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ABSTRACT: In postnatal animals, most of the IGF-
I and IGF-II circulates in ternary complexes of 150 kDa
composed of one molecule each of IGF-I or IGF-II, IGF
binding protein-3 or -5, and an acid-labile subunit
(ALS). Circulation of IGF-I and IGF-II in 150-kDa com-
plexes leads to their retention in the vascular system
and promotes their endocrine actions. This review fo-
cuses on recent progress on the biology of ALS, the most
important factor driving the formation of the150-kDa
complex in plasma. In a variety of animals, including
sheep, the single-copy ALS gene spans approximately
3.3 kb and is composed of two exons and one intron.
Transcription of the ALS gene produces a mRNA of
about 2.2 kb, which encodes proteins of 603 amino acids
in mice and 611 amino acids in sheep. Mature ALS
circulates in plasma as a glycosylated protein of 84
to 86 kDa and is organized by repeating leucine-rich
domains of 24 amino acids into a donut-shaped protein.
In all species studied so far, the ALS gene is expressed
at high levels only in liver. In sheep, weak expression
is first detected at d 130 of fetal life, increases suddenly
during the 1st wk after birth, and changes little thereaf-
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Introduction

Insulin-like growth factors-I and -II are involved in
the regulation of cellular processes such as prolifera-
tion, differentiation, and the prevention of apoptosis
(Jones and Clemmons, 1995; Stewart and Rotwein,
1996). These actions are conveyed by IGF-I and insulin
receptors during fetal life and exclusively by IGF-I re-
ceptors after birth (Baker et al., 1993; Louvi et al.,
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ter. After birth, growth hormone increases ALS synthe-
sis by activating transcription of the gene. Analysis
of sheep, mouse, and human ALS promoters reveals
conservation of a growth hormone response element.
This element mediates the effects of growth hormone
by binding signal transducer and activator of transcrip-
tion-5a and -5b, two related transcription factors. To
define the role of ALS in the circulating IGF system,
studies have been performed in ALS-null mice, which
are devoid of both ALS and 150-kDa complexes. ALS
null mice grow at a slower rate after birth than wild-
type mice. This growth depression is associated with
65 to 90% decreases in the plasma concentrations of
IGF-I and IGF binding protein-3, indicating that ALS
is needed to maintain plasma concentrations of both
proteins. In conclusion, ALS plays a critical role in regu-
lating the plasma concentration of IGF-I and IGF-II
and their access to target tissues. In view of this im-
portant role, ALS must be considered in future studies if
animal scientists are to understand the roles of plasma
IGF-I and –II in regulating important productive func-
tions such as growth, reproduction, and lactation.

1997). The functional importance of the IGF system
was confirmed by the growth retardation and develop-
mental defects observed in mice with targeted inactiva-
tion of the IGF-I, IGF-II, and IGF-I receptor genes
(Baker et al., 1993; Liu et al., 1993). Before birth, most
of the effects of IGF result from autocrine/paracrine
action (Jones and Clemmons, 1995; Stewart and Rotw-
ein, 1996). After birth, however, the endocrine arm of
the IGF system is thought to become increasingly im-
portant, with IGF-I mediating many of the effects of GH
and linking anabolic processes to nutrient availability
(Thissen et al., 1994; Jones and Clemmons, 1995).

Before birth, circulating IGF form binary complexes
of 40 to 50 kDa with members of a family of IGF-binding
proteins (IGFBP-1 to -6). After birth, however, synthe-
sis of the acid-labile subunit (ALS) by liver sequesters
most IGF into ternary complexes of 150 kDa consisting
of one molecule each of IGF, IGFBP-3, or IGFBP-5 and
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ALS (Rechler, 1993; Baxter, 1994; Ooi and Boisclair,
1999). Despite evidence that ALS plays an important
role in the biology of circulating IGF, it has received
only scant attention, particularly in domestic animals.
Herein we provide an overview of the biology of ALS,
with emphasis on recent work.

Structure of the ALS Gene and cDNA

The ALS gene was first cloned in 1996, in mice (Bois-
clair et al., 1996). The murine gene covers approxi-
mately 3.3 kb of chromosomal DNA and is composed of
two exons separated by a 1,126-bp intron. Exon 1 en-
codes the first five amino acids of the signal peptide,
and exon 2 encodes the remaining 22 amino acids of
the signal peptide and the 576 amino acid residues
of the mature protein. This chromosomal structure is
conserved across species, as shown by the subsequent
descriptions of the gene in rats, humans, and sheep
(Delhanty and Baxter, 1997; Rhoads et al., 2000b; Su-
wanichkul et al., 2000). The ALS is a single-copy gene
and was mapped to bands A2–A3 of mouse chromosome
17 and to the short arm of human chromosome 16 at
p13.3 (Boisclair et al., 1996; Suwanichkul et al., 2000).

The ALS gene is devoid of a TATA box. Transcription
of the gene produces mRNA of ~ 2.2 kb in primates
(Leong et al., 1992; Delhanty and Baxter, 1996), rodents
(Boisclair et al., 1996; Dai and Baxter, 1992, 1994),
sheep (Rhoads et al., 2000b), and humans (Leong et al.,
1992). They encode proteins ranging in size from 603
amino acids in the mouse to 611 residues in the sheep.
Identity of mature ALS between mouse and human is
79%, and it is 73% between mouse and sheep. Struc-
tural features almost completely conserved across spe-
cies include the presence of 12 to 13 cysteine residues,
6 to 7 asparagine-linked glycosylation sites, and 18 to
20 repeating leucine-rich domains of 24 amino acids.
These leucine rich-domains account for approximately
75% of the mature protein and identify ALS as a mem-
ber of the superfamily of leucine-rich repeat proteins.
A general attribute of members of this superfamily is
their ability to participate in protein–protein interac-
tions. The leucine-rich motifs organize ALS into a do-
nut-shaped structure (Janosi et al., 1999b).

Biochemical Properties of ALS

Serum ALS has an apparent molecular weight of 84 to
86 kDa after purification and of 66 kDa after enzymatic
deglycosylation (Baxter and Martin, 1989; Baxter and
Dai, 1994). The ALS has no affinity for free IGF-I or
IGF-II and very low affinity for uncomplexed IGFBP-
3 but readily binds to binary complexes of IGF and
IGFBP-3 (Baxter et al., 1989; Twigg and Baxter, 1998).
The affinity of ALS for these binary complexes is consid-
erably less than that of IGFBP-3 for IGF-I or IGF-II
(Holman and Baxter, 1996).

The IGFBP-1, -2, -4, or -6 cannot substitute for
IGFBP-3 in forming the ternary complex with ALS. In

contrast, IGFBP-5, the member of the IGFBP family
most closely related to IGFBP-3, is able to form ternary
complexes with ALS and comigrate with ALS in human
serum (Twigg and Baxter, 1998). The physiological sig-
nificance of these 150-kDa complexes containing
IGFBP-5 remains unclear. Because the concentration
of IGFBP-5 is low in serum, they account at best for
~10% of the 150-kDa complexes in serum (Mohan et
al., 1995). In addition, unlike IGFBP-3, IGFBP-5 is able
to associate weakly with ALS in the absence of IGF,
raising the possibility that a large fraction of the 150-
kDa complexes containing IGFBP-5 do not carry any
IGF (Twigg et al., 1998).

Structurally, IGFBP-1 to -6 share homologous amino
and carboxyl terminal domains but have unique central
domains (Rechler, 1993; Ooi and Boisclair, 1999). Do-
main swapping experiments with IGFBP that are un-
able to form ternary complexes (i.e., IGFBP-2 and
IGFBP-6) have demonstrated that the carboxyl termi-
nal domains of IGFBP-3 and IGFBP-5 are important
for binding ALS (Hashimoto et al., 1997; Twigg et al.,
1998). Binding ability was further mapped to a con-
served region of 18 amino acid residues corresponding
to residues 201 to 218 in IGFBP-3 and residues 215 to
232 in IGFBP-5 (Firth et al., 1998; Twigg et al., 1998).
This region is composed of mostly basic and positively
charged amino acid residues. More recently, the central
domain of IGFBP-5 was also shown to bind ALS even
in the absence of the carboxyl terminal domain (Twigg
et al., 2000).

In the case of ALS, recent studies have sought to
determine the role played by the sugar residues. Re-
moval of the negatively charged sialic acid from the
glycan chains of ALS reduces the affinity of ALS for
the IGF-I and IGF-II binary complexes, but it does not
eliminate complex formation (Janosi et al., 1999a). In-
dependent mutations of each of the seven N-linked gly-
can attachment sites of human ALS do not eliminate
its ability to form ternary complexes with IGFBP-3, but
complete deglycosylation does. Overall, these data are
consistent with a model in which the positively charged,
conserved domain of 18 amino acids present in IGFBP-
3 and IGFBP-5 interact with negatively charged regions
of ALS. This is supported by molecular modeling of
ALS, which predicts two densely negatively charged
regions, the first one created by the clustering of six of
the seven N-linked sugar chains and the second one by
the amino acids present at the internal surface of the
donut-shaped protein (Janosi et al., 1999b).

Regulation of ALS Synthesis

The ALS is found in high concentration almost exclu-
sively in postnatal serum (Baxter, 1990a; Khosravi et
al., 1997). Typical concentrations in human and rat
serum are 300 and 570 nM, respectively. The ALS circu-
lates in excess over the other components of the ternary
complex, with 50 to 60% of serum ALS found in free
form (Baxter, 1990a; Baxter and Dai, 1994; Khosravi
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et al., 1997). When total RNA is analyzed by Northern
blot in rats, primates, and sheep, ALS gene expression
can only be detected in liver (Dai and Baxter, 1994;
Delhanty and Baxter, 1996; Rhoads et al., 2000b). Syn-
thesis in liver is confined to parenchymal cells (Chin et
al., 1994).

Immunoreactive ALS is also present in very low con-
centration in cerebrospinal fluid, amniotic fluid, milk,
and lymph, and in low to medium concentrations in
peritoneal, synovial, ovarian, and blister fluid (Baxter,
1990a; Xu et al., 1995; Cwyfan-Hughes et al., 1997;
Khosravi et al., 1997; Labarta et al., 1997). Serum is
likely the source of most of this extravascular ALS,
although local synthesis may occur in some tissues. For
example, ALS mRNA has been detected in adult mouse
and rat kidney and in theca and granulosa cells from
porcine ovary (Chin et al., 1994; Wandji et al., 2000).
Extravascular ALS may be particularly significant in
the ovary because IGF are found almost exclusively in
150-kDa complexes in human follicular fluid (Cwyfan-
Hughes et al., 1997). Irrespective of its origin, extravas-
cular ALS can modulate local IGF action, as recently
shown by the ability of ALS to potentiate the inhibitory
effects of IGFBP-5 on thyroidal cell proliferation (Twigg
et al., 1999).

Onset of ALS synthesis is one of the last events in the
development of the circulating IGF system. In humans,
ALS is undetectable in fetal serum at 27 wk of gestation,
but it is present at term (Lewitt et al., 1995). Serum
levels of ALS increase fivefold from birth to puberty and
decline somewhat in older individuals (Baxter, 1990a).
Studies in rats have shown that an induction of ALS
gene expression in liver is responsible for this increase
in plasma ALS in early life (Baxter and Dai, 1994; Dai
and Baxter, 1994; Frystyk et al., 1998). In sheep, abun-
dance of ALS mRNA is also low before birth, but it
increases abruptly within 7 d of postnatal life (Rhoads
et al., 2000b). The functional consequence of this pat-
tern of ALS expression in the sheep is that IGF circulate
primarily in 50-kDa complexes before birth and in 150-
kDa complexes 1 wk after birth (Butler and
Gluckman, 1986).

Growth hormone is by far the most potent inducer of
ALS mRNA in liver and of ALS in plasma (Baxter,
1990a; Baxter and Dai, 1994; Ooi et al., 1997; Ol-
ivecrona et al., 1999). The importance of this regulation
is underlined by the nearly complete absence of ALS
in GH-deficient states (Zapf et al., 1989; Gargosky et al.,
1994; Aguiar-Oliveira et al., 1999) and by the temporal
correlation between appearance of ALS mRNA and
functional GH receptor in liver from sheep and rats
(Gluckman et al., 1983; Tiong and Herington, 1992).
These effects of GH in liver are direct and occur at the
level of ALS gene transcription (Ooi et al., 1997, 1998).

A variety of conditions have been shown to reduce
serum ALS in rats and humans. They include feed dep-
rivation, undernutrition, and catabolic diseases such
as diabetes, burn injury, and cirrhosis (Dai and Baxter,
1994; Bereket et al., 1996; Oster et al., 1996; Fukuda

et al., 1999; Lang et al., 1996, 2000; Moller et al., 2000).
Negative regulation of ALS synthesis occurs at both
transcriptional and posttranscriptional levels. Dexa-
methasone, cAMP, and epidermal growth factor de-
crease secretion of ALS in primary rat hepatocytes,
primarily by reducing the abundance of ALS mRNA
(Dai et al., 1994; Delhanty and Baxter, 1998). Increase
in factors such as glucocorticoid and in cellular cAMP
could explain the marked decrease in ALS synthesis
observed during thermal injury and liver failure (Lang
et al., 2000; Moller et al., 2000). In contrast, insulin
deficiency may be the primary defect causing reduced
concentration of serum ALS during feed deprivation,
undernutrition, and diabetes. This effect of insulin oc-
curs posttranslationally; insulin increases ALS secre-
tion in the absence of any change in ALS mRNA abun-
dance in primary hepatocytes (Dai et al., 1994). Finally,
decreased ALS synthesis could also occur secondarily
to the development of GH resistance in liver. Recent
studies have shown that most of the negative actions
of cAMP and the inflammatory cytokine interleukin-1β
(IL-1β) on ALS synthesis occur via the induction of a
GH-resistant state in liver cells (Delhanty, 1998; Bois-
clair et al., 2000).

Regulation of ALS Gene Transcription in Liver

The ALS gene offers opportunities to understand the
basis for the temporal and GH regulation of gene ex-
pression in liver. So far, most studies have been devoted
to the GH regulation of ALS gene transcription, a focus
justified by the importance of the IGF system in mediat-
ing the effects of GH (Etherton and Bauman, 1998).
Using rat liver cells, a GH-responsive promoter was
identified in the genomic fragment corresponding to nt
−2001 to nt −49 of the mouse ALS gene (relative to
A+1TG) (Ooi et al., 1997). Deletion and mutational anal-
ysis of this promoter located the GH-response element
to ALSGAS1, a 9-bp sequence located between nt −633
and −625 of the mouse gene that resembles the consen-
sus sequence for the γ-interferon activated sequence
(GAS) (Ooi et al., 1998). The effects of GH on the ALS
gene are mediated by the JAK-STAT pathway; the tyro-
sine kinase JAK2 is recruited to the activated GH recep-
tor complex and phosphorylates signal transducers and
activators of transcription (STAT)-5a and STAT-5b
(Carter-Su et al., 1996). These STAT-5 isomers then
translocate to the nucleus and activate ALS gene tran-
scription by binding to the ALSGAS1 element (Ooi et
al., 1998).

Further validation of this mechanism of GH activa-
tion of the ALS gene was obtained from studies of the
human and sheep ALS genes. Despite limited homology
between their proximal sequence, the mouse, sheep,
and human genes share complete conservation in se-
quence and position of the ALSGAS1 element (Rhoads
et al., 2000b; Suwanichkul et al., 2000). Sheep and hu-
man ALS promoters are also GH-responsive when
transfected in liver cells, and this responsiveness is
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dependent on the presence of the ALSGAS1 element
(Rhoads et al., 2000b; Suwanichkul et al., 2000). Over-
all, these observations indicate that GH stimulates
transcription of the ALS gene by similar mechanisms
across species.

Inflammatory cytokine interleukin-1β has the ability
to block the GH-dependent induction of ALS and IGF-
I mRNA in primary hepatocytes (Wolf et al., 1996; This-
sen and Verniers, 1997; Delhanty, 1998). Some of these
effects have been attributed to the down-regulation of
the GH receptor by IL-1β (Wolf et al., 1996; Thissen
and Verniers, 1997). Using ALS as a model of GH-
regulated gene transcription, IL-1β was shown also to
interfere with the activation of STAT-5 (Boisclair et
al., 2000). Interleukin-1β exerts this interference by
inducing expression of the intracellular suppressor of
cytokine signaling (SOCS)-3, an inhibitor of the JAK-
STAT pathway. This mechanism may be relevant to
other GH-resistant states.

Functional Role of ALS

In most adult animals, serum IGF reach levels that
are ~1,000-fold that of insulin. The ALS contributes to
the development of this large reservoir by extending
the half-lives of IGF from 10 min when in free form to
over 12 h when in ternary complexes (Guler et al., 1989;
Zapf et al., 1995). In the context of such a large reservoir
of bioactive IGF, a second important role of ALS must
be the prevention of their nonspecific metabolic effects
(Zapf et al., 1995). They occur because free IGF and
IGFBP:IGF complexes readily traverse capillary endo-
thelia and activate the insulin receptor. Incorporation
of IGF into ternary complexes completely blocks these
insulin-like effects (Zapf et al., 1995). These observa-
tions imply that mechanisms must exist to release IGF
from ternary complexes for their actions on target cells.
Proteolytic attack of IGFBP-3 and interactions of the
ternary complex with proteoglycans have been shown
to release IGF (Baxter, 1990b; Lee and Rechler, 1996).
It is also possible that much of the released IGF is
the product of the equilibration between the ternary
complex and its individual components in serum.

These roles of ALS have been inferred mostly from
short-term studies of GH-deficient animals (Zapf et al.,
1989; Gargosky et al., 1994). In these animals, the con-
centration of all the components of the ternary complex
are decreased, making it difficult to delineate the roles
of ALS from those of IGF-I and IGFBP-3. Moreover,
longitudinal studies covering the entire life of GH-defi-
cient animals are usually not feasible. For these rea-
sons, the generation of an ALS-null mouse model, in
which ALS and ternary complexes are absent, is an
important development (Ueki et al., 2000). Compared
with their wild-type counterparts, null ALS mice have
reductions in serum IGF-I and IGFBP-3 of 62 and 88%,
respectively. These changes occurred in the absence of
any reduction in the synthesis of IGF-I or IGFBP-3,
indicating that ALS is absolutely necessary for their

accumulation in serum. These findings suggest that
without ALS, induction of IGF-I and IGFBP-3 synthesis
after birth would only cause a modest increase in their
plasma concentrations (Albiston and Herington, 1992;
Kikuchi et al., 1992).

Under normal circumstances, ALS is usually not con-
sidered to play a role in regulating serum IGF because
it circulates in large excess over the concentrations of
IGF and IGFBP-3. This notion needs to be reconsidered
in view of the low association constant of ALS for the
binary complexes of IGFBP-3 and IGF (Holman and
Baxter, 1996). Mice with a single null ALS allele provide
an example of this phenomenon. They secrete less ALS
and have significant reductions in serum IGF-I and
IGFBP-3 (Ueki et al., 2000). Another example is pro-
vided by GH treatment of normal animals. Higher con-
centration of serum IGF-I likely represents the com-
bined effect of increased hepatic synthesis of IGF-I and
ALS, whereas higher concentration of IGFBP-3 and
IGFBP-5 must reflect primarily stabilization by ALS
(Cohick et al., 1992; Powell et al., 1999).

Despite these disturbances in the circulating IGF sys-
tem, null ALS animals suffered only a 13% growth defi-
cit by adulthood. This modest effect is surprising given
the central role postulated for plasma IGF-I in regulat-
ing postnatal growth (Etherton and Bauman, 1998).
However, it is consistent with the observation that abro-
gation of IGF-I synthesis only in liver, which results in
reduction in plasma IGF-I similar to that of the null
ALS mice, does not alter postnatal growth (Sjogren et
al., 1999; Yakar et al., 1999). A modified somatomedin
hypothesis that would accommodate these findings is
one in which the primary function of liver is to supply
the IGF-I needed to respond to various challenges such
as GH treatment. In this model, ALS plays a critical role
by capturing liver-derived IGF-I into long-lived ternary
complexes. This hypothesis can now be tested using
null ALS mice.

The null ALS mice have normal concentrations of
plasma glucose, NEFA, and insulin, even though ter-
nary complexes cannot form. This is in contrast to the
chronic hypoglycemia and hypoinsulinemia in humans
suffering from non-islet tumor-induced hypoglycemia,
a condition associated with a depression of ternary com-
plex formation and high concentration of circulating
IGF-II (Baxter et al., 1995). This discrepancy is ex-
plained by the near absence, in mice, of serum IGF-II
(Wolf et al., 1994), a much more potent insulin receptor
agonist than IGF-I (Frasca et al., 1999). In mammals
such as humans, ruminants, and pigs, with high concen-
tration of serum IGF-II, the presence of ALS and forma-
tion of ternary complex are probably essential for con-
taining the metabolic effects of IGF-II.

Implications

Plasma insulin-like growth factor-I and –II play criti-
cal roles in the regulation of productive functions such
as reproduction, growth, and lactation. However, we
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still have an incomplete understanding of factors regu-
lating their concentrations and their access to target
tissues. One factor known to regulate both of these
processes is the acid-labile subunit. Despite this im-
portant role, the acid-labile subunit has generally not
been considered when studying changes in plasma insu-
lin-like growth factors that occur in domestic animals
during development, nutrition, and physiological
states. This omission must be corrected before animal
scientists can understand and take advantage of the
insulin-like growth factor system to improve efficiency
of productive functions.
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