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MLNG64 contains a domain with homology to the steroidogenic
acute regulatory protein (StAR) that stimulates steroidogenesis
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ABSTRACT MLNG64 is a protein that is highly expressed
in certain breast carcinomas. The C terminus of MLN64
shares significant homology with the steroidogenic acute
regulatory protein (StAR), which plays a key role in steroid
hormone biosynthesis by enhancing the intramitochondrial
translocation of cholesterol to the cholesterol side-chain cleav-
age enzyme. We tested the ability of MLN64 to stimulate
steroidogenesis by using COS-1 cells cotransfected with plas-
mids expressing the human cholesterol side-chain cleavage
enzyme system and wild-type and mutant MLN64 proteins.
Wild-type MLN64 increased pregnenolone secretion in this
system 2-fold. The steroidogenic activity of MLN64 was found
to reside in the C terminus of the protein, because constructs
from which the C-terminal StAR homology domain was
deleted had no steroidogenic activity. In contrast, removal of
N-terminal sequences increased MLNG64’s steroidogenesis-
enhancing activity. MLN64 mRNA was found in many human
tissues, including the placenta and brain, which synthesize
steroid hormones but do not express StAR. Western blot
analysis revealed the presence of lower molecular weight
immunoreactive MLN64 species that contain the C-terminal
sequences in human tissues. Homologs of both MLN64 and
StAR were identified in Caenorhabditis elegans, indicating that
the two proteins are ancient. Mutations that inactivate StAR
were correlated with amino acid residues that are identical or
similar among StAR and MLNG64, indicating that conserved
motifs are important for steroidogenic activity. We conclude
that MLN64 stimulates steroidogenesis by virtue of its ho-
mology to StAR.

The rate-limiting step in steroidogenesis is the conversion of
cholesterol into pregnenolone, a side-chain cleavage reaction
that takes place in the mitochondrial inner membrane cata-
lyzed by cytochrome P450scc and its associated electron-
transport chain (1). In the adrenal cortex and gonads, the
translocation of cholesterol substrate to P450scc is under the
control of corticotropin (ACTH) and luteinizing hormone
(LH), respectively, through the intermediacy of the steroido-
genic acute regulatory protein (StAR) (2). Individuals who are
homozygous for mutations that inactivate StAR have a marked
impairment in adrenal and gonadal steroidogenesis (3, 4). The
C-terminal domains of StAR are essential for its steroidogenic
activity, since deletion of C-terminal sequences, but not N-
terminal sequences, ablates steroidogenesis-enhancing activity
(5). Although StAR appears to be critical for steroidogenesis
in the adrenals and gonads, tissues that do not express the
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StAR gene, including the placenta, synthesize large amounts of
pregnenolone (6). Thus, there must be StAR-independent
mechanisms for movement of cholesterol to the P450scc
enzyme.

MLNG64, a gene product of unknown function, was found to
be highly expressed in certain breast cancers (7). Analysis of
the deduced amino acid sequence of the mouse (GenBank
accession no. X82457) and human (GenBank accession no.
X80198) MLNG64 proteins revealed that the N terminus of
MLNG64 contains four potential transmembrane domains and
a C terminus with striking homologies to StAR (7). The latter
finding raised the possibility that MLN64 has steroidogenic
activity, an idea that is intriguing in view of recent evidence
that certain breast cancers express P450scc and 3p-
hydroxysteroid dehydrogenase, potentially rendering them
competent to produce steroid hormones that could affect the
growth of hormone-responsive tumors (8). The aims of the
present study were to determine if MLNG64 is capable of
enhancing steroidogenesis and if the structural similarities
between MLN64 and StAR delineate residues in StAR that are
essential for its steroidogenic activity.

MATERIALS AND METHODS

cDNAs and Plasmids. A full-length MLN64 cDNA was
prepared by reverse transcriptase PCR from human placental
RNA and cloned into pCMV5. cDNAs encoding the wild-type
MLNG64 and deletion mutants were cloned into the pAT4
expression vector containing the F domain of the human
estrogen receptor to epitope tag the proteins (7). A plasmid
expressing human P450scc and its electron transport chain as
a fusion protein (9) was generously provided by Walter L.
Miller (University of California, San Francisco). The human
StAR cDNA in pCMVS5 has been previously described (6).
Mutations in the human StAR cDNA were produced by
site-directed mutagenesis as previously described (5).

Assessment of Steroidogenic Activity. COS-1 cells were
transfected with the plasmid expressing the cholesterol side-
chain cleavage enzyme and the plasmids expressing MLN64,
MILN64 mutants, human wild-type StAR or StAR mutants, or
the empty vectors by using Lipofectamine as previously de-
scribed (3, 4, 6). Cultures were incubated in the absence or
presence of (22R)-22-hydroxycholesterol (5 ug/ml) for 36 h.
Pregnenolone production was determined by radioimmunoas-
say using an antibody kindly provided by Charles Strott
(National Institutes of Health) (6).

Abbreviations: cytochrome P450scc, cholesterol side-chain cleavage
enzyme; StAR, steroidogenic acute regulatory protein.
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Experiments were performed on at least three separate
occasions with three dishes in each treatment group. Preg-
nenolone production in the absence of exogenous hydroxy-
sterol was taken to reflect the steroidogenic activity of the
expressed proteins. The normalization of values to preg-
nenolone production in the presence of hydroxysterol, which
reflects the total cholesterol side-chain cleavage activity, con-
trols for variations in expression of this enzyme (4).

Western Blotting. To verify expression of MLN64, the
mutant MLN64 proteins, StAR, and StAR mutants, whole-cell
extracts of transfected COS-1 cells were subjected to Western
blot analysis using standard methods (5). Extracts of human
placenta, BeWo choriocarcinoma cells, and fetal adrenal cor-
tex were also examined. A monoclonal antibody (2BE2F4)
raised against a peptide corresponding to 16 amino acid
residues in the C terminus of MLN64 (amino acid residues
369-384) was used to detect MLLN64 (7). A polyclonal antibody
was also generated in rabbits against the same peptide. Mono-
clonal antibody F3A6 was used to detect the epitope-tagged
fusion proteins (7). A polyclonal antibody generated against
human recombinant StAR was used to detect StAR in COS-1
cell extracts (10).

Northern Blotting. Membranes containing poly(A)* RNA
isolated from human adult and fetal tissues were purchased
from CLONTECH and probed with an MLN64 cDNA as
previously described (6). Total RNA was isolated from human
granulosa-lutein and thecal cells and subjected to Northern
blotting. A housekeeping gene, RLP 32 cDNA, was used to
probe blots to establish loading of the lanes.

Identification of MLN64 and StAR Homologs. The ALIGN
program (11) was used to quantify the similarity between
protein sequences. For the analysis reported here, 10,000
random permutations were used for the statistical analysis and
the Dayhoff matrix was used wth a bias of 6 and a gap penalty
of 8.

The Feng—Doolittle algorithm (12) was used to construct the
phylogenetic tree of MLN64, StAR, and their homologs. The
method of Fitch and Margoliash (13) was then used to obtain
the branching order for the sequences. Branch lengths are
calculated by a linear regression analysis of the best fit of the
pairwise distances and the branching order. The lengths of the
branches are proportional to the relative distance between the
sequences.

Statistical Analysis. Values presented are means * SE of
the indicated number of separate experiments. The paired ¢
test or Student-Newman-Keuls test was used to determine
significant differences among treatment groups, using P < 0.05
as the level of significance.

RESULTS

MLNG64 Stimulates Steroidogenesis. To test the steroido-
genesis-enhancing activity of MLN64, we transfected monkey
kidney COS-1 cells with the human cholesterol side-chain
cleavage system and MLN64 and measured pregnenolone
secretion. MLN64 caused an approximately 2-fold increase in
pregnenolone secretion over COS-1 cells transfected with the
cholesterol side-chain cleavage enzyme and empty plasmid
vector (P < 0.01) (Fig. 1LA4). In contrast, human StAR increased
pregnenolone production by nearly 7-fold. Thus, MLN64
demonstrated approximately 28% of the steroidogenic activity
of StAR in this system.

MLNG64 expressed in the COS-1 cells was detected as a
predominant 50-kDa protein when a specific monoclonal
antibody was used. Lower molecular mass proteins of about 42
and 33 kDa were also detected, probably representing proteo-
lytic cleavage products (Fig. 1B a). MLN64 was not detected
in the monkey kidney COS-1 cells transfected with empty
vector, presumably because the monkey protein is not recog-
nized by the monoclonal anti-MLN64 antibody. However, a
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FiG. 1. (A) Relative stimulation of pregnenolone production by
MLNG64 in COS-1 cells expressing the human cholesterol side-chain
cleavage enzyme. COS-1 cells were transfected with a plasmid ex-
pressing the human cholesterol side-chain cleavage enzyme and the
indicated plasmid. Relative steroidogenic activity (means = SE)
assayed as pregnenolone production normalized to the conversion of
(22R)-22-hydroxycholesterol to pregnenolone is presented, taking the
empty vector control as 100%. Values with a different letter are
significantly different (P < 0.01 by the paired ¢ test). (B) Expression
of MLN64 in COS-1 cells and human tissues. (a) Western blot analysis
was carried out on extracts of COS-1 cells transfected with empty
vector or vector containing wild-type MLN64 cDNA. A monoclonal
antibody recognizing an epitope in the MLN64 C terminus was used
to probe the blot. A major band around 50 kDa is detected (<).
Smaller immunoreactive proteins present in lesser quantities (<) may
represent proteolytically processed MLN64. (b) Western blot analysis
of transfected COS-1 cells probed with a polyclonal antibody raised
against a C-terminal MLN64 peptide. (¢) Western blot of extracts of
transfected COS-1 cells, fetal adrenal cortex, placenta, and BeWo cells
(50 ug of protein per lane) probed with a polyclonal antibody to the
MLN64 C terminus.

polyclonal antibody detected MLN64 in the COS-1 cells
transfected with empty vector, but at markedly lower levels
than in cells transfected with the MLN64-expression vector
(Fig. 1B b). To determine if the 50-kDa MLN64 and the
smaller immunoreactive forms of the protein are present in
tissues in vivo, we performed Western blot analysis on extracts
of human placenta, BeWo choriocarcinoma cells, and fetal
adrenal cortex. Fetal adrenal cortex contained 50-kDa and
33-kDa MLN64 species, whereas the placenta and BeWo
extracts contained multiple lower molecular mass forms, in-
cluding those of 42 and 33 kDa (Fig. 1B c). It should be noted
that the anti-MLN64 antibodies do not crossreact with human
StAR, nor do our anti-human StAR antibodies recognize
MLNG64 or the lower molecular mass MLN64 species.

The C Terminus of MLN64 Containing Sequences Homol-
ogous to StAR Is Required for Steroidogenic Activity. To
identify the domains of MLN64 that are necessary for steroi-
dogenic activity, we examined mutant proteins in which either
N-terminal or C-terminal sequences were deleted (Fig. 2).



8464 Biochemistry: Watari et al.

Plasmid

Empty vector
MLN64 (1-445) |

T T |

e R

AN1 (46-445) (I

AN2 (235-445)
AC1 (1-355)

BRRRETRE

I O 555555

AC2 (1-266)

FiG. 2.

Proc. Natl. Acad. Sci. USA 94 (1997)

Pregnenolone Production
ng/dish

22(R) - hydroxycholesterol Relative
- + Activity
148+25? 2501+10? 1.0
327+23° 2210+659° 2.4+0.4
472+77°¢ 1966+470? 3.7+0.8
1301+342¢ 4668+12712 4.611.6
176452 2311+774° 1.2+0.2
111+112 1833+170° 1.0+0.4

Identification of the domain in MLNG64 responsible for steroidogenesis-enhancing activity. COS-1 cells were transfected with a plasmid

expressing the human cholesterol side-chain cleavage enzyme and the indicated plasmids. Cells were cultured in the absence (—) or presence (+)
of (22R)-22-hydroxycholesterol (5 ug/ml). Pregnenolone production was determined by radioimmunoassay. Values presented are means *+ SE from
four separate experiments in which each treatment group contained triplicate cultures. Relative steroidogenic activities of the constructs are
calculated normalizing pregnenolone production to total cholesterol side-chain cleavage activity as determined in the presence of (22R)-22-
hydroxycholesterol with the normalized data expressed relative to the empty vector control. Values marked with a different superscript letter are
significantly different from others in the column (P < 0.05) by the Student-Newman—Keuls test. Wild-type human StAR was transfected in some
experiments. The mean relative steroidogenic activity of StAR was 6.7. The region of MLN64 homologous to StAR is stippled. The four putative

transmembrane domains are indicated by solid lines.

Deletions of the C terminus containing sequences homologous
to StAR resulted in the complete loss of steroidogenic activity.
In contrast, removal of N-terminal sequences, which contain
the putative N-terminal microsomal targeting sequence and
the putative transmembrane domains, increased steroidogen-
esis-enhancing activity to levels that are about two-thirds of the
level observed with wild-type human StAR (AN2 relative
steroidogenic activity: 4.6; wild-type StAR relative steroido-
genic activity: 6.7). Each of the mutant proteins was detectable
in the transfected COS-1 cells at its expected molecular mass
(Fig. 3).

MLNG64 Is Widely Expressed in Human Tissues. To deter-
mine the pattern of expression of MLN64, we analyzed North-
ern blots containing poly(A)* RNA from various human
tissues (Fig. 4). The major 2.1-kb and minor 3.4-kb MLN64
mRNAs were detected in all adult tissues. Of particular note
was the expression of MLN64 mRNA in placenta and brain,
tissues that produce steroid hormones. Human fetal brain,
lung, liver, and kidney contained the 2.1- and 3.4-kb mRNAs
and some larger transcripts. Northern analysis also revealed
the presence of the 2.1-kb MLN64 message in human granu-
losa and thecal cells (data not shown).
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Fic. 3. Expression of MLN64 deletion mutants in COS-1 cells.
COS-1 cells were transfected with plasmids harboring the indicated
MLNG64 constructs in pAT4, each containing the F domain of the
human estrogen receptor in the N terminus to tag the expressed
protein so that it could be recognized by a monoclonal antibody to the
F domain. The numbers in parentheses refer to the amino acid residues
of MLN64 encoded by the construct.

Homologs of MLN64 and StAR in Caenorhabditis elegans:
Evolutionary Relationship of StAR and MLN64. We previ-
ously reported that human MLNG64 has a 478-residue putative
homolog, F26F4.4, in C. elegans (7). To investigate further the
origins of StAR, we did a series of BLAST searches of GenBank,
which identified a 259-residue protein, F52F12.g (GenBank
accession no. Z83228), that is homologous to human StAR
based on an ALIGN analysis, which yielded a comparison score
for the two proteins of 10.4 standard deviations higher than
that for 10,000 comparisons of their randomized sequences.
The probability of getting such a score by chance is 10723,
strongly supporting the common ancestry of C. elegans
F52F12.g and StAR. Interestingly, the comparison of F52F12.g
with the StAR domain on human MLN64 and C. elegans
F26F4.4 yields scores of 6.3 and 5 standard deviations, respec-
tively, indicating that F52F12.g is closer to StAR than to
MLNG64 and that the StAR domains on these two proteins have
diverged substantially. Fig. 5 presents a multiple alignment of
mouse and human MLN64, StAR, and the two C. elegans
proteins.

We further investigated the evolutionary relationship be-
tween the mammalian StAR proteins and their C. elegans
homologs by constructing a phylogenetic tree using the Feng—
Doolittle algorithm. As seen in Fig. 6, the two mammalian
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F1G. 4. Expression of MLN64 mRNA in various human tissues.
Northern blots containing poly(A)* RNA (2 ug per lane) extracted
from the indicated human adult (4) or human fetal (B) tissues were
probed with a human MLN64 cDNA (Upper) or an RLP 32 cDNA
(Lower).
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Human MLN64 152 YLLPIVSIFJVVIAWLETWFLDFXVLPQEAEEERW YL
Mouse MLN64 153 YLLPIVSIP/VHAWLETWFLDFKVLPQEAEEERWY[L
Mouse StAR 1mrnaTlEklic]-acssYREMRNMKGLREQA - - V|1
Human StAR I1MLLATIFKIGE|-AGS SYREMRNEKKGLRQQA--VH
C. elegans F52F12.g 1MTLLP[FT-[¢/-LILLYSLGSVMSEKTNDPN - - -]
C. elegans F26F4.4 186 LLLII'I'SPTC‘WSEPYLHPFGILPRERRYARRE
Human MLN64 186 AlAQVAVARGP[LILFSGA-LSEG|QIFYSPPE|SIFABS|D
Mouse MLN64 187 AQAAVARGP[LILFSGA-LSEGIQIFYSPPE[SF ARG S|D
Mouse StAR 3 A{IGQELNWRAILGDS sP-ceWHMG[g|Vv-RRRS[8L LgS|0
Human StAR 30 A/ISQELNRRA[LGGPTPSTWIN|gIV-RRRSIFL LGSR
C. elegans F52F12.¢ 28 TLEDVTDXK--|LlEGDDE-XYATALXTCGEVFAEVE
C. elegans F26F4.4 220nc:!NP!!s'z'nnzAnsuunnnnennuguElsuaElz
Human MLN64 219 N[E[SDEEVAGKKS F{S/A|QEIR E[YJTIRIQGIK EA|T AV VD QI
Mouse MLN64 220 N[E{|SDEEVTGXKEKS FIS|A|IQE|R E[Y|JTIR|QGIKE TAVVDQTI
Mouse StAR 62 LIBIA - - -« -~ ruy{siofe m|L s[vft|ojos|z v[alM o x A Laofz
Human SAR 63 LIB[E - - - - - - - T L Y{#|D|3"R|L A[¥|L Q@ G|E B[A|M Q K A L G|T
C. elegans F52F12.g 59 -~ - - - = == - - - AIFNDE--N[¥LSHA--- - - -~~~ -
C. elegans F26F4.4 254 APT - - - - - = AVPSRVESSGVF|IASDYDEFRSAARF
Human MLN64 253 [I]A @ E[E|N|W/K|F[E|K N N E Y[@D|T|V|Y T I E[V{P{F B TP TL{ K
Mouse MLN64 254 {1{a o ElE|N[u[K|FiE|R s N E v[g piTiv|Y v 1 Efv|e|F Bia}k|TiF |11k
Mouse StAR 89 ILIN N Q|E|{GIWIKIKIEIS Q Q E N[G RIEIVIL § K M|VIPID V|GIKIVIFRILIE
Human StAR 90 {L[s N o|E|c|®|X[x|E|s ¢ 0 D N[g DIxiv[M 8 X V|viP|D V[c|X|V|E|R|L|E
CAelegamFstlz.g 71 - - - - - GWFKDKSNNE‘GDVVYAXDTP—HGRHVTIS
C. elegans F26F4.4 262 SSDEEARSRLLVPPDTKRLF--EITLRECLDQVE
Human MLN64 287 TPLPCIBAELVI¥lQEIVILQPERMIVLIMNEKT - -f¥ir-2ac
Mouse MLN64 288 TFLPCIPIAEL VIY[QE(VILQPEIRM|VLWNEKT--(VIT -AC
Mouse StAR 123VVVDQP'HDRI.YEBLVDRMEAMGEwnpN--{IK-EI
Human StAR 124 VVVDQFMERLIYE®LVERME|AM[c E[W N[PIN|- -|¥|Kk - EI
C. elegans F52F12.g 99 TELPM{B[VEDVHKETWNGHM[EALPEMNNN--INFar
C. elegans F26F4.4 314 ELMRDSRLGGWKTLRSANPTVLQGPDIN[YFLVIEG
Human MLN64 318

Mouse MLN64 319

Mouse StAR 154 X VILQIRI G KD

Human StAR 155

C. elegans FS2F12g 131

C. elegans F26F4.4 348

Human MLN64 352 RIERRRDRYL S S|G(I(A'TS H SA-KPPTHXY VR|GEN
Mouse MLN64 353RIER‘RRDRYLsidvIATTHCS—K_PP'I'B](YV]&GEN
Mouse SEAR s crkfrrlesrcveafelularlzrazr- mpleo sfE]v rjrlalzs
Human StAR 189 C AKIRR|G 8 TC VL AIGIMATDF GN - MPIE 0 K[2[V IIR|A|E(N

C.elegansF52F12g 162 IWRKVGDGFILASRSESVTVPSPFKSKHKGKVIRIAHLH
C. elegans F26F4.4 3szxxxnnssanvxrxrvsv-snncpnnvqnpxxvnEl

Human MLN64 3ssfple -errvixsfalsniplrverrvwinnrpnxer[ner v
Mouse MLN64 386iP|G - GFIVLKS N NfPIRVCTFV ILNTD!‘.KGRLY_PRY
Mouse SEAR 221{p|r - cmv L u P Lfale sipls x[F]x & r|wiLin]s 1|p L k o|w|n ek T
Human StAR 222!P|T -CHMVLEPL G S|P|S K KL T LLSI”LXGWL.PKS
C. elegans F52F12.g 196 L A - GARPRPNPEN'PET LTDVVMHLAID LIGYL‘PK“
C. elegans F26F4.4 416 HNFPSMIRTLKDEAGY YFEWLMEKTDLXGGLPERR

K|Q[R|I s BE L ¢[A|R A 445
RIQIR|V ¢ B L ¢|A|R A 446

RIKIRIL E A 5 P[A|s B A Qc284

Z N W

2

Human MLN64 418 L|I|H|Q{S|L|A A|TIH F &
Mouse MLN64 419LIHQSLGA MFE
Mouse StAR 254 I|IIN|Q|{V|LiS Q[T/Q I E
Human StAR 255 r|1|njalviL|s olTlo v D RIKIRIL 2 s H P[A[s B A R c 285

C.elegans F52F12.g 229 IV N[QIVIGRIMIMDT VTNIRIREF QN L K[A|KR T N N 259
C. elegans F26F4.4 CSDLVHSGM——-—VNYPS!HVRHHE'AETHYECPP!')S

F16.5. Multiple alignment of mouse and human MLN64 and StAR
and their C. elegans homologs. Residues identical in at least four of the
proteins are boxed.

StAR proteins cluster on one branch, while the two mamma-
lian MLNG64 proteins cluster on another branch. The branch
containing C. elegans F52F12.g is closer to the StAR proteins
than to the MLN64 proteins, in agreement with the ALIGN
scores.

The identification of the C. elegans 259-residue putative
homolog of StAR and the 478-residue protein with a domain
putatively homologous to StAR suggests that there was an
ancient fusion of at least two genes to form MLN64. Consid-
ering that StAR and MLNG64 arose over 600 million years ago,
it is interesting that there are many positions with identical
residues in either five or six StAR domains of the mammalian
and invertebrate proteins (Fig. 5). As described below, the
conserved motifs appear to be functionally important.

Mutations in Residues That Are Identical or Similar in
StAR and MLN64 Result in the Loss of Steroidogenic Activity.

Proc. Natl. Acad. Sci. USA 94 (1997) 8465
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10 _ mouse MLN64
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101.5 C. elegans F26F4.4
83.3 C. elegans F52F12.g
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| 4.7 Mouse StAR

F1G6.6. Phylogenetic analysis of MLN64, StAR, and their C. elegans
homologs. The numbers on the branches and lengths of the branches
are proportional to the relative distance between sequences, which
indicates the relationship of the sequences to each other.

To determine if motifs conserved in StAR and MLN64 are
important for functional activity, we categorized mutations
that we previously described (3, 4, 5, 10) as well as nine newly
created mutations according to whether they affected the
steroidogenic activity of human StAR and if they were in
residues that were identical, similar, or not conserved between
StAR and MLN64. All but one of the mutations (H270Y) in
human StAR residues that were identical or similar in MLN64
resulted in loss of steroidogenic activity (Table 1). The loss of
activity ranged from complete to partial (100% to 19% inac-
tivation). Although mutations in some residues that are con-
served in StAR, MLNG64, and the C. elegans proteins caused
complete inactivation of StAR (e.g., R182L, AR272), muta-
tions in other conserved residues (e.g., D246A and K248M)

Table 1. Mutations in residues that are identical or similar in
StAR and MLNG64 cause loss of steroidogenic activity in
human StAR

Residue Relative
Mutation type steroidogenic activity

S100A N 86 £5
E169G S 13 = 1*
E169K S 14 = 2%
R182L 1d 11 + 1*
D183A Id 44 x5
F184C Id 56+6
T196A N 119 = 18
A218V S 16 = 4*
M225T S 49 + 9%
D246A 1d 638
K248M 1d 51x3
F267Y Id 65 *1
H270Y 1d 817
AR272 1d 11 = 1*
L275P S 24 + 5%
S277A N 90 + 16
C285S N 105 = 11F
AC285 N 110 = 8F
AS282, AE283, AR284, AC285 N 102 = 7f
Empty plasmid 142

COS-1 cells were transfected with the human cholesterol side-chain
cleavage system, and expression plasmids for wild-type StAR, the
indicated mutations, or empty plasmid. Steroidogenic activity was
assessed by measuring pregnenolone production and is expressed
relative to wild-type StAR as 100% normalized to (22R)-22-
hydroxycholesterol metabolism as previously described (4). Id, iden-
tical; N, not conserved; S, similar. The footnote symbols indicate
results taken from our previous publications: *, ref. 4; §, ref. 5; and f,
ref. 10. All other values represent newly created mutations. Values are
means * SE from at least three separate experiments.
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caused a lesser reduction in functional activity. In contrast,
mutations of four different nonconserved residues had no
significant impact on steroidogenesis-enhancing activity as did
a four amino acid deletion of nonconserved residues in the C
terminus. Western blot analyses of COS-1 cells transfected
with constructs containing the newly created mutations that
resulted in loss of steroidogenic activity demonstrated that the
mutant proteins were expressed, with detection of the mature
protein, indicating that the mutant StAR proteins can undergo
mitochondrial import and processing (Fig. 7).

DISCUSSION

MLNG64, a 50-kDa protein (7), has significant sequence simi-
larity to StAR, and the present study demonstrates that
MLNG64 and StAR share steroidogenic activity. Moreover,
removal of the C-terminal region of MLN64 that is homolo-
gous to StAR results in the complete loss of steroidogenic
activity. Removal of the N-terminal domain of MLN64 (AN2
mutation) affects the distribution of the protein, changing the
localization from endoplasmic reticulum-like membranous
structures in the cytoplasm to a more uniform distribution
throughout the cytoplasm (ref. 7 and unpublished observa-
tions). As with StAR, removal of the N-terminal sequences
does not negatively affect steroidogenic activity. Indeed, ste-
roidogenesis-enhancing activity was increased with the re-
moval of the first 234 residues of N-terminal sequence. Our
Western blot analysis of wild-type MLN64 expressed in COS-1
cells with a monoclonal antibody directed against a C-terminal
epitope suggested the presence of lower molecular mass
MLNG64 species that may reflect the proteolytic processing of
the protein, presumably the removal of N-terminal sequences.
Lower molecular mass MLLN64 proteins were also detected in
human placenta, choriocarcinoma cells, and fetal adrenal
cortex, suggesting that the lower molecular mass forms are not
an artifact of the transfected COS-1 cell system. The ~33-kDa
MLNG64 protein detected in Western blots of transfected
COS-1 cells and human tissues could correspond to a MLN64
fragment similar to that encoded by the AN2 mutant which
displayed the greatest steroidogenic activity. It remains to be
determined if proteolytic processing is required for the pro-
duction of a steroidogenically active MLN64 protein. Such a
scenario would parallel the release of active transcription
factors involved in regulating cholesterol and fatty acid ho-
meostasis (SREBPs) through proteolytic cleavage of endo-
plasmic reticulum-associated precursor proteins (14).

The amino acid residues that are identical or similar in the
MLNG64 and StAR C termini appear to be critical for steroi-
dogenic activity, because mutation of these residues results in
the loss of StAR’s steroidogenic activity. However, if the
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mutated residues are not conserved between these proteins,
steroidogenic activity is retained. The findings on the new
mutations in the present study are consonant with the recent
genetic analysis of congenital lipoid adrenal hyperplasia (3, 4,
10, 15). Mutations that truncate the C terminus of StAR
destroy the functional activity of StAR, and all known muta-
tions that cause amino acid replacements that inactivate the
protein are clustered in exons 5-7, which encode the StAR C
terminus.

Some cells that do not express StAR, like the human
placental syncytiotrophoblast and glia, are capable of produc-
ing pregnenolone (6). The basis for this StAR-independent
steroid production is not understood. The finding that MLN64
is widely expressed in human tissues, including the placenta
and brain, raises the possibility that StAR-independent ste-
roidogenesis may be due, in part, to the presence of MLN64.

The abundant expression of MLNG64 in certain breast can-
cers is of interest. Some breast cancer cells express cholesterol
side-chain cleavage enzyme and 3B-hydroxysteroid dehydro-
genase (8). The presence of MLN64 in these tumor cells could
potentially enhance the formation of pregnenolone, which
might be converted into progesterone and possibly other
steroids. Although aromatase has been detected in breast
cancers, P450c17 has not been found (8). Thus, it is unlikely
that de novo synthesis of estrogens from cholesterol could take
place in breast tumors. However, the local production of
progestins through the action of the enzymes involved in the
early steps of steroidogenesis could influence the behavior of
tumor cells, as certain breast cancers express progesterone
receptors. It is interesting to note that regions of chromosome
8 and 17 are frequently amplified in breast cancers. The 8
pll-p12(16) and 17 q12—q21 (17) amplicons contain the StAR
(6) and MLN64 genes (7), respectively. Whether this is a
coincidence or a functionally significant association remains to
be explored in studies correlating expression of MLN64 in
breast cancers with the steroidogenic potential of the tumors.

The expression of MLN64 in tissues which do not produce
steroid hormones is not unexpected, since mitochondria of
many tissues possess other P450 enzymes involved in choles-
terol oxidation, including P450c27 (18), which produces hy-
droxysterols that are precursors of bile acids as well as potent
controllers of cholesterol synthesis and low density lipoprotein
receptor expression (19).

The present findings do not shed light on the mechanisms by
which proteins that contain StAR homology domains stimu-
late mitochondrial cholesterol metabolism. However, the dis-
covery that the removal of N-terminal sequences that direct
import of StAR into mitochondria does not impair steroido-
genic activity strongly suggests that StAR acts either outside of
mitochondria (i.e., in the cytoplasm) or on the mitochondrial
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F1G. 7. Western blot analysis of StAR in COS-1 cells transfected with the indicated plasmids. Whole-cell extracts of COS-1 cells were analyzed
using a polyclonal antibody raised against recombinant human StAR. Arrows indicate the mature form of StAR at ~30 kDa. The higher molecular

mass immunoreactive proteins represent StAR preproteins.
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surface membranes (5). The fact that MLN64 and the N-
terminal truncated mutants of MLN64 that have increased
steroidogenic activity contain no obvious mitochondrial im-
port sequences is consistent with this idea.

In conclusion, the present experiments reveal a functional
activity of a StAR homolog, MLNG64. The ability of MLN64,
and particularly its C terminus, to stimulate steroidogenesis
may reflect only one of this protein’s roles; the others remain
to be determined. We suggest that proteins containing StAR
motifs may play key roles in controlling the intra-organelle
movement of cholesterol.
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