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oxidoreductase is mutated in progressive
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We used expression cloning to isolate cDNAs encoding a microsomal 3(3-hydroxy-AS-C,-steroid oxi-
doreductase (C,7 3B-HSD) that is expressed predominantly in the liver. The predicted product shares
34% sequence identity with the Cyoand C;; 3B-HSD enzymes, which participate in steroid hormone
metabolism. When transfected into cultured cells, the cloned C;; 33-HSD cDNA encodes an enzyme
that is active against four 70-hydroxylated sterols, indicating that a single C,; 33-HSD enzyme can
participate in all known pathways of bile acid synthesis. The expressed enzyme did not metabolize
several different Cy9/21 steroids as substrates. The levels of hepatic C;; 3-HSD mRNA in the mouse
are not sexually dimorphic and do not change in response to dietary cholesterol or to changes in bile
acid pool size. The corresponding human gene on chromosome 16p11.2-12 contains six exons and
spans 3 kb of DNA, and we identified a 2-bp deletion in the C27 33-HSD gene of a patient with neona-
tal progressive intrahepatic cholestasis. This mutation eliminates the activity of the enzyme in trans-
fected cells. These findings establish the central role of C;; 33-HSD in the biosynthesis of bile acids
and provide molecular tools for the diagnosis of a third type of neonatal progressive intrahepatic

cholestasis associated with impaired bile acid synthesis.

J. Clin. Invest. 106:1175-1184 (2000).

Introduction

Bile acids are important components of normal physi-
ology with essential functions in the liver and small
intestine. Their synthesis in the liver provides a meta-
bolic pathway for the catabolism of cholesterol and
their detergent properties promote the solubilization
of essential nutrients and vitamins in the small intes-
tine. Inherited conditions that prevent the synthesis of
bile acids can cause the accumulation of cholesterol
and liver dysfunction (cholestasis), underscoring the
essential role of bile acids in metabolism.

The synthesis of bile acids was initially thought to
involve a single major pathway progressing from cho-
lesterol to the primary bile acids cholate and chen-
odeoxycholate (reviewed in ref. 1). In fact, this synthe-
sis is more complex and may involve as many as three
separate pathways (Figure 1a). Each pathway differs in
the initial steps and in the involvement of distinct
sterol 70-hydroxylase enzymes that add an essential
hydroxyl group to carbon seven of the sterol ring. After
the addition of this group, the next step in each path-
way is catalyzed by a 3[-hydroxy-AS-C,7-steroid oxi-
doreductase, which isomerizes the AS bond to the A*
position and oxidizes the 33-hydroxyl group to a 3-oxo
moiety on intermediates with 27 carbon atoms (Figure

1b). For historical reasons this enzyme is often referred
to in the literature as a C;7 33-hydroxysteroid dehydro-
genase (Cy7 33-HSD). The branching of the early steps
in the bile acid synthesis pathways and the structural
diversity of the resulting 70-hydroxylated sterol inter-
mediates raises the following questions. First, is there
one Cy7 3B-HSD enzyme that participates in all three
pathways, or are there multiple enzymes specific for
each pathway? Second, how does the Cy; 33-HSD
enzyme of bile acid synthesis relate to the previously
characterized family of Cio2; 3B-HSD enzymes in-
volved in steroid hormone metabolism?

Progressive neonatal intrahepatic cholestasis is
marked by jaundice, fat-soluble vitamin deficiency, and
lipid malabsorption and is a rare condition of diverse
etiologies. Among the causes of this disorder are inborn
errors of metabolism that affect the production and
secretion of bile (2). In the absence of a normal bile flow
and bile acid pool size, the end products of heme
metabolism are not secreted, and their accumulation
causes the characteristic jaundice. Dietary fat-soluble
vitamins are not effectively taken up in the intestine,
leading to deficiencies in hemostasis, and hydrophobic
lipids such as long-chain fatty acids and cholesterol are
poorly absorbed causing fatty stools. Mutations in one
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synthesis pathway involving cholesterol 7a-hydroxylase.

of several genes encoding enzymes that synthesize bile
acids (3-5) or that actively transport these steroids
across the canalicular membranes of the liver into the
bile (6) often underlie familial cases of intrahepatic
cholestasis manifested in childhood. Knowledge of the
exact molecular basis of the disorder is important
because it can determine the therapeutic course (7). For
example, defects in bile acid synthesis can often be
treated by oral bile acid therapy, whereas the absence of
a transporter requires orthotopic liver transplantation.

Deficiencies in three enzymes involved in bile acid syn-
thesis lead to neonatal cholestasis. These include the
CYP7B1 oxysterol 70-hydroxylase (5), the C,7 3B-HSD
(3, 8), and a 3-oxo-A*-steroid 5B-reductase (4). These
enzymes normally catalyze sequential steps in bile acid
synthesis and, when missing, a characteristic spectrum
of sterol intermediates accumulates. The diagnosis of
which enzyme is defective can thus be made by gas chro-
matography-mass spectrometry analyses of serum or
urine. In cases of 3-oxo-A*-steroid 5B-reductase defi-
ciency (9, 10) or CYP7B1 oxysterol 70-hydroxylase defi-
ciency (5), the encoding genes have been isolated,
allowing a molecular diagnosis to be made. The gene
specifying C,7 3B-HSD has not yet been cloned, and,
consequently, the molecular genetics of cholestasis aris-
ing from a deficiency of this enzyme remain unknown.

To characterize the C;;7 33-HSD enzyme(s) that par-
ticipates in bile acid synthesis and to gain insight into
the molecular genetics of progressive intrahepatic
cholestasis caused by C,7 33-HSD deficiency, we used
expression cloning to isolate cDNAs and genes encod-
ing this enzyme activity in the mouse and human.
Analysis of these DNAs reveals that a single Cy7 33-
HSD enzyme acts on intermediates arising in the
three known pathways of bile acid synthesis. The
Cy7 3B-HSD enzyme shares approximately 34%

sequence identity with the known Cjop; 33-HSD
enzymes. In addition, we have characterized a muta-
tion in the C;; 33-HSD gene from a patient with
neonatal cholestasis, which confirms the central role
of this enzyme in bile acid synthesis.

Methods

Expression cloning. A cDNA library in the expression vec-
tor pCMV6 was constructed as described previously
(11). Poly (A)* RNA was prepared from a pooled liver
sample derived from three male mice (mixed strain
C57BL/6J/129SvEv) and converted into cDNA by treat-
ment with reverse transcriptase using the reagents of a
Superscript Plasmid Kit (Life Technologies, Bethesda,
Maryland, USA). Size-fractionated cDNA (>1.5 kb) was
ligated into NotI/Sall-digested pCMV6 expression vec-
tor. Plasmid DNA from the ligation reaction was puri-
fied, and an aliquot was used for transformation of
Electromax Escherichia coli DH10B cells (Life Technolo-
gies). The resulting library, which contained approxi-
mately 1.2 x 10¢ independent recombinants harboring
cDNAs of average insert size 1.8 kb, was divided into
pools of 500 colonies each. Plasmid DNAs were puri-
fied from each pool and used to transfect HEK 293
cells, which were plated on day 0 at a density of 7 x 10°
cells per 60-mm dish in medium A (DMEM containing
10% FCS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin sulfate). On day 1, cells were transfected using
FuGene reagent (Boehringer Mannheim Biochemicals
Inc., Indianapolis, Indiana, USA) with a mixture of
plasmid DNAs that included 2.25 pg of a cDNA pool,
2.25 ug of pCYP7B1, a vector expressing the mouse
CYP7B1 oxysterol 70-hydroxylase (12), and 0.5 pug of
pVA-1, a vector expressing the adenovirus type 5 VA1
gene (13). On day 2, medium A containing the trans-
fection reagent was replaced with medium A supple-
mented with 1.2 pM 25-[*H]hydroxycholesterol (81.5
Ci/mmol; NEN Life Science Products, Boston, Massa-
chusetts, USA). On day 3, lipids were extracted from the
medium using Folch reagent (chloroform/methanol;
2:1 vol/vol) and separated by thin-layer chromatogra-
phy in a solvent system containing toluene/ethylac-
etate (2:3 vol/vol) on prescored LK5DF silica gel thin-
layer chromatography plates (Whatman, Hillsboro,
Oregon, USA). Plates were subsequently analyzed using
phosphorimaging on a BAS1000 apparatus (Fuji Med-
ical Systems, Stamford, Connecticut, USA).

Pools of cDNAs expressing Cp; 33-HSD enzyme
activity were transformed into E. coli, and the result-
ing colonies were subdivided into subpools of approx-
imately 80 as described (11). Plasmid DNAs were puri-
fied from the subpools and transfected into HEK 293
cells, which were then assayed for C,; 33-HSD enzyme
activity. Positive pools from this secondary screen
were transformed into E. coli, and individual colonies
were grown and arranged in a matrix. Pools of plas-
mid DNAs from the rows and columns of the matrix
were screened by transfection for clones expressing
C37 33-HSD enzyme activity. Plasmids at the intersec-
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tions of positive rows and columns were isolated,
screened again by transfection, and characterized as
described in the text.

Analysis of substrate specificity. HEK 293 cells were
transfected with mixtures of expression plasmids
using the FuGene reagent. A plasmid encoding the rat
Ci9/21 3B-HSD type I enzyme was a kind gift of Stefan
Andersson, University of Texas Southwestern Medical
Center. The plasmid (pCYP7Al) encoding the rat
CYP7A1 cholesterol 7a-hydroxylase was isolated as
described previously (14). Plasmid DNAs encoding
C37 33-HSD enzymes were isolated as described above.

The 33-HSD activity was assayed in transfected cells as
detailed above, except that substrate was included in
medium A at a concentration of 3 UM. The tested sub-
strates were: [*C]cholesterol (51 mCi/mmol; NEN);
24-[*H]hydroxycholesterol (50 Ci/mmol; American
Radiolabeled Chemicals, St. Louis, Missouri, USA);
25-[*H]hydroxycholesterol (81.5 Ci/mmol; NEN);
27-[*H]hydroxycholesterol (80 Ci/mmol; NEN);
[1“C]dehydroepiandrosterone (55.5 mCi/mmol; NEN;,
[*H]pregnenolone (22.5 Ci/mmol; NEN); and
[*H]androst-5-ene-33,17B-diol (42 Ci/mmol; NEN).
When cholesterol was used as a substrate, the transfect-
ed cells were incubated with 20 mg/ml 2-hydroxypropyl-
B-cyclodextrin (Sigma Chemical Co., St. Louis, Missouri,
USA) in medium A for 1 hour before the addition of
radiolabeled cholesterol to the medium. This treatment
reduces the intracellular concentration of cholesterol
and consequently increases the sensitivity of the assay
(11). Thin-layer chromatography was carried out as
described above for the C,7 substrates or in a solvent sys-
tem containing chloroform/ethylacetate (3:1 vol/vol)
when dehydroepiandrosterone, pregnenolone, or
androst-5-ene-3[3, 17p3-diol were used as substrates.

Isolation of buman C,7 33-HSD cDNA. A 186-kb human
genomic DNA clone (GenBank/EBI Data Bank acces-
sion no. AC021142) containing several segments with
high sequence identity to the mouse C;7 33-HSD cDNA
was identified by basic local alignment search tool
(BLAST) search of the Human Genome database
(htep://www.ncbinlm.nih.gov/BLAST/). Based on this
sequence, two oligonucleotides of the following
sequences were designed that were predicted to corre-
spond to the 5'- and 3'-untranslated regions of the Cy;
3[3-HSD mRNA: 5'-GCTAGTCGACTCTCTTCCCCAG-
CCAGGC-3' (forward primer) and 5'-ATCGCGGCCGC-
GCTGTATCTGGGCCTCCA-3' (reverse primer). These
oligonucleotides also contained Sall-restriction sites (for-
ward primer) and NotI-restriction sites (reverse primer)
at their 5" ends. This primer pair was used in a PCR to
amplify C,7 3B-HSD cDNAs from an aliquot (10° CFU)
of ahuman liver cDNA library obtained from Life Tech-
nologies (catalog no. 10422-012). The thermocycler
(GeneAmp 9600; Perkin-Elmer Applied Biosystems, Fos-
ter City, California, USA) was programmed to perform
one cycle of 94°C for 60 seconds, followed by 30 cycles
of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C
for 30 seconds. The amplified cDNA fragment was puri-

fied by gel-filtration chromatography and then digested
for 2 hours with the restriction enzymes Sall and Notl
(New England Biolabs, Beverly, Massachusetts, USA).
The resulting major cDNA fragment of approximately
1.1 kb was purified by electrophoresis through a 0.8%
agarose gel recovered from the matrix using the reagents
of a QIAquick gel extraction kit (QIAGEN GmbH,
Hilden, Germany) and ligated into a Sall/NotI-digested
pCMV6 vector. Plasmid DNA was prepared, and the
identity of the human C;; 33-HSD ¢DNA confirmed by
sequencing. The resulting expression plasmid was des-
ignated pCy7-33-HSD-Human.

DNA sequencing and RNA blotting. DNA sequencing
was performed on an ABI Prism 377 sequencer (Perkin-
Elmer) using thermocycler sequencing protocols and
fluorescent dye terminators. Assembly of contiguous
DNA sequences and sequence alignments were per-
formed using a Lasergene software package (DNAS-
TAR Inc., Madison, Wisconsin, USA).

For RNA blotting, mouse and rat multiple-tissue RNA
blots (catalog no. 7762-1 and no. 7764-1; CLONTECH,
Palo Alto, California, USA) were hybridized overnight in
a buffer containing 50% (vol/vol) formamide at 42°C
with a [3?P]-radiolabeled probe derived from a near full-
length mouse Cy; 33-HSD ¢cDNA. Human multiple-tis-
sue RNA blots (catalog no. 7760-1 and no. 7759-1;
CLONTECH) were hybridized to a radiolabeled, near
full-length, human C,7 33-HSD ¢DNA probe using sim-
ilar conditions. In both experiments, the cDNAs were
radiolabeled with [03?P]dCTP by random nonamer
priming (Megaprime Labeling Kit; Amersham Life Sci-
ences, Arlington Heights, Illinois, USA). Blots were
washed stringently at 65°C in 0.1x SSC containing 0.1%
(wt/vol) SDS and were exposed to Kodak X-OMAT AR
film using an intensifying screen for the times indicat-
ed in the legend to Figure 6.

Diet studies. Mixed-strain (C57BL/6]J/129SvEv) litter-
mate mice that were either wild-type at the cholesterol
70-hydroxylase locus (Cyp7al**) or carried an induced
null allele (Cyp7al~~) (15) were generated at the Uni-
versity of Texas Southwestern Medical Center. Mice
were fed a cereal-based diet (7001; Harlan Teklad,
Madison, Wisconsin, USA), which contained > 4%
(wt/wrt) fat, = 24% (wt/wt) protein, and < 5% (wt/wt)
fiber. Where indicated, the diet was supplemented with
1% (wt/vol) cholesterol (ICN Radiochemicals, Irvine,
California, USA). Mice of the indicated sex (n = 6 per
group, age 3 months) were fed either the normal or
supplemented diets for two weeks. On the last day of
the experiment, animals were sacrificed and the livers
dissected. RNA was isolated by guanidinium isothio-
cyanate acid phenol extraction. Equal amounts of RNA
from individual tissues from animals of each group
were pooled, poly(A)" RNA was isolated by oligo(dT)
cellulose chromatography, and the samples were ana-
lyzed by RNA blotting using standard methods (16).

Clinical bistory of patient MU2. This Saudi Arabian boy
was the fifth child of parents who were first cousins. An
older sister and brother died of complications of pro-
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Figure 2

Expression cloning of mouse cDNAs encoding Cy7 33-HSD enzyme
activity. Cultured HEK 293 cells were cotransfected with a cDNA
encoding the CYP7B1 oxysterol 7a-hydroxylase and pools of cDNAs
derived from a mouse liver library. After 24 hours, the transfected
cells were assayed for enzyme activity by thin-layer chromatography
using [*H]cholest-5-ene-3[3,25-diol (25-hydroxycholesterol, 1.2 pM)
as substrate (see Methods). In lane 1, cells transfected with a control
plasmid lacking a cDNA insert exhibited basal oxysterol 7a-hydrox-
ylase activity, which converts 25-hydroxycholesterol into cholest-5-
ene-3f3,70,25-triol, and low levels of C,7 33-HSD enzyme activity,
which converts the product of the CYP7B1 enzyme into 70,25-dihy-
droxy-cholest-4-ene-3-one. In lane 2, transfection with the CYP7B1
oxysterol 70-hydroxylase cDNA alone increased the synthesis of
cholest-5-ene-3[3,70,25-triol. In lane 3, transfection of a pool of 500
cDNAs containing a cDNA encoding C;7 33-HSD enzyme activity
increased the synthesis of 70(,25-dihydroxy-cholest-4-ene-3-one. In
lanes 4-6, transfection of progressively smaller (more enriched) pools
containing the cDNA encoding the C,7 33-HSD activity resulted in a
gradual increase in the synthesis of 70,25-dihydroxy-cholest-4-ene-
3-one and a decrease in the 70-hydroxylated intermediate. In lanes
7 and 8 are radiolabeled sterol standards whose identities were con-
firmed previously by gas chromatography-mass spectrometry (12).

gressive liver disease. He weighed 4 kg at birth and exhib-
ited jaundice 2 days later. He was brought to clinical
attention in Great Britain as a 3-month-old infant (3).
He had moderate jaundice, hepatomegaly, and an accu-
mulation of 3f,70-dihydroxy- and 3[,70,12d-trihy-
droxy-5-cholenoic acids in his urine. The family recurned
to Saudi Arabia, and the patient was lost to follow up
until age 2 years, 9 months, when he was seen at the King
Faisal Specialist Hospital. He was underdeveloped (25th
percentile for weight, less than fifth percentile for
height), had persistent jaundice, pruritus, rickets, and
hepatomegaly (8). Treatment with chenodeoxycholic
acid led to an increased well-being, a decrease in pruri-
tus, and a normalization of urinary steroids (17). He is
now 17 years old and doing well on cholic acid therapy.

Genetic analysis. The C,7 33-HSD gene was isolated
from genomic DNA extracted from the white blood
cells of a normal subject and from the fibroblasts of
patient MU2 (3, 8). PCRs were performed with an
Advantage-GC Genomic PCR kit (catalog no. K1908-1;
CLONTECH) using the human C,7 33-HSD oligonu-
cleotide primers described above. The thermocycler
program consisted of one cycle of 94°C for 15 seconds,

followed by 30 cycles of 94°C for 5 seconds, 70°C for
180 seconds, and a final cycle of 70°C for 60 seconds.
The amplified 2.7-kb DNA fragments from the control
and patient genomes were purified, digested with Sall
and Notl as described above, and ligated into pCMV6
to yield expression plasmids pC,7-33-HSD-Normal and
pCa27-3B3-HSD-MU2, respectively. The DNA sequences
of the cloned inserts were determined, and the result-
ing plasmids were used in transfection experiments to
express Cy7 33-HSD activity.

The exon-intron structure of the human Cy; 3-HSD
gene was deduced from the DNA sequence deposited
in GenBank/EBI Data Bank (accession no. AC021142)
by comparison with the cloned cDNA sequence. This
structure was confirmed by DNA sequence analysis of
the gene amplified from the genomic DNA of a normal
control. A 2-bp deletion in patient MU2 was identified
by amplification of individual exons from genomic
DNA, then by sequence analysis.

Gene mapping. The chromosomal location of the
human C,; 3B-HSD gene was determined by radiation
hybrid mapping using the Stanford G3 panel
(Research Genetics, Huntsville, Alabama, USA). The
primer pair used for amplification of the panel DNAs
by the PCR was 5'-AAGGGCACTCAGGGGTGTGT-3' (for-
ward primer) and 5'-CGGGACCTGGGTGGATGTGC-3'
(reverse primer). This primer pair corresponds to
nucleotides 62,583-62,602 and 62,093-62,112, respec-
tively, of the human gene sequence (GenBank/EBI
Data Bank accession no. AC021142). The thermocy-
cler program consisted of one cycle of 94°C for 15 sec-
onds, followed by 30 cycles of 94°C for 5 seconds,
70°C for 180 seconds, and a final cycle of 70°C for 60
seconds. The radiation hybrid data were analyzed
through the Stanford Genome Center server
(http://shgc-www.stanford.edu/RH/index.html/),
which indicated linkage of the human C,; 33-HSD
gene to the SHGC-57014 marker (lod score = 15.1,
cR_1000 = 5) on the short arm of chromosome 16 in
the vicinity of Giemsa band p11.2-12. Despite many
attempts, we were unable to determine the chromoso-
mal location of the mouse gene by analysis of the T31
radiation hybrid panel available from the Jackson Lab-
oratory (Bar Harbor, Maine, USA).

Results

In the course of transfection experiments with cDNAs
encoding enzymes that catalyze early steps in the bile
acid synthesis pathways (Figure la), we noted that
70-hydroxylated oxysterols were good substrates for
an endogenous Cy7 33-HSD enzyme present in sever-
al different cell lines. For example, as shown in Figure
2 (lane 1), the addition of cholest-5-ene-3[3,25-diol
(25-hydroxycholesterol) to the medium of cultured
human embryonic HEK 293 cells led to the formation
of a 70-hydroxylated oxysterol (cholest-5-ene-
3[3,7a,25-triol) and the conversion of this compound
to 70,25-dihydroxy-cholest-4-ene-3-one by the Cy7 33
HSD activity. Time-course experiments indicated that
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cholest-5-ene-3[3,70,25-triol was the first product
formed, followed by its conversion to 7a,25-dihy-
droxy-cholest-4-ene-3-one (data not shown). Trans-
fection of a cDNA encoding the CYP7B1 oxysterol
70-hydroxylase increased the synthesis of the
70-hydroxylated intermediate but had little effect on
the formation of the 3-oxo-A* sterol (Figure 2, lane 2).
These results suggested that cDNAs encoding C7 33-
HSD enzymes could be identified by adding
25-hydroxycholesterol to cells transfected with the
CYP7B1 oxysterol 7a-hydroxylase and screening a
cDNA library for clones that would increase the for-
mation of the 3-oxo-A* sterol intermediate.

Biochemical studies indicate that Cp; 3B-HSD
enzyme activity is abundant in the livers of several
species, including the mouse (18-20). For this reason,
we prepared a cDNA library in an expression vector
using mouse hepatic mRNA as a template. The library
was divided into pools containing approximately 500
independent cDNAs each for screening purposes. Indi-
vidual pools were then introduced into HEK 293 cells
together with the CYP7B1 oxysterol 7d-hydroxylase
cDNA, and the transfected cells were incubated with
radiolabeled 25-hydroxycholesterol. In an initial screen
of 60 pools, several were found that increased the for-
mation of the 3-oxo-A* compound (e.g., Figure 2, lane
3). One such active pool was progressively subdivided
and screened by transfection to identify a single cDNA
encoding C,7 3B-HSD activity (Figure 2, lanes 4-6).

The purified plasmid contained a cDNA insert of 1.75
kb that encoded a 5'-untranslated sequence of 36 bp, a
translated sequence of 1107 bp, and a 3'-untranslated
region of 603 bp ending in a poly(A) sequence. The trans-
lated sequence specified a protein of 369 amino acids
(Figure 3a). Database searches revealed a highly homolo-
gous rat cDNA sequence (GenBank/EBI Data Bank
accession no. AB000199), which was identified previous-
ly in a screen for mRNAs that accumulated in growth-
arrested cells and named cca2 (21). The rat cDNA encod-
ed a sequence of 338 amino acids that was contiguous
with that of the mouse, except for a sequence of 31 amino
acids unique to the mouse protein (Figure 3a).

A search of the human genome sequence database
revealed an extended sequence (GenBank/EBI Data
Bank accession no. AC021142) that in certain sections
shared approximately 84% sequence identity with the
mouse cDNA. By comparing these two sequences, we
deduced the predicted 5'- and 3'-untranslated regions
of the human C,; 33-HSD mRNA, and based on these
data, synthesized two oligonucleotide primers that
were oppositely oriented and complementary to these
regions. This primer pair was used in RT-PCRs to
amplify a cDNA from human liver mRNA that encod-
ed the C;7 33-HSD enzyme. The human cDNA speci-
fied a protein of 369 amino acids that was contiguous
along its length with the mouse protein (Figure 3a).

Several features of these predicted protein sequences
suggested that they were C,7 33-HSD enzymes. First,
the human, mouse, and rat sequences shared 86-94%

sequence identity in pairwise comparisons, which sug-
gested that they were orthologs of the same enzyme.
Second, their amino-terminal sequences were similar to
a sequence of 18 amino acids that was established from
a highly purified preparation of pig liver C,; 3B-HSD
(20). Third, hydropathy analyses of the sequences
showed four regions of extended hydrophobicity, each
approximately 20 amino acids, which may represent
membrane-spanning domains (Figure 3b). The pres-
ence of these putative transmembrane sequences was
consistent with the enrichment of C,; 33-HSD enzyme
activity in hepatic liver membranes (18-20). Finally,
these protein sequences shared approximately 34%
sequence identity with six 3B-HSD enzymes that act on
steroid substrates containing 19 carbon atoms (Cyo) or
21 carbon atoms (Cy;) (Table 1).

To determine the substrate specificities of the mouse
and human C,7 3B-HSD enzymes, we transfected HEK
293 cells with expression vectors containing the respec-
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Human
Mouse
Rat

(a) Alignment of Cy7 3B-HSD enzyme sequences deduced from the
human, mouse, and rat cDNAs. Identities between enzymes are shad-
ed in black. Amino acids are numbered on the left. A sequence of 31
amino acids present in the human and mouse enzymes but absent in
that of the rat is indicated by dashes. The GenBank/EBI Data Bank
accession numbers for the human, mouse, and rat sequences are
AF277719, AF277718, and BAA22931, respectively. (b) A hydropa-
thy plot was generated for the amino acid sequence of the human
Cy7 3B-HSD using the Kyte-Doolittle algorithm. The window size was
17 amino acids. Hydrophobic sequences fall below the central divid-
ing line, and hydrophilic sequences rise above this line. Letters below

the plot indicate four putative transmembrane domains.
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Table 1
Sequence identities between mouse 33-HSD enzymes

Isozyme? | 1l 11l v \ \
Cy7 3B-HSD 348 33 34 35 34 34
Cio/21 3B-HSD | 84 83 77 74 83
Ci9/21 3B-HSD 1 90 74 73 90
Cio/21 3B-HSD 111 73 72 91
Cio/21 3B-HSD IV 93 73
Cioj21 3B-HSD V 72

AThe GenBank/EBI Data Bank accession numbers for the mouse 33-HSD
enzymes are: Cy7 3B-HSD, AF277718; Cy9/21 3B-HSD |, M58567; Cyg/21 3B-
HSD I, M75886; Cio/21 3B-HSD Ill, M77015; Cyo21 3B-HSD IV, L16919;
Cig/21 3B-HSD V, L41519; and Cyg/21 3B-HSD VI, AF031170. BPercentage of
identities between different pairs of 3B-HSD isozymes were determined using
the MegAlign routine of the Lasergene DNA sequence analysis program.

tive cDNAs and then measured the ability of the trans-
fected cells to metabolize different radiolabeled C,;
sterols that arise in the bile acid synthesis pathways
(Figure 1a). The C,7 33-HSD enzymes are only active
against 70-hydroxylated sterol substrates, which are
not readily available. This problem was overcome by
generating 70-hydroxylated sterols in situ through
cotransfection of the appropriate sterol 70-hydroxy-
lases. To these ends, 70-hydroxylated oxysterols were
generated by adding oxysterols to cells transfected with
a CYP7B1 oxysterol 70-hydroxylase, and 70-hydroxyc-
holesterol was produced by addition of cholesterol to
cells transfected with a CYP7A1 cholesterol 7a-hydrox-
ylase cDNA. Subsequent incubations were done under
conditions that minimized the contribution of the

endogenous Cy7 3B-HSD enzyme activity present in the
HEK 293 cells. Finally, the substrate specificities of the
C»7 33-HSD enzymes were compared and contrasted to
those of a Cy9/21 3B-HSD type I enzyme.

As shown in Figure 4a, the expressed mouse and
human C,; 33-HSD enzymes were active against the
70-hydroxylated forms of 24-hydroxycholesterol,
25-hydroxycholesterol, and 27-hydroxycholesterol. The
percentage of starting substrate converted into the A%,
3-oxo product in each case was proportional to the
amount of 70-hydroxylated oxysterol formed in the
cell, which suggested that the Cy; 33-HSD enzymes did
not show a preference for one 70-hydroxylated oxys-
terol substrate over another. Both enzymes also were
active against 70-hydroxycholesterol (Figure 4b). In
experiments not shown, the metabolism of radiola-
beled 7a-hydroxylated oxysterols by the expressed Csy
33-HSD enzymes was inhibited by the addition of unla-
beled 7a-hydroxycholesterol to the culture medium,
and conversely, the metabolism of 7a-hydroxycholes-
terol was inhibited by the addition of 7a-hydroxylated
oxysterols. None of these 7a-hydroxylated C;; sub-
strates were metabolized to their A* 3-oxo forms by
cells transfected with a cDNA encoding a Ci9/21 3p-
HSD type I enzyme (Figure 4, a and b).

In contrast to these results, cells transfected with the
Cio/21 3B-HSD type I cDNA avidly metabolized dehy-
droepiandrosterone (Ci9), pregnenolone (Cs;), and
androst-S-ene-3p, 173-diol (Cyo), whereas the patterns
of metabolites generated from these substrates in cells
transfected with the mouse and human C,; 33-HSD

a o | b o)
PLASMID PLASMID
Vector + + + Vector +
PCYPTE +|+ |+ |+ + |+ |+ |+ + [+ |+ |+ pCYPTAT +| ++ ]+
Plar3p-HSO-Mousa + + + pCy7-3f-HSD-Mouse +
Py A HSDHHuman + + + PCar-3p-HED-Human +
Pl g0 3 HED-Aat + + + pCyg. -3p-HSD1-Rat +
Cnoysterol
batrates Cholastared, _
= substrate
- Tee-Hydrogy-4- —
cholastan-
S-one, product
Tu-Hydromylated- [
3oama, A%
products L Cholast-5-ane- —
3p, To-dicl,
Tor-Hydroxylated- subsirale
substrates

12 3 45
1 2 3 4 5"6 7 8 9 10"11 12 13 14 f5|

Chalest-5-ene Cholesl-5-ane Cholest 5-ene

3B, 24-diol 3fi, 25-diol

Figure 4

Substrate specificities of the human and mouse C,7 3B-HSD enzymes. Cultured HEK 293 cells were transfected with the indicated cDNA-
expression plasmids and assayed for 33-HSD enzyme activity using different radiolabeled sterol intermediates of the bile acid synthesis path-
ways. In (a), intermediates arising in the oxysterol 7a-hydroxylase pathways were added to cells at a final concentration of 3 UM, and the
incubations continued for 24 hours: lanes 1-5, results obtained with [3H]cholest-5-ene-3[3,24-diol (24-hydroxycholesterol); lanes 6-10,
[3H]cholest-5-ene-3[3,25-diol (25-hydroxycholesterol); and lanes 11-15, [3H]cholest-5-ene-33,27-diol (27-hydroxycholesterol). In (b),
[#C]cholesterol was added to cyclodextrin-treated cells at a final concentration of 3 UM, and the incubations continued for 24 hours. The

3R, 27-dicl

positions to which sterols of known structure migrated on the thin-layer chromatograms are shown on the left.
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Figure 5

Activities of different 33-HSD enzymes against Cyg/21 steroid sub-
strates. Cultured HEK 293 cells were transfected with the indicated
cDNA expression plasmids and assayed for 33-HSD enzyme activity
using different radiolabeled intermediates of steroid hormone metab-
olism. In lanes 1-4, [*C]dehydroepiandrosterone (C9) was added to
cells at a concentration of 3 UM and the incubation continued for 24
hours. In lanes 5-8, [3H]pregnenolone (C;1) was added, and in lanes
9-12, [3H]androst-5-ene-3[3, 17B-diol (Cy9) was added.

cDNAs were no different from those of mock-trans-
fected cells (Figure 5). Cotransfection of a CYP7B1
cDNA, which is known to produce the 70-hydroxylat-
ed derivatives of dehydroepiandrosterone and preg-
nenolone (22), did not alter this outcome (data not
shown). We concluded from this series of experiments
that the C,; 33-HSD enzymes encoded by the isolated
cDNAs metabolize C,7 intermediates that arise in the
three known pathways of bile acid synthesis and that
these enzymes probably do not act on intermediates of

pancreas, and kidney, and at lower levels in the heart,
skeletal muscle, and placenta. The abundance of these
C,7 3B-HSD mRNAs in the liver was consistent with a
role for the encoded enzyme in bile acid synthesis.

To determine if the hepatic levels of Cy; 3B-HSD
mRNA were regulated in response to changes in the
enteroheptic flux of cholesterol or bile acids, groups of
male and female mice were fed a normal chow diet ora
diet supplemented with 1% cholesterol for a period of
21 days. Thereafter, the animals were sacrificed, nRNA
was purified from the liver, and aliquots of the mRNA
were analyzed by blot hybridization. The data of Figure
7 show that the levels of C;; 33-HSD mRNA did not
change between the control and experimental animals.
In addition, there was no detectable sexual dimor-
phism in the levels of this mRNA. Similar results were
obtained when mice were fed diets supplemented with
0.5% cholate, 2% cholesterol plus 0.5% cholate, or 2%
colestipol (data not shown). Furthermore, when cho-
lesterol feeding was carried out in mice lacking the cho-
lesterol 70-hydroxylase gene (Cyp7al), which have
much reduced bile acid-pool sizes (23), the levels of Cy;
3B3-HSD mRNA did not change relative to those in
wild-type animals (Figure 7). We concluded from this
series of experiments that the steady-state level of
mouse Cy7 33-HSD mRNA is immune to dietary sup-
plements that affect the expression of other genes
encoding bile acid-synthesis enzymes and to large
alterations in the size of the circulating bile acid pool.

To analyze the molecular genetics of C,; 3B-HSD
deficiency, the structure of the human gene was deter-
mined. This proved to be a straightforward task as an
extended sequence containing the gene was deposited

steroid hormone biosyn-
thesis and catabolism.
The tissue distribu-
tions of the mouse, rat,
and human C,; 33-HSD
mRNAs were examined
next by RNA blotting
(Figure 6). Analysis of
eight mouse tissues
revealed a single hybridiz-
ing species of approxi-
mately 1.8 kb that was
present only in the liver
(Figure 6, left). A similar
pattern of liver-specific
expression was found
among eight rat tissues
(Figure 6, middle). In
contrast, the distribution
of the human C,; 3[3-
HSD mRNA was more
widespread (Figure 6,
right). In this species, a
mRNA of approximately
2.4 kb was detected at
high levels in the liver,
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Figure 6

Tissue distribution of C57 3B-HSD mRNAs in the mouse, rat, and human. Aliquots (2 pg) of poly(A)*-
enriched mRNA from the indicated tissues and species were size fractionated by agarose-gel elec-
trophoresis, transferred to nylon membranes, and subjected to blot hybridization using radiolabeled probes
derived from the mouse (mouse and rat membranes) or human (human membrane) Cy7 33-HSD cDNAs.
After washing, the mouse, rat, and human filters were exposed to x-ray film for 72, 16, and 168 hours,
respectively. The size of the C;7 33-HSD mRNA detected in each experiment is shown to the left of the
autoradiograms. To ensure that mRNA was present in each lane of the individual membranes, they were
stripped of radioactivity after the initial hybridization and rehybridized with a [32P]-labeled probe derived
from a human B-actin cDNA. The filters were then washed and exposed to x-ray film. The resulting autora-
diograms, with signals in each lane, are shown below those derived with the C,; 33-HSD c¢DNA probes.
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1.1 kb — Cyclophilin

Figure 7

Expression of Cy; 3B-HSD mRNA in wild-type and cholesterol
70-hydroxylase (Cyp7a1) knockout mice fed low- and high-choles-
terol diets. Poly(A)*-enriched mRNA was isolated from the livers (n
= 5) of male and female wild-type mice (+) or cholesterol 7a-hydrox-
ylase (Cyp7a1) knockout mice (—) fed normal chow containing 0.02%
(wt/wt) cholesterol (Ctl) or chow supplemented with 1% (wt/wt)
cholesterol for 21 days. Aliquots (5 Hg) of this RNA were size frac-
tionated with agarose-gel electrophoresis, transferred to nylon mem-
branes, and subjected to blot hybridization using a radiolabeled
probe derived from the mouse C,7 3B-HSD cDNA. After washing, the
filter was exposed to x-ray film for 72 hours. The location to which
the Cy7 33-HSD mRNA migrated in the experiment and its interpo-
lated size (1.8 kb) are shown on the left of the autoradiogram. To
ensure that equal amounts of mMRNA were present in each lane of the
membrane, it was stripped of radioactivity after the initial hybridiza-
tion and rehybridized with a [3?P]-labeled probe derived from a rat
cyclophilin cDNA. The filter was washed and exposed to x-ray film.
The resulting autoradiogram, with a signal of equal intensity in each
lane, is shown below that derived with the C,; 33-HSD cDNA probe.
The calculated size of the cyclophilin mRNA (1.1 kb) is shown to the
left of the autoradiogram.

in the database during the course of these studies (Gen-
Bank/EBI Data Bank accession no. AC021142). By
comparing the sequences of the genomic DNA to those
of the mouse and human cDNAs isolated as described
above, we deduced that the human C,; 33-HSD gene
contained six exons and spanned approximately 3 kb
of DNA (Figure 8). This predicted structure was con-
firmed by DNA-sequence analysis of the gene after its
amplification from genomic DNA by PCR. Analysis of
a radiation hybrid panel mapped the human gene to
chromosome 16p11.2-12.

Several patients presenting with progressive neonatal
cholestasis due to C,7 3B-HSD enzyme deficiency have
been reported in the literature. We were successful in
obtaining a genomic DNA sample from only one such
affected individual. The C;7 33-HSD gene was ampli-
fied from this sample and subjected to DNA sequenc-
ing. Several differences were detected between the
patient’s gene and a normal control, most of which
were likely to be random polymorphisms. However, the
patient’s gene also contained a 2-bp deletion in exon 6
in homozygous form (Figure 8), which was not present
in 25 healthy controls and was predicted to shift the
translational reading frame causing premature trunca-
tion and removal of 23 amino acids from the carboxyl-
terminus of the protein.

To determine if this deletion affected the expression
of active Cy7 33-HSD enzyme, a control gene and the
patient’s gene were amplified by PCR and then ligated
individually into an eukaryotic expression vector. The
two cloned genomic DNA inserts were sequenced, and
the plasmids were introduced into HEK 293 cells.
After a 16-hour period to allow expression, the trans-
fected cells were assayed for C,; 33-HSD activity. The
data of Figure 9 show that the 2-bp deletion prevent-
ed the production of enzyme capable of isomerizing
and oxidizing the 70-hydroxylated forms of
24-hydroxycholesterol, 25-hydroxycholesterol, and
27-hydroxycholesterol. A similar loss of active enzyme
was realized when 70-hydroxycholesterol was used as
a substrate (data not shown). Whether loss of activity
in these experiments was due to a failure of the protein
to accumulate in cells or whether it was due to the pro-
duction of an inactive protein was not determined.

Discussion
In this paper we report the isolation of cDNAs encod-
ing mouse and human enzymes with C,7 33-HSD activ-
ity. Each enzyme contains 369 amino acids and is pre-
dicted to be associated with the membrane. They share
86% sequence identity and are both active against sev-
eral 70-hydroxylated sterols that contain 27 carbons.
These enzymes do not appear to use steroid substrates
that contain 19 or 21 carbons. C,; 3B-HSD mRNA is
present in the liver of rats and mice and is more widely
distributed in humans. The levels of this mRNA do not
change in the mouse when diets containing different
amounts of cholesterol are consumed or when bile acid
synthesis via the classical pathway is impaired. The
human C,; 33-HSD gene spans approximately 3 kb of
DNA on chromosome 16p11.2-12 and contains six
exons separated by five short introns. A 2-bp deletion
was present in this gene in a patient with progressive
intrahepatic cholestasis due to Cy7 3B-HSD enzyme
deficiency. We conclude from these studies that a sin-
gle Cy7 3B-HSD enzyme is active in the three defined
pathways of bile acid synthesis and that a deficiency in
this enzyme leads to one form of neonatal liver failure.
The 33-HSD enzyme family consists of a large number

P57 T109 G145 V178 N233

M1
G56 G108 R144 | K177 G232 Q362
o -

A1057-1058
Patient MU2

0.25 kb

Chromosome 16p11.2-12
Figure 8
Structure of the human C,; 33-HSD gene. A schematic of the gene is
shown drawn to scale with six exons indicated by numbered boxes and
five introns indicated by connecting lines. Individual amino acids
occurring at the exon-intron junctions are shown in single letter code
above the gene. The location of a 2-bp deletion (A1057-1058) found
in homozygous form in the DNA of a patient (MU2) with progressive
intrahepatic cholestasis is shown in exon 6 below the gene. Radiation
hybrid panel-mapping experiments indicated that the human C,7 33-
HSD gene is located on chromosome 16p11.2-12 (see Methods).
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Expression of normal and mutant C,7 3B-HSD genes in cultured HEK
293 cells. The C;7 3B-HSD gene was amplified using PCR from the
genomic DNA of either a normal subject (Normal) or an individual
with intrahepatic cholestasis (MU2) and inserted into the plasmid
pCMV6 as described in Methods. The resulting expression vectors
were introduced together with a plasmid expressing the mouse
CYP7B1 oxysterol 7B-hydroxylase cDNA (pCYP7B1) into HEK 293
cells by cotransfection. After 24 hours, the ability of the transfected
cells to convert [3H]cholest-5-ene-3[3,24-diol (24-hydroxycholesterol,
lanes 1-4), [3H]cholest-5-ene-3[3,25-diol (25-hydroxycholesterol,
lanes 5-8), and [*H]cholest-5-ene-3[3,27-diol (27-hydroxycholes-
terol, lanes 9-12) was determined by thin-layer chromatography. The
chromatogram was exposed to x-ray film for 6 days.

of proteins that are present in both prokaryotes and
eukaryotes. They are proposed to play a wide variety of
anabolic and catabolic roles in intermediary metabolism,
and, consistent with this broad function, they are
expressed in abundance in organisms ranging from
viruses to humans. For example, at least six 33-HSD
enzymes that act on A’, 33-hydroxysteroids have been
described in the mouse (24). Despite the widespread dis-
tribution of these proteins and their large number, in
only a few cases has an essential function been assigned
to a single 3B-HSD enzyme. These exceptions include
the human Cigp2; 3B-HSD type II enzyme, which is
required for the synthesis of all steroid hormone classes
(25); the product of the Nsdh1 gene in the mouse, which
catalyzes reactions in the terminal steps of cholesterol
biosynthesis (26); the 3B-HSD enzyme encoded by the
Sax1 gene of the plant Arabidopsis, which is required for
brassinosteroid biosynthesis (27); and the presently
described C,7 33-HSD enzyme of bile acid biosynthesis.

It is not yet clear why there are so many 33-HSD
enzymes and whether, as is the case with the four
enzymes noted above, each member plays a unique
metabolic role. The C;7 3B-HSD protein and the Cjo/1
3B-HSD type I protein share approximately 34%
sequence identity and are clearly related (Table 1), yet the
substrate specificities of these two enzymes are nonover-
lapping: the Cy7 33-HSD enzyme is specific for 27-car-
bon substrates whereas the Ci9/21 33-HSD type I enzyme

acts on 19- or 21-carbon substrates (Figure 4 and Figure
5). These findings in transfected cells agree with bio-
chemical studies in which purified preparations of Cz7
3B-HSD enzyme activity from rabbit liver (19) and pig
liver (20) were shown to prefer C,; sterol substrates. A
difference in the substrate specificities of the Cy7 3[3-
HSD versus the type II Cy9/21 33-HSD is also apparent
from the distinct phenotypes of individuals lacking
these enzymes. Cy7 33-HSD enzyme deficiency is marked
by accumulation of C,; sterol intermediates of bile acid
synthesis, progressive intrahepatic cholestasis, and no
endocrine abnormalities (28). In contrast, type II Cy9/21
3[B-HSD deficiency causes accumulation of Cy9 and Cy;
intermediates of steroid hormone biosynthesis, con-
genital adrenal hyperplasia, and no cholestasis (29).
Taken together, these results suggest that there are few
functional redundancies between these two types of
3B-HSD enzymes and thus that individual 33-HSD
enzymes play distinct physiological roles.

Alternate forms of each 3B-HSD enzyme may also
exist based on sequence comparisons between the
human, rat, and mouse C,; 33-HSD proteins (Figure
3a). Compared with the other two, the deduced rat
sequence (21) is missing 31 amino acids from the mid-
dle of the enzyme. The deleted sequence does not cor-
respond to an exon in the human gene (Figure 8), and
thus the mechanism by which the encoding transcript
arises is not evident. When this cDNA was introduced
into cells, it did not express an enzyme with 33-HSD
activity against Cjo/z; steroids (21), however, C,7 sub-
strates were not tested. It is conceivable that this form
of the Cy7 3B-HSD, which is expressed by cultured rat
cells grown to confluence (21), may play a different role
from the full-length enzyme expressed in the liver.

Clayton and colleagues first reported progressive
familial intrahepatic cholestasis due to Cy; 33-HSD
enzyme deficiency in 1987 (3). The typical subject with
this disorder is a young child with jaundice, fat-soluble
vitamin deficiency, and steatorrhea, who responds favor-
ably to bile acid supplementation (17, 30). Analysis of
urinary and plasma steroids reveals an accumulation of
3B,7a-dihydroxy-S-cholenoic acid and 33,70,120-trihy-
droxy-5-cholenoic acid, as well as the sulfated and con-
jugated forms of these hepatotoxic steroids (3). The Cy;
3[B-HSD enzyme activity is expressed in normal fibrob-
lasts and is absent from these cells in affected individu-
als (8). Occasional individuals do not develop clinical
liver disease as neonates but do present with rickets and
failure to thrive in childhood (31). The disease is
extremely rare, and only a few patients (approximately
six) have been reported in the clinical literature.

We describe the molecular basis of C,7 3B-HSD defi-
ciency in one of these affected individuals in whom the
course of the disease and the attendant symptoms have
been described in detail (3, 8, 17, 30). Patient MU?2 is the
fifth child of Saudi Arabian parents who were first
cousins. As expected from the parental consanguinity,
MU?2 is homozygous for a 2-bp deletion in exon 6 of the
Cy7 33-HSD gene. This mutation disrupts the normal
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translational reading frame and causes a premature trun-
cation that inactivates the enzyme (Figure 8 and Figure
9). When these findings are considered with the substrate
specificity of the enzyme (Figure 4) and the phenotype of
the patient (3), it is clear that loss of this C,; 3B-HSD
enzyme prevents the synthesis of all primary bile acids.
Inasmuch as this patient is representative of others with
this genetic disease, the mode of inheritance of Cy7 3[3-
HSD deficiency would appear to be autosomal recessive.

The prognosis of patients who inherit mutations in
the C;7 33-HSD gene is good, provided that the disor-
der is diagnosed early and bile acids are prescribed (17,
30). The isolation of the gene and the elucidation of its
structure provides a simple and rapid method of
screening for this genetic disease. A molecular genetic
analysis can be coupled with more specialized gas chro-
matography-mass spectrometry assays and with chem-
ical colorimetric tests (17) to obtain an unambiguous
diagnosis of this inborn error.

Mice lacking various enzymes involved in bile acid
biosynthesis have been produced. The analysis of these
animals has in every instance revealed one or more
redundant pathways that compensate for the missing
enzyme (32-35). If we extrapolate from the results
obtained in humans and those reported here, it would
appear that there is only a single C,7 33-HSD involved
in bile acid synthesis and that a deficiency of this
enzyme can be treated by oral administration of bile
acids. Thus, a deletion of this gene in mice may provide
a useful animal model in which the levels and synthe-
sis of bile acids can be regulated.
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