for a short time and may therefore have remained
competent to retain specialized functions during the transfor
mation process; (b) The expression of differentiated character
istics by some cultured epithelial cells, e.g., epidermis (5),
thyroid (1), and respiratory epithelium (4), may depend on
specific aspects of cell morphology, polarity, and intercellular
organization. The disruption of these interrelationships, which
results from viral transformation, may be a factor responsible
for the concomitant loss of differentiation by these cells. In
contrast, the differentiation of the mesenchymally derived adre
nocortical cells may be less dependent on intercellular relation
ships and therefore less affected by virus-induced morphological
changes, (c) In the present study, the phenotye of the target
cells was that of immature, primitive steroidogenic cells and
may therefore have been more compatible with the phenotype
of transformed cells than if the target cells had been more
highly specialized, (d) The persistence of steroid-metabolizing
functions observed in the virally transformed adrenocortical
cells in this study may be peculiar to transformation mediated
by the ras oncogene, as distinct from other oncogenes. This
possibility is supported by the immortal cell line Y-l, derived
from a mouse adrenocortical carcinoma. In this malignant line,
c-Ki-ras, the cellular homologue of the Kirsten virus oncogene,
is highly amplified and overexpressed (30). Yet Y-l cells have
retained several tissue-specific steroidogenic functions, includ
ing 11/3-hydroxylation and 5-5-3/Ã®-HSD/isomerase activity.
However, in response to transformation of Y-l cells with simian
virus SA-7, most of these tissue-specific functions are lost (31).
In contrast to Kirsten murine sarcoma virus, simian virus SA-

7 is a member of the adenoviruses and its transforming function
is mediated by several gene products including one which resem
bles the product of the myc oncogene.

It has not been established whether or not the steroidogenic
capacity of the transformed cells in our system confers a selec
tive advantage on them. In view of the widespread and varied
growth-regulating properties of certain steroids and their effects
on malignant and virus-transformed cells (32-34), this possi
bility cannot be ruled out. The very marked decreases in some
steroid enzymes and increases of others, due to viral transfor
mation, will greatly alter the steroid composition within in
fected cells, which in turn could contribute to altered rates of
cell proliferation.
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