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Despite myriads of biological activities ascribed to uteroglobin (UG), a steroid-inducible
secreted protein, its physiological functions are unknown. Mice in which the uteroglobin
gene was disrupted had severe renal disease that was associated with massive glo-
merular deposition of predominantly multimeric fibronectin (Fn). The molecular mech-
anism that normally prevents Fn deposition appears to involve high-affinity binding of UG
with.En to form Fn-UG heteromers that counteract Fn self-aggregation, which is required
for abnormal tissue deposition. Thus, UG is essential for maintaining normal renal
function in mice, which raises the possibility that an analogous pathogenic mechanism
may underlie genetic Fn-deposit human glomerular disease.

Biastokinin (I) or UG (2) is a steroid-
inducible, evolutionarily conserved, ho-
modimeric secreted protein with many bio-
logical activities including the ability to
inhibit soluble phospholipase A, (sPLA,)
activity, inflammation, and chemotaxis of
neutrophils*and monocytes (3). UG binds
with high affinity to specific putative recep-
tor sites on several cell types (4, 5) and
through this pathway inhibits cellular inva-
sion of the extracellular matrix (4). Al-
though UG was first discovered in the rab-
bit uterus, it is also expressed in numerous
extrauterine tissues (6) and has been de-
tected in the blood (7) and urine (8), but it
is not expressed in the kidneys (6). Depend-
ing on the tissue of origin or its interaction
with xenobiotics (for example, progester-
one, retinol, and polychlorinated biphe-
nyls), UG has been given several names (5,
9). The tissue-specific expression of the
gene encoding UG is regulated by steroid
hormones (3). The nonsteroid hormone
prolactin further enhances steroid-induced
UG gene expression (10), and the pro-
inflammatory cytokine interferon-y stimu-
lates UG production in the murine lungs
(11), suggesting a potential role of UG in
the regulation of immunological inflamma-
tory processes. In addition, the inhibition of
the recognition of embryonic and sperm
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antigens by lymphocytes and the inhibition
of chemotactic peptide (formyl-Met-Leu-
Phe)-induced monocyte and neutrophil
chemotaxis by UG suggest that UG has
immunomodulatory properties (12). Hu-
man UG (hUG) is encoded by a single-
copy gene on chromosome 11g12.3-13.1
(13), a region to which a number of candi-
date disease genes have been mapped. De-
spite more than three decades of intense
investigations, which uncovered several im-
portant biological properties of UG in vitro,
the in vivo functions, until now, remained
obscure.

To understand the physiological roles of
UG, we generated UG-deficient (UG™/7)
mice by gene-targeting in embryonic stem
(ES) cells. The UG gene from the 129/SV]
mouse strain (14) was used in the gene-
targeting construct (Fig. 1A) that was in-
troduced into ES R1 cells (15) by electro-
poration. Gancyclovir and G-418 counter-
selection of the electroporated cells yielded
156 clones. Southern (DNA) blot analysis
identified a 5.1-kb Hind 11 fragment of the
wild-type UG allele and an additional 8.2-
kb Hind I1I fragment resulting from homol-
ogous recombination in three out of the 156
clones analyzed (Fig. 1B). These ES R1
clones were injected into C57BL/6 blasto-
cysts (16), generating two different lines of
mice, each of which descended from an
independent chimeric founder. Heterozy-
gous (UG") offspring carrying the target-
ed UG gene locus were mated, and the
genotypes of the progeny were analyzed by
polymerase chain reaction (PCR) (Fig. 1C)
and Southern blot analyses (Fig. 1D).

We tested the UG gene—targeted mice
for expression of UG mRNA and UG pro-
tein in several organs including the lungs.
Using reverse transcription-PCR (RT-
PCR) (17), we detected UG mRNA from
the lungs of UG™* and UG/~ but not of

UG™/~ mice (Fig. 1E). Immunoblot analy-
ses (18) of UG protein in the lungs yielded
corroborative results (Fig. 1F). Histopatho-
logical analyses (19) of the lungs of UG/~
mice lacked UG-specific immunostaining
in bronchiolar epithelial cells (Fig. 1G).
The prostate and the uteri of UG/~ but
not of UG** and UG ™ mice lacked UG
mRNA and protein.

Of the 179 mice born to crosses of UG ™~
mice, 46 (26%) were UGH*, 90 (50%) were
UG, and 43 (24%) were UG/, indicat-
ing that the disrupted UG gene locus is
inherited in a Mendelian fashion and that
UG™*, UG™~, and UG/~ mice were
equally viable at birth. UG™/~ mice devel-
oped a progressive illness characterized by
heavy proteinuria and hypocalcemia associ-
ated with profound weight loss. Histopatho-
logical examination (19) of affected UG/~
animals revealed a fulminant renal glomeru-
lar disease (Fig. 2). Compared with the glo-
meruli of the UG mice, those of UG/~
mice were hypocellular and had massive eo-
sinophilic proteinaceous deposits. Heterozy-
gotes had a milder form of the renal disease
observed in UG™~ mice. The majority of
the UG ™/~ mice that initially appeared to be
healthy had focal glomerular deposits at 2
months of age. However, at about 10 months
of age (late onset disease) many of these
apparently healthy mice had extreme ca-
chexia similar to that of the mice dying at 4
to 5 weeks of age (early onset disease). The
histopathology of the kidneys of mice with
late onset disease showed not only severe
glomerulopathy as with early onset disease
but also had marked fibrosis of the renal
parenchyma and tubular hyperplasia (Fig. 2).
Although the predominant pathology in the
UG™/™ mice was found in the kidneys, his-
topathological studies also uncovered focal
areas of necrosis in the pancreas.

Because reactive amyloidosis may occur
in response to inflammation and because
UG has immunomodulatory and antiinflam-
matory properties, we stained kidney sec-
tions from UG™* and UG™/~ mice with
Congo red and examined them under polar-
ized light. Amyloid proteins yield a positive
birefringence in this test; however, the glo-
meruli of UG-null mice were negative. Im-
munofluorescence studies for the presence of
immunoglobulin A (IgA), IgG, or [gM im-
munocomplexes in the glomeruli of UG/~
mice and immunohistochemical analyses for
the presence of major amyloid proteins were
also negative. Thus, the glomerular deposits
of UG™~ mice contained neither amyloid
proteins nor immunocomplexes.

We examined the kidney deposits of
UG/~ mice by transmission electron mi-
croscopy (20). These deposits contained
primarily two types of fibrillar structures:
one type of long and striated fibrils, which

SCIENCE + VOL. 276 ¢ 30 MAY 1997 ¢ www.sciencemag.org



e

Fig. 1. Targeting of the UG A E
locus. (A) Diagram of the UG pouse UG genomic locus
gene locus, targeting con- HE - H B e iy
struct, and resulting UG tar- - " e L ]
Exon 1 Exon 2 Exon 3

geted locus. B, Bam HI; E,
EcoRI; H, Hind Ill. (B) South-
em blot analyses of the tar-

geted ES R1 cell clones; wt, GAPDH =
wild type. (C) Representative Ao ol s
PCR analyses of genomic  Mouse UG targeted locus

DNA from tail biopsies of off- I—||'I=‘ 115 ';'

spring. The genotypes and i 0

their corresponding PCR B0, At 1Ko F

products are as follows:
UG*/*, 304 base pairs (bp);
UG*/-, 304 and 667 bp; and
UG~/~, 667 bp. (D) Southern
blot of mouse tail genomic
DNA. (E) RT-PCR analyses
of total RNA extracted from
the lung tissues of littermates
with UG**, UG*~, and

REPORTS

Targeting construct

UG —

UG™/~ genotypes. A 273-bp RT-PCR product was detectable in the lungs of
UG*/* and UG*/~ mice but lacking from those of UG/~ mice. (F) Protein
immunoblot analysis. Proteins (30 ng of each) from lung lysates were
resolved by electrophoresis on 4 to 20% gradient SDS-polyacrylamide
gels under nonreducing conditions and immunoblotted with anti-UG. (G)

Immunohistochemical localizationof UG in bronchiolar epithelial cells. The
dark staining over the bronchiolar epithelial cells of a UG** mouse (upper
panel) indicates UG immunoreactivity. Note the absence of immunoreac-
tivity in UG =/~ mouse lungs (lower panel). Methods are described in (17—
19, 317). Magnification ~x100.

were relatively infrequent, and another type
of short and diffuse fibrils, which were more
abundant (Fig. 2, E and F). Because extracel-
lular matrix (ECM) proteins, such as collagen
and fibronectin, produce similar fibrillar
structures, the glomerular deposits in UG ™/~
mice may contain these proteins. We analyzed
the glomerular deposits by immunofluores-

cence (21) using antibodies to murine Fn
(anti-Fn). Whereas Fn-specific immunofluo-
rescence in the renal glomeruli of wild-type
mice was virtually undetectable (Fig. 2G),
that in the glomeruli of UG/~ littermates
was intense (Fig. 2H). When Masson’s
trichrome staining was used, the glomeruli of
UG™* mice were negative (Fig. 2I) and

those of UG ™/~ (Fig. 2J) mice were positive,
suggesting the presence of collagen in the
glomerular deposits. Immunofluorescence,
with antibodies specific for collagen I and
collagen III, confirmed these results. Because
Fn is known to interact with other ECM
proteins, we also tested for the presence of
laminin, vitronectin, and osteopontin in the

Fig. 2. Severe renal glomerular disease in UG™/~ mice. Hematoxylin and
eosin staining of kidney sections from a UG*/* mouse (A) and its UG/~ (B)
littermate. (C) Kidney section of a 10-month-old mouse with severe
parenchymal fibrosis. (D) A region of the same mouse kidney in (C), show-
ing renal tubular hyperplasia. Magnification ~x215; g, glomerulus; f, fibro-

sis; t, tubule. (E) Transmission electron microscopy of the glomerular

deposit of a UG/~ mouse with severe renal disease. Original magnifica-
tion x6000. (F) The same sample as in (E), original magnification 60,000,
which shows the long striated fibrillar structures indicative of collagen (Col)
and short diffuse ones consistent with Fn fibrils. (G) Fn immunofluores-
cence of a kidney section from a UG*'* mouse stained with anti-Fn.
(H) Fn immunoflucrescence of a kidney section from a UG~/~ mouse
with severe renal disease. Mason’s trichrome staining of the kidney sec
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tions from UG** (I) and UG/~ (J) mice. The bluish staining over the
glomeruli of the UG/~ mouse kidney section is collagen. Magnification
~X215,
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glomeruli of UG*™* and UG/~ mice by
immunohistochemistry, the results of which
were negative.

To determine whether excessive produc-
tion of Fn could account for its deposition in
the renal glomeruli, we assessed the relative
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tation (78) and protein immuno- | i

blotting of Fn from plasma, kid- e Y e T 25.Col | |+ | +] +
ney, and liver of UG** and Fnl + |+ |+ | +] + Fn + |+ +
UG~ mice. A multimeric Fn UG| — [ — |5ug|50ug[500ug UG |- |- |+
band (bold arrow) was detected et Bl S e L B el [

only in the kidney lysates of UG’ mice. Ori, origin; Std, Fn standard. (B) Equimolar concentrations of UG
and Fn were incubated and then immunoprecipitated with anti-Fn, and the immunoprecipitates were
resolved by SDS-PAGE under reducing conditions and detected by immunoblotting with anti-Fn or
anti-UG. The immunoprecipitates contain both Fn (lane 2, upper panel) and UG (lane 2, lower panel). Lanes
1 of both panels represent Fn and UG standards. (C) Equimolar concentrations of 251-UG and Fn were
incubated at 4°C for 1 hour, and the resulting complex was resolved by electrophoresis on 6% nonre-
ducing, nondenaturing polyacrylamide gels. Lane 1, Coomassie blue-stained Fn-UG heteromer; lane 2, its
autoradiogram. (D) Immunoprecipitation of plasma (78) from UG** and UG~/~ mice with anti-Fn and
immunoblotting with anti-Fn and anti-UG. Fn (upper panel); UG (lower panel). Std, standards for UG and
Fn. (E) Affinity cross-linking of '25I-Fn with unlabeled Fn in the absence (lane 2) and presence of various
amounts of UG (lanes 3 through 5). The intensity of the very high molecular weight, radioactive Fn band
(lane 2) formed in the absence of UG is reduced in a dose-dependent manner. Lane 1, 2%-Fn with
unlabeled Fnin the absence of UG and DSS. Open arrowhead, multimeric Fn; lower thin arrow, 220-kD Fn.
(F) Affinity cross-linking of "2°l—collagen | ('2°I-Col I) with unlabeled Fn in the absence (lane 3) and presence
(lane 4) of UG. Lane 1, Coomassie blue—stained collagen |; a;, o, chain of collagen | and a, o, chain of
collagen |. Lane 2, '?5|-collagen | and unlabeled Fn in the absence of UG and DSS.

Fig. 4. Inhibition by UG of
glomerular Fn deposition,
in vitro matrix assembly,
and fibrillogenesis. Kid-
ney sections of (A) a wild-
type mouse that received
a mixture of equimolar
concentrations of Fn and
UG intravenously; (B) a
UG** mouse that re-
ceived the same dose of
Fn as in (A) but without
UG; (C) an apparently
healthy UG~’~ mouse
that received a mixture of
Fn and UG; and (D) a
UG~ mouse that re-
ceived Fn alone [same
dose as in (C)], but with-
out UG. (E) Fn fibrillogen-
esis by cultured cells
(29) grown in medium
supplemented with sol-
uble hFn alone. (F) A cell
culture identical to the
one in (E) that was fed
with medium containing
a mixture of equimolar
concentrations of solu-
ble hFn and UG. Magni-
fication (A to F) ~X145;
g, glomerulus.
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amount of Fn mRNA in the kidneys, lungs,
and liver of UG~ and UG*'* mice by
RT-PCR and densitometry. The results indi-
cate that relative amounts of Fn mRNA were
essentially identical in both UG*/* and
UG™/~ animals. Thus, overproduction of Fn
mRNA was not a likely cause of Fn deposition
in the glomeruli of UG~ mice. We then
compared the Fn protein in the plasma, kid-
neys, and liver of UG™/~ and UG*/* mice by
SDS—polyacrylamide  gel electrophoresis
(SDS-PAGE) under reducing conditions and
the protein immunoblotting. In the plasma,
kidneys, and liver of wild-type mice, only
220-kD Fn species were detected; whereas the
plasma and the liver lysates of UG™/~ mice
had the 220-kD Fn band, the kidney lysates
contained another distinct, covalently linked,
multimeric Fn band (Fig. 3A).

On the basis of current concepts, critical
initial steps in Fn matrix assembly and fibril-
logenesis, at least on the cell surface, are
thought to involve integrin activation and Fn
self-aggregation (22). Because UG is a potent
inhibitor of sSPLA, (3), a key enzyme in the
inflammatory pathway, the lack of UG in
UG™~ mice may contribute to the develop-
ment of glomerulonephritis, an inflammatory
renal disease (23). Moreover, lysophospha-
tidic acid (LPA), a by-product of PLA, hy-
drolysis of phosphatidic acid, causes integrin
activation, Fn matrix assembly, and fibrillo-
genesis (22). Thus, we measured the specific
activity {micromoles per minute per milligram
of protein) (24) of serum PLA, of UG™/~
mice [36 * 3.3 (SEM)], which was signifi-
cantly higher (P < 0.05, Student’s ¢ test) than
that of UG*/* mice [18 = 2.8 (SEM)]. These
results raised the possibility that higher PLA,

"activity may lead to increased LPA produc-

tion and consequently promote integrin acti-
vation in UG™'~ mice.

To further examine how UG may pre-
vent Fn self-assembly, we determined wheth-
er it disrupts Fn-Fn interaction in vitro. We
incubated equimolar concentrations of UG
and Fn, immunoprecipitated with anti-Fn,
resolved the immunoprecipitates by SDS-
PAGE under reducing conditions, and pro-
tein immunoblotted (18) with either anti-Fn
or anti-UG. Fn coimmunoprecipitated with
UG (Fig. 3B). To confirm these results, we
also incubated '?°]-labeled UG with Fn and
resolved the complexes by electrophoresis,
using a 6% polyacrylamide gel under nonde-
naturing and nonreducing conditions (Fig.
3C). Detection of an Fn-UG heteromer sug-
gested that soluble Fn may interact with UG.
To delineate whether Fn-UG heteromeriza-
tion takes place in vivo, we immunoprecipi-
tated the plasma of UG™* and UG/~ mice
with anti-Fn, which does not cross-react
with UG (Fig. 3D). This antibody coprecipi-
tated both Fn and UG from the plasma of
UG™*, but not from UG ™/~ mice, suggest-
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ing that Fn-UG heteromers are present in
the plasma of UG mice.

To determine the specificity and affinity
of UG binding to- Fn, we incubated '?°I-
labeled Fn with unlabeled Fn in the presence
and absence of UG and affinity cross-linked
with disuccinimidyl suberate (DSS) (25). In
the absence of UG, '»’I-Fn formed a high
molecular weight, radioactive complex with
unlabeled Fn, but in the presence of UG the
formation of Fn-Fn aggregates was inhibited
in a concentration-dependent manner (Fig.
3E). To determine whether there is any dif-
ference between the binding affinities of Fn
for UG -and that of Fn for itself, we did
binding experiments in which '2°I-Fn was
incubated with unlabeled Fn (immobilized
on multiwell plates) together with various
concentrations of UG. In separate experi-
ments, we also did binding studies of >°I-Fn
with unlabeled immobilized Fn using various
concentrations of unlabeled soluble Fn. The
Scatchard analyses of the data from both of
these binding experiments yielded straight
lines with dissociation constants (K,) of 13
nM for UG binding to Fn and 176 nM for Fn
binding to itself. These results suggest that,
because of a relatively higher binding affinity
of UG for Fn, UG may effectively counteract
Fn self-aggregation. We also did affinity
cross-linking experiments in which radio io-
dinated (*#*I)—collagen I was incubated with
unlabeled Fn in the absence or presence of
UG, as described above for Fn. The results
indicate that UG counteracts the formation
of high molecular weight '*’I-collagen-Fn
aggregates (Fig. 3F).

To test whether UG protects the renal
glomeruli from Fn accumulation, we admin-
istered soluble human Fn (hFn) alone or
hFn mixed with equimolar concentrations
of UG intravenously to UG™* and to ap-
parently healthy UG™~ littermates (26).
The rationale for injecting hFn was to be
able to discriminate between endogenous
murine Fn and administered hFn. The
methods of intravenous administration and
immunohistochemical detection of hFn in
various tissues have been described (27).
After 24 hours, histological sections of the
kidneys were examined by immunofluores-
cence with a monoclonal antibody to hFn.
Human Fn immunofluorescence in the glo-
meruli of wild-type mice injected with ei-
ther a mixture of hFn and UG (1:1 molar
ratio) or with hFn alone was similar (Fig. 4,
A and B). However, although the UG/~
mice injected with a mixture of hFn and
UG had little hFn-specific immunofluores-
cence in the glomeruli (Fig. 4C), those
receiving hFn alone had higher intensity
immunofluorescence (Fig. 4D). Adminis-
tration of a mixture of hFn and bovine
serum albumin (BSA) had no protective
effect. To determine whether this protec-
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tion could be overcome by injecting larger
quantities of hFn in UG** mice, we in-
jected 1 mg of hFn per animal daily for
three consecutive days (27). Although in-
travenous administration of hFn to UGH™*
mice at lower doses (500 wg per animal)
was not effective in causing any appreciable
glomerular deposition (Fig. 4A), the admin-
istration of higher doses (3 mg per animal)
led to a significant accumulation (28).
Thus, UG may prevent glomerular Fn dep-
osition, and UG** as opposed to UG™/~
mice may have a higher threshold for the
accumulation of soluble Fn.

To determine whether UG prevents Fn
fibrillogenesis and matrix assembly in vitro,
we cultured mouse embryonic fibroblasts in
medium containing either soluble hFn
alone or a mixture of equimolar concentra-
tions of hFn and UG (29). The level of
fibrillogenesis in cell cultures treated with
hFn alone was much higher (Fig. 4E) com-
pared with those that received a mixture of
hFn and UG (Fig. 4F).

Renal diseases are a major cause of hu-
man morbidity and mortality, and glomer-
ular diseases are one of the major causes of
renal failure. A familial glomerulopathy,
characterized by heavy deposition of pre-
dominantly fibronectin, has been described
(30), although the mechanisms of patho-
genesis of this disease remain unclear. The
availability of the UG-knockout mouse
model may allow us to understand the
pathogenic mechanisms of ECM protein—
deposit human glomerulopathies in general
and the predominantly Fn-deposit heredi-
tary glomerulopathy (30) in particular.
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Thré, The rabbit antibody to murine Fn (Gibco-BRL)
was used at a dilution of 1: 1000, and the antibody to
UG was used at 1:500.

20, A kidney from a UG/~ mouse, with glomerular le-
sions, was fixed in formalin and embedded in epoxy
resin. Thin sections stained with uranyl acetate and
lead citrate were examined with an electron micro-
scope. Photomicrographs were taken either at
XB6000 or at X60,000.

21, Formalin-fixed tissue sections were used for immu-
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28.
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nofluorescence as described (5) with anti-Fn and
fluorescein isothiocyanate (FITC)-conjugated goat
antibody to rabbit IgG. Similarly, immunofluores-
cence studies with antibodies specific for Fn, colla-
gens | and lll, vitronectin, laminin, and osteopontin
were also done. Epifluorescence was photographed
with a Zeiss Axiophot microscope.
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UG~/~ mice (n = 3) were kiled and serum PLA,
activities of each sample were measured in triplicate
with a PLA,-assay kit (Caymen Chemical) according
to the instructions of the manufacturer. Protein con-
centrations in the sera were determined by Bradford
assay (Bio-Rad), and specific activities of PLA, were
determined.

Using 24-well plates coated with human Fn (hFn)
(Collaborative Biomedical Products), we incubated
3wl of '281-Fn (specific activity of 6 wCi/ug: ICN
Biomedicals) in the absence and presence of either
UG or Fn (1072 to 1078 M) in 500 pl of Hanks'
balanced salt solution (HBSS) at room temperature
for 2 hours. SDS-PAGE and protein immunoblot-
ting of all Fn with anti-UG failed to detect any UG
contaminatiom. The radiolabeled complex was
washed twice with phosphate-buffered saline
(PBS), solubilized in 1 N NaOH, and neutralized
with 1 N HCI, and radioactivity was measured by a
gamma counter. In a separate experiment 29|-hFn
(3 ul) was incubated with 20 pl (1 pg/ul) of mouse
Fn in 40 pl of HBSS, pH 7.6, in the absence or
presence of increasing concentrations of reduced
UG (5 to 500 pg) at room temperature for 2 hours.
The samples were cross-linked with 0.20 mM DSS
at room temperature for 20 min, boiled in SDS
sample buffer for 5 min, electrophoresed on a 4 to
20% gradient SDS-polyacrylamide gel, and auto-
radiographed. In another experiment, 15 ul of ei-
ther denatured or nondenatured '2%l-collagen |
(specific activity of 65.4 wnCi/png) was incubated
with Fnin presence of reduced UG (250 pg), affinity
cross-linked, electrophoresed, and autoradio-
graphed.

Human Fn (500 ng/150 pl of PBS) was administered
in the tail vein (27) of 2-month-old, ~22-g, UG*/*+ and
apparently healthy UG—'~ mice. Similarly, the control
mice were injected with a mixture of 500 wg of hFn
either with equimolar concentrations of UG or BSA in
150 pl of PBS. Twenty-four hours after the last injec-
tion, the mice were killed and various crgans fixed in
buffered formalin. Accumulation of hFn immunoreac-
tivity in tissues was analyzed by immunoflucrescence
(6) with a monoclonal antibody to hFn (Gibco-BRL;
clone 1) and FITC-conjugated rabbit antibody to
mouse 1gG (Cappel). In a separate experiment,
UG*/* mice were injected with 1 mg of Fn alone in
150 pl of PBS daily for three consecutive days.
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Fn matrix assembly and fibrillogenesis in cultured
cells (CRLB336, American Type Culture Collection)
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. A Bam HI-Eco RI 3.2-kb DNA fragment containing

exon-3 of 129/SVJ mouse UG gene (74) and its
flanking sequences were subcloned into the corre-
sponding site of the pPNW vector as described [K.

Lei et al., Nature Genet. 13, 203 (1996)]. A 0.9-kb
PCR-amplified fragment containing partial exon-2
and its flanking sequences with built-in Not | and Xho
| sites were subcloned into the vector to generate the
targeted construct pPNWUG. In pPNWUG, a 1.2-kb
DNA fragment, including partial exon-2, was re-
placed with the PGK-neo cassette, disrupting the
UG gene. Not Hinearized targeting construct DNA
(25 ng) was electroporated into ES R1 cells. Chimer-
ic mice were mated with C57BL/6 strain of mice, and
germline transmission of the mutated UG allele was
identified by PCR and Southern blot analyses of off-
spring tail DNA. The genotyping of progeny was car-
ried out by PCR with a set of neo-specific primers,
neo-L (5'-ATA CGC TTG ATC CGG CTA CCT GCC-
3’) and neo-R (5'-CAT TTG CAC TGC CGG TAG
AAC TCC-3'), which yield a 667~base pair (bp) DNA
fragment. A 304-bp DNA fragment was generated
with a set of UG-specific primers, mUG-L (5'-ACA
TCA TGA AGC TCA CAG GTA TGC-3') and mUG-R

(6'-GTG TGC ACG GTT CAA GCT TGT AGT-3'),
derived from the region of the UG gene that was
replaced by the PGK-neo cassette. After an initial
denaturing step (85°C for 2 min), 40 cycles of PCR
were performed (34°C for 1 min, 58°C for 1.5 min,
72°C for 1 min) with a final step at 72°C for 10 min, by
using a Perkin-Elmer 480 DNA thermal cycler.
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A Cellular Cofactor for the Constitutive
Transport Element of Type D Retrovirus

Hengli Tang, Guido M. Gaietta, Wolfgang H. Fischer,
Mark H. Ellisman, Flossie Wong-Staal*

A human nuciear protein that specifically interacts with the constitutive transport element
(CTE) of simian retrovirus was identified as adenosine 5'-triphosphate—dependent RNA
helicase A. This protein could bind to functional CTE but not to inactive CTE mutants.
The interaction of helicase A with CTE was distinct from previously described helicase
activity of this protein. Helicase A shuttled from the nucleus to the cytoplasm in the
presence of a transcription inhibitor or in cells transiently overexpressing CTE-containing
RNA. In vivo colocalization of helicase A and CTE was observed in experiments that
combined in situ hybridization and immunostaining. These results suggest that helicase
A plays a role in the nuclear export of CTE-containing RNA.

Normal cellular mRNAs are exported from
the nucleus as fully spliced RNA. However,
retroviruses need to export partially spliced
or unspliced RNA to the cytoplasm, both as
templates for protein synthesis and as
genomic RNA to be packaged in progeny
virions. The complex retroviruses, includ-
ing the human pathogenic retroviruses hu-
man T cell leukemia virus and human im-
munodeficiency virus (HIV), mediate this
process through trans-acting proteins (Rex
and Rev, respectively) that bind to their
cognate RNA rtargets (RxRE and RRE, re-
spectively). The simple retroviruses do not
encode such trans-acting proteins but rath-
er use cis-acting sequences that presumably
interact directly with cellular nuclear ex-
port proteins. One example is the CTE of
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type D retroviruses, which is able to func-
tionally replace Rev or RRE in subgenomic
constructs and infectious HIV clones (1, 2).
Here we report the identification and char-
acterization of a candidate for the cellular
cofactor of CTE.

Wild-type and a nonfunctional mutant
CTE (ACTE) were biotinylated and used in
RNA selection experiments (3, 4). A 140-
kD protein was reproducibly selected by
wild-type but not by mutant CTE (Fig. 1A,
lanes 1 and 2). Use of a panel of CTE
deletion mutants revealed a complete cor-
relation of CTE function [as determined in
a chloramphenicol acetyltransferase (CAT)
reporter assay (4)] and the ability to select
the 140-kD protein (Table 1). We separat-
ed the 140-kD protein from other cellular
proteins by SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and excised it
from a polyvinylidene difluoride (PVDF)
membrane after blotting. We subjected
tryptic peptides to microsequencing as de-
scribed (5). Three independently sequenced
internal peptides matched with three differ-
ent parts of one protein in a BLAST ho-
mology search: human adenosine triphos-
phate (ATP)-dependent RNA helicase A,
a DEAD-box helicase that belongs to the
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