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The three members of the p160 family of steroid receptor
coactivators (SRC-1, SRC-2, and SRC-3) steer the functional
output of numerous genetic programs and serve as pleiotropic
rheostats for diverse physiological processes. Since their dis-
covery ~15 years ago, the extraordinary sum of examination of
SRC function has shaped the foundation of our knowledge for
the now 350+ coregulators that have been identified to date.
In this perspective, we retrace our steps into the field of co-
regulators and provide a summary of selected seminal work
that helped define the SRCs as masters of systems biology.

A Stroll Down Memory Lane

More than half a century ago, Britten and Davidson first
proposed their theory of master genes (1). Since then, count-
less attempts have been made to crown genes as master regu-
lators. However, the criteria set forth by Britten and David-
son, that a true master gene integrates the transcription of
many “producer” genes in response to a single molecular
event, has been satisfied only by an incredibly finite set of
genes. Now, more than a decade and a half after the discovery
of the first steroid receptor coactivator (SRC),> we believe that
the genes that encode the coregulators have evolved as bona
fide master genes of physiology in eukaryotes.

Our own journey into the field of coregulators began in the
early 1970s, when we discovered that nuclear receptors (NRs)
bound to nuclear DNA as a complex associated with proteins
that we coined “acceptor proteins” (2). These acceptor pro-
teins were first identified in non-histone nuclear fractions,
and we originally viewed them as simple adapter molecules
that did not bind ligand themselves but rather accepted the
NR-ligand complex into chromatin and facilitated the down-
stream transcriptional actions of the receptor. At the time, we
hypothesized there were a limited number of these adapter
proteins that served to bridge the basal transcriptional ma-
chinery to the liganded receptor. Our extensive efforts to pu-
rify an acceptor protein via size and charge exclusion chroma-
tography produced numerous perplexing peaks, and we
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eventually abandoned the project. Around this time, the labo-
ratory of Murray and Towle made similar observations work-
ing with the thyroid receptor, which associated differentially
with proteins from tissue nuclear extracts in response to li-
gand (3). Little did we know at the time that, taken together,
these complex observations would come to represent the vast
heterogeneity of NR coregulators that are now known to exist
in mammalian cells.

Our contributions to the field of coregulator function and
NR biology are undoubtedly built upon the efforts and find-
ings of numerous laboratories. Here, we provide our account
of our work on the SRC family of coregulators that shaped our
thinking and honed our understanding of coregulator func-
tion in general. From the mid-80s to the early 90s, our labora-
tory continued to work on NR action in cell-free transcription
systems. We were consistently forced to revisit these elusive
acceptor proteins when we realized that they were not only
sufficient to promote NR activity but were required for opti-
mal receptor activation. A further motivation to identify these
acceptor proteins came when Ma and Ptashne published that
yeast Gal80, an inhibitor of Gal4, could be transformed from a
transcriptional repressor to an activator by inserting an acidic
activating sequence (4). In 1991, studies followed in Drosoph-
ila showing that TATA-binding protein-associated factors
interact through TATA-binding protein to regulate basal pro-
moter activity (5). A year later, the Roeder laboratory found
that OCA-B (Oct coactivator from B cells) stimulated tran-
scription from an IgH promoter with Oct-1/2 (6). Impor-
tantly, two additional studies from our laboratory in 1992 de-
fined a ligand-controlled repressor domain in the C terminus
of NRs that suppresses its transcriptional activity (7, 8). In line
with these results, our laboratory described the concept of a
“transcriptional switch” in yeast when we found that SSN6
binds to and suppresses the activation domain of estrogen
(ER) and progesterone receptors (9). Subsequently, the
Yamamoto laboratory reported that a derivative of the glu-
cocorticoid receptor coprecipitated with the SWI3 complex,
substantiating that NRs are part of a regulatory protein com-
plex (10). Collectively, these studies helped to set the stage for
the ensuing race to clone and characterize transcriptional
coregulators.

Almost 2 years later in 1994, the Goodman laboratory iden-
tified the first general coregulator, cAMP-response element-
binding protein-binding protein (CBP) (11) and went on to
identify p300 as a functional homolog of CBP (12). Although
the activities of CBP and p300 are consistent with the ac-
cepted functions of a coactivator, these proteins are now con-
sidered to be ubiquitous integrative components of virtually
every eukaryotic transcription complex (13, 14). The Brown
laboratory followed with the identification of ERAP160, which
they identified as a ligand-dependent ER-associated protein in
gel-fractionated cell extracts (15). At that time, our laboratory
was working on a potential coactivator termed Spt6 in yeast.
SPT6 bound to and activated the ER via its TAF2 domain,
which helped us to define in part the criteria for a transcrip-
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FIGURE 1. Steroid/nuclear receptor publications. A graphical analysis of publications on steroid/nuclear receptors as they relate to influential findings in
the field is presented. Discoveries listed include identification of a receptor for estrogens (1962) (82), identification of estrogen stimulation of gene expres-
sion (1968-1972) (83, 84), molecular DNA cloning of the first gene (1972) (85), partial purification of NRs (1974) (86 -88), identification of estrogen-respon-
sive genes (1976) (89), identification of hormone-response elements (HRE) (1982) (90), cloning of the first full-length NRs (1985) (91), determination of the
first x-ray crystal structure of NRs (1991) (92-94), development of the first nuclear receptor knock-out (KO) mouse (1993) (95), cloning of the first SRC (1995)
(20), development of the first coactivator (CoA) knock-out mouse (1998) (60), and identification of metabolic functions (F(x)s) for nuclear receptors (1997)
(96). These data were compiled from PubMed. The asterisk indicates a predicted estimate for the number of publications for 2010.

tional coactivator (16). Conversely, that same month we pre-
sented biochemical evidence for the first NR corepressor,
which allowed us to publish the now accepted mechanistic
concept of coregulator function: that ligand-induced activa-
tion of NRs mediates the exchange of corepressor for coacti-
vator to initiate transcription (17). Subsequent publications
from the Glass/Rosenfeld and Evans laboratories confirmed
the existence of corepressors with the cloning of SMRT (si-
lencing mediator of retinoid and thyroid receptor) (18) and
the NR corepressor, respectively (19).

Simultaneously, with our biochemical characterization of
NR corepressors (17), the missing pieces of the inductive
transcriptional machinery that exchanged and opposed their
function were being identified. Also in 1995, our laboratory
cloned an authentic NR coactivator with the discovery and
characterization of SRC-1 (20). The findings from this semi-
nal work established the criteria to which all future coactiva-
tors would be held. Published studies in 1996 from the Stall-
cup and Gronemeyer laboratories independently identified
SRC-2 (TIF2, GRIP1) as the second member of the SRC fam-
ily (21, 22). Two months later, Meltzer et al. published their
findings on the amplification of three genes in human breast
carcinomas, one of which, termed AIB1, turned out to be
SRC-3 (23). Five laboratories subsequently characterized
SRC-3 as a bona fide coactivator (ACTR, RAC-3, pCIP,
TRAM-1), thus substantiating the ternion of the SRC family
(24.-28).
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We now realize that our original prediction of the existence
of only a handful of coregulators was a gross underestimate of
the ~350+ coregulators reported to date. Fig. 1 illustrates the
explosion in NR publications in relation to important discov-
eries and key technologies, beginning with the uncovering of
the ER and the discovery that steroid hormones (e.g. estrogen)
acted at target genes to induce synthesis of specific nRNAs.
Although the SRC family accounts for <1% of the total
known coregulators, since their discovery in 1995, the collec-
tive body of work on the p160 family represents nearly 20% of
the total publications on coregulators and serves as a bedrock
for their enormous biological potential. Indeed, the spike in
steroid receptor-related publications following the discovery
of SRC-1 provides convincing evidence for the immense
mechanistic and physiological importance of this evolutionar-
ily essential class of molecules (Fig. 1). As such, this minire-
view focuses heavily on the SRC family of coactivators (in par-
ticular, SRC-3) to integrate the most recent and influential
work on mechanism and regulation, molecular cross-talk,
physiology and pathology, genetic functions, biomarkers for
pathologies, and drug discovery.

Mechanism and Regulation

Although originally thought of as molecular “bridges” for
NR/transcription factor assembly, we now appreciate that
coactivator function goes well beyond the role of a simple
adapter. In fact, not only do the coactivators serve as power

“BSEME\

VOLUME 285+-NUMBER 50-DECEMBER 10, 2010



MINIREVIEW: Steroid Receptor Coactivator Family

Human SRC-3
RID AD1 AD2
1 320 581 ,—— A 840 1081 1417
N bHLH/P. SIT CID HAT -C
ANCO1/2 GSK3p E2F1  ER, AR, PR, CBP/p300 CARM1/PRMT1
CoCoA SMRT GR, TR GCN5 REGy
MMS19 NP aPKC  TIA-TIAR

PDXP EGFR* FBW7o. —

PP1 FAK* —

e Pt EoAP e

ER81 cs

FIGURE 2. Molecular structure and interacting partners of human SRC-3. Conserved functional domains of human SRC-3 include the bHLH/PAS
domain, a serine/threonine (5/T)-rich domain, a nuclear receptor-interacting domain (RID) (where L = LXXLL), the CBP/p300 interaction domain (CID),
a polyglutamate region (Q), and a histone acetyltransferase (HAT) domain. This representation is not to scale and is an incomplete list of known in-
teracting proteins. Asterisks indicate proteins that have been validated to interact specifically with SRC-3A4. AD, activation domain; AR, androgen
receptor; PR, progesterone receptor; GR, glucocorticoid receptor; TR, thyroid receptor; CoCoA, co-coactivator; aPKC, atypical PKC; EGFR, EGF receptor;

FAK, focal adhesion kinase.

boosters for transcription, but they integrate virtually all of
the substeps of gene expression. To date, the SRCs have
been shown to function in transcription initiation, elonga-
tion, RNA splicing, receptor and coregulator turnover, and
even mRNA translation, suggesting that these molecules
have evolved as the regulatory amalgam of higher ordered
eukaryotes (summarized in Fig. 3) (20, 29 —32). Recent evi-
dence supporting this evolutionary selection emanates
from the International HapMap Project, which calculates
positive selection pressures for various alleles across inde-
pendent ethnic populations (33). This study identified
SRC-1 (NCoA1I) as the gene with the strongest selective
pressure among all populations analyzed, suggesting the
importance of coactivators as key instruments for human
evolutionary adaptation (34).

Much of our general understanding of coactivator function
stems from various characterizations of the structural do-
mains of the SRCs. The SRC family shares five fundamental
and structurally conserved motifs (Fig. 2). Of these, the N-
terminal bHLH-PAS (basic helix-loop-helix-Per/ARNT/Sim)
domain is the most highly conserved and is necessary for sev-
eral protein-protein interactions with other co-coregulators
(35, 36). The bHLH-PAS domain also houses multiple nuclear
localization signals, which are essential for subcellular local-
ization and trafficking (37). The SRCs contain a serine/threo-
nine-rich region, which is a hotspot for post-translational
modification (PTM) of the coactivators (31, 38). The midre-
gion of the SRC proteins contains three highly conserved
LXXLL (where X is any amino acid) motifs, which form am-
phipathic a-helices and are essential for NR interaction and
activation (reviewed in Ref. 39). In addition to these three
LXXLL motifs, SRC family members contain three other
highly conserved structural motifs. As examples, a region
termed activation domain 1 binds CBP/p300 to effect histone
acetylation (24). More C-terminal, activation domain 2 inter-
acts with CARML1 (coactivator-associated arginine methyl-
transferase 1) (40) and PRMT1 (41) and promotes histone
methylation and subsequent chromatin remodeling (Fig. 3).
Interestingly, SRC-1 and SRC-3 contain an acetyltransferase
domain, although its precise functional in vivo targets have
not been clarified (26, 42).
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The evolutionary selection of these structural domains pro-
vides the SRCs with great potential for coordinately regulat-
ing myriad cellular functions. Akin to the way an automobile
engine is an assembly of hundreds of interworking parts, the
coactivators function not independently but as an integral cog
within a highly tuned multiprotein machine (43). We now
appreciate that the coactivators function in large multiprotein
complexes composed of other co-coregulators, chromatin
modifiers, general transcription factors, splicing regulators,
and even proteasomal components to successfully coordinate
the panoply of reactions involved in gene transcription (sum-
marized in Fig. 2) (44). Although initially characterized for
their potent transcriptional activation of NR-dependent tran-
scription, the coactivators also function to coordinately pro-
mote the activity of many other transcription factors (e.g.
NFEkB, HIF1a, Rb, STATS (signal transducers and activators
of transcription), p53, AP-1, and E2F1) (reviewed in Ref. 39).
Because the SRCs can interact with and coactivate a wide as-
sortment of transcription factors, their perceived promiscuity
actually represents the capacity of the coactivators to dynami-
cally respond to numerous extracellular stimuli and stresses
by regulating disparate genes that form functional groupings.
These signaling inputs activate the cell’s enzymatic transcrip-
tional machinery by modulating the PTM code of target coac-
tivators. Reprogramming the PTM code changes the strata of
higher order coactivator complexes to provide gene-specific
outputs that efficiently execute physiological programs such
as reproduction, growth, motility, inflammation, and
metabolism.

PTMs serve as the cell’s directives for protein function and
are sufficient even to dictate diametrically opposing functions
(e.g. corepression) by the coactivator, creating a chemical fin-
gerprint for localization, activity, and stability. Coactivators
are targeted by diverse enzymatic machineries that alter the
levels of phosphorylation, acetylation, methylation, ubiquity-
lation, and SUMOylation that define the PTM code. Although
all three p160 family members are tightly regulated by PTMs,
SRC-3 has served as an extreme model for how PTMs influ-
ence the dynamic functions of a coactivator. The early obser-
vation that SRC-3 localization and transcriptional activity
could be regulated by I«B kinase 8 phosphorylation provided
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FIGURE 3. Molecular functions of SRC-3. Presented is a schematic representation of how PTMs selectively code the numerous molecular functions of
SRC-3, which include, but are not limited to, amplification of steroid- and mitogen-mediated gene transcription, regulation of RNA splicing, translational
corepression, modulation of energy homeostasis, and control of cellular motility. TNFR, TNF receptor; EGFR, EGF receptor; FAK, focal adhesion kinase; CoCoA,
co-coactivator; Ub, ubiquitin; TBP, TATA-binding protein; TAFlls, TATA-binding protein-associated factors; Pol Il, RNA polymerase II; PPTases, phosphatases;

GTF, general transcription factor.

the initial impetus for identification and characterization of
other PTMs (45). Since that time, work from our laboratory
has helped to identify >50 unique PTM sites on SRC-3 that
provide a plethora of combinations that coordinately regulate
its many functions (46).

Reorganization of the coactivator PTM code changes the
complement of proteins that associate with the coactivator,
which in turn sets the parameters for localized concentrations
and genetic activities of the coactivator complex. For exam-
ple, phosphorylation of SRC-3 by GSK3 coordinately in-
creases the transcriptionally active pool of SRC-3 by promot-
ing its subsequent ubiquitylation (31). By comparison, atypical
PKC phosphorylation shields SRC-3 from the proteasome,
leading to cellular accumulation of the coactivator and en-
hancement of downstream gene expression and cell growth
(47). In contrast, SRC-3 is targeted by phosphatases (PP1,
PP2A, and pyridoxal phosphatase) that differentially regulate
its ligand-dependent transcriptional activity, protein stability,
and oncogenic potential (48). In addition to these functions,
PTMs also regulate the intracellular localization of the coacti-
vator. Identification of two key PTM sites within the N termi-
nus of SRC-3 is sufficient to drive nuclear localization (37),
suggesting the cooperative functions of PTMs for synchroniz-
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ing location, activity, and stability of the coactivator. In con-
trast, phosphorylation of an SRC-3 isoform drives it to the
cytoplasmic membrane for cross-talk functions (see below
and Fig. 3). In the nucleus, SRC-3 is acetylated by CBP/p300,
which disrupts the coactivator-NR complex and attenuates
hormone-induced gene expression (49). Similarly, the hor-
mone-regulated actions of CARM1 lead to methylation of
SRC-3, acting as a molecular switch that triggers coactivator
complex disassembly and decreased transcriptional activity
(50). To say that the combinatorial potential of the PTM code
is enormous is a gross understatement (51), and although in-
tricate, it is precisely this complexity that governs every facet
of coactivator function. The plethora of PTMs on SRC-3 are a
vivid testimony to the diversity and regulatory power of the
mammalian proteome.

Molecular Cross-talk

On the basis simply of their name, we are tempted to think
of the SRCs as one-dimensional executers of steroid-induced
transcriptional programs. However, we now recognize the
value of these master gene products in functions that extend
far beyond their roles in transcription. For example, SRC-3
was identified as a translational corepressor with TIA-1/TIAR
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(T cell-restricted intracellular antigen-1), which dampens the
production of pro-inflammatory cytokines in response to an
inflammatory insult (Fig. 3) (32). This elegant system under-
scores the ability of SRC-3 to dovetail its regulation of NFxB
transcription with translational output to simultaneously pro-
vide a therapeutic inflammatory response and mitigate the
deleterious potency of this response (52).

The SRCs are powerful responders to the extracellular mi-
lieu, and although many of these functions culminate to drive
transcriptional programs, an SRC-3 gene product has been
shown to localize to the membrane where signaling events are
initiated. The relatively understudied splicing isoform of
SRC-3, termed SRC-3A4, lacks the nuclear localization se-
quence-containing N-terminal bHLH domain (37), which
permits its cellular membrane localization (53, 54). Stimula-
tion with EGF enhances SRC-3A4 membrane localization
through activation of PAK1 kinase, which phosphorylates it.
At the membrane, phospho-SRC-3A4 directly interacts with
both the EGF receptor and focal adhesion kinase to regulate
cell migration and motility (Fig. 3), which consequently pro-
motes breast tumor cell migration and metastasis to the
lymph nodes and lungs (55). In this manner, the EGF-stimu-
lated transcriptional output mediated through activation of
full-length SRC-3 induces changes in genetic output while
simultaneously cross-talking with SRC-3A4 to coordinate cell
migration and invasion of cancer cells.

Physiology and Pathology

Reproductive Functions of the SRCs—As we advance our
mechanistic understanding of coregulators, we also improve
our knowledge of how their cellular functions marry in vitro
observations with physiological outcomes. One might easily
have predicted the coactivators to be intimately involved in
endocrine-related processes simply due to their abundant
expression in various reproductive tissues (i.e. uterus, ovary,
breast, prostate) (reviewed in Ref. 56). Indeed, the coactiva-
tors are fundamental to the proper function of reproductive
events such as fertility (57), uterine growth, blastocyst implan-
tation (58), and mammary gland development (59, 60). Un-
derstandably, deficiencies in the amount or mutations that
alter coactivator activity result in reproductive tissue dysfunc-
tions. Because these tissues are tightly controlled by the mito-
genic potency of steroid hormones, any abnormal change that
increases coactivator expression or activity often results in the
onset and progression of cancer. The breadth of studies ex-
amining the reproductive functions of the SRCs and their ab-
errant roles in human reproductive cancers extends well be-
yond the scope of this minireview, and we direct the reader to
a recent review by Xu and O’Malley for a comprehensive eval-
uation of these findings (61).

Cancer Biology of the SRCs—In addition to their impor-
tance in reproductive cancers, the SRCs are emerging as ex-
tremely prominent players in human cancers of non-endo-
crine tissues (Table 1). Although all SRCs have been
thoroughly associated with breast, endometrial, ovarian, pros-
tate, and meningioma tumors, SRC-3 figures heavily in a vari-
ety of distinct tumor types (reviewed in Ref. 61). Specifically,
SRC-3 has been linked with lung, colorectal, esophageal, gas-
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TABLE 1
Metabolic and cancer-related functions of SRCs

See Refs. 97-99. BA, bile acid; WAT/BAT, white/brown adipose tissue; FA, fatty
acid; HCC, hepatocellular carcinoma; UP, unpublished.

Tissue | CoA Translational Potential Ref
SRC-1 Controls energy balance and regulates gluconeogenesis 65,UP
i SRC-2 | Mediates fasting glucose release and regulation of BA homeostasis 71,UP
iver
SRC-3 p! ion and i confer 72,91
E ity to inogen-induced tumori i
) SRC-1 | Loss confers susceptibility to high-fat diet induced obesity through 65
m— reduced energy expenditure
o
0 WATI SRC-2 | Loss confers protection against high-fat diet induced obesity, 65
reduced caloric intake and increased BAT activit;
S| 'BAT Y
() SRC-3 | Loss impairs adi i iation and p! ion against high- 67,69
E fat diet induced obesity
SRC-1 Loss of skeletal response to estrogen 92
M uscle SRC-2 | Loss of skeletal response to estrogen and PPARy 93
SRC-3 | Controls energy i and FA 76,UP
SRC-1 P! b ion with early to cancer therapy 60,77
and poor disease-free survival
Breast
SRC-3 | Overexpression, gene and poor- 60
disease-free survival
S
8 SRC-1 | O ion, gene amplification and i 60
g Prostate | src2 i iated with 60
o SRC-3 | Overexpression 60
B'ood SRC-2 Gene fusion with Moz in acute myeloid leukemia 63,64
other SRC-3 Lung, gastric, HCC, and p: i 61-67

tric, hepatocellular, oral squamous cell, and pancreatic can-
cers (reviewed in Ref. 61). Along with their roles in tumor
initiation, the SRCs are known to be important regulators of
cancer metastasis (see above). In a murine model for breast
cancer, SRC-1 appears to be required for metastasis to the
lung (62). In human prostate, mutations in SRC-2 have
emerged as a predictor of prostate cancer metastasis (63). Ad-
ditionally, an abnormal chromosomal rearrangement involv-
ing a fusion between the 5'-AMOZ mRNA and the 3'-NCoA2
(SRC-2) mRNA positively correlates with acute myeloid leu-
kemia (64, 65). Not only do these observations speak to the
incredible mitogenic responsiveness of the coactivators, but
they also dispute the misconception of explicit compensation
of one SRC for another.

SRCs in Metabolism—As the coactivators continue to
evolve as lynchpins of cancer biology, so too are they gaining
attention as key modulators of the metabolic landscape (Table
1). The bulk of our current understanding of the metabolic
functions of the SRCs emanates primarily from the character-
ization of knock-out mouse models. Ablation of SRC-2 pro-
tects mice against high-fat diet-induced obesity by increasing
peroxisome proliferator-activated receptor y (PPARY) target
gene expression in brown adipose tissue through the thermo-
genic activation of PGC-1a (66). In contrast, SRC-1"/~ mice
are susceptible to obesity due to decreased energy expendi-
ture (66). This obese phenotype is partially mirrored by the
combined ablation of SRC-1 and SRC-3, which arrests brown
adipose activity and impairs adaptive thermogenesis. Mecha-
nistically, these data are explained by failure to induce PPARYy
target gene expression (67). Similarly, loss of SRC-3 alone im-
pairs the white adipogenic program through decreased
PPARY2 activity (68, 69). Interestingly, the net effects of loss
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of SRC-1 differ starkly from ablation of SRC-3, which yields a
lean body type that is highly resistant to high-fat diet-induced
obesity (70). Collectively, these data suggest that the SRCs
play critical yet distinct roles in controlling the energy equi-
librium between brown and white adipose tissues.

Relevant to the alarming proliferation of obesity and related
metabolic disorders in developed countries, the SRCs may
have major implications in the pathophysiological aspects of
these diseases. Of particular importance, type 2 diabetes,
which is preceded by hyperglycemia, follows the inability of
insulin to suppress gluconeogenesis. The ensuing compensa-
tory elevation of insulin production is believed to promote
dyslipidemia, which further compromises the insulin sensitiv-
ity of the patient. The molecular basis for this mode of insulin
resistance remains ill defined but might involve the dysfunc-
tion of select key coregulators. In fact, mice deficient for
SRC-1 are hypoglycemic and display markedly improved insu-
lin sensitivity. Importantly, SRC-1 directly coordinates gene
expression for the rate-limiting enzymes of the hepatic glu-
coneogenic program (e.g. pyruvate carboxylase) and is essen-
tial for the maintenance of glucose homeostasis (71). Distinct
from this mechanism, SRC-2 has emerged as a critical regula-
tor of hepatic glucose release by controlling the expression of
the glucose-6-phosphatase gene. The absence of SRC-2 leads
to a deficiency in glucose-6-phosphatase gene expression,
resulting in a constellation of phenotypes that mimic glycogen
storage disease type la (von Gierke disease) (72). In line with
this function, recently published data® suggest that SRC-2 also
acts as a fulcrum to coordinately regulate the balance between
dietary fuel absorption and energy utilization.

Unlike SRC-2, ablation of SRC-3 affords protection against
obesity and improves insulin sensitivity, partly through regu-
lating the acetylation of PGC-1« (70). In addition to the col-
lective role of SRC-3 in the maintenance of glucose homeosta-
sis, recent evidence suggests that even functional impairment
of the PTM code for SRC-3 is sufficient to alter glucose ho-
meostasis and peripheral insulin sensitivity (73). Character-
ization of a knock-in mouse model containing mutations at
four functionally conserved phosphorylation sites in SRC-3
emphasizes the general importance of PTMs to whole animal
systems biology, particularly as they relate to metabolism. The
sum of these findings highlights the broad capacity of the
SRCs to dynamically modulate the metabolic landscape and
has identified new targets for potential therapeutic interven-
tion in metabolic diseases.

Genetic Functions of the SRCs

The fact that coactivator functions are effected through
multiprotein complexes argues that combinations of even
weakly penetrant alleles within the complex may coalesce into
deleterious effects that mimic polygenic diseases (74). This
idea implies that improvements in our mechanistic and physi-
ological knowledge of the SRC family might provide a path to
better understand polygenic diseases secondary to a variety of

3 Chopra, A. R, Kommagani, R, Saha, P., Louet, J. F., Salazar, C,, Song, J.,
Jeong, J., Finegold, M., Viollet, B., DeMayo, F., Chan, L., Moore, D. D., and
O’Malley, B. W. (2011) Cell Metab., in press.
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coactivator complexes. The multifunctional capacity of the
SRCs is often exploited to execute the directives of the cell. As
such, the SRCs have been clearly implicated in a variety of
human diseases, many of which are undoubtedly polygenic,
likely arising from the combined misregulation of several
genes. This concept is observed in the SRC-3 knock-in mouse,
where even subtle genetic changes that alter coactivator func-
tion can manifest phenotypes resembling polygenic diseases
like obesity and type 2 diabetes (73). In humans, we can pre-
dict that dysfunction of multiple downstream target genes
would result from dysregulation of a single coactivator com-
plex. Consequently, if a minimal defect exists in more than
one coactivator in a given complex, synergism may lead to a
more pronounced dysfunction of the intact complex.

Alternatively, the possibility exists that genetic changes in
components of a coactivator complex could manifest pheno-
types that resemble monogenic disease states. Evidence sup-
porting this concept shows that ablation of SRC-2 phenotypi-
cally mirrors von Gierke disease, which is a genetically
inherited glycogen storage disorder arising from inactivating
monogenic mutations in the glucose-6-phosphatase gene.
Mechanistically, SRC-2 cooperates with retinoid-related or-
phan receptor «a to directly regulate glucose-6-phosphatase
gene transcription (72). In line with these findings, genetic
ablation of retinoid-related orphan receptor « confers a num-
ber of metabolic derangements that parallel loss of SRC-2
(75). Similarly, unpublished studies® from our laboratory sug-
gest that SRC-3 is indispensable for muscle-specific fatty acid
metabolism, which we have traced to the dysregulation of an
essential mitochondrial long-chain fatty acid transporter. In-
terestingly, genetic mutations of this transporter in humans
leads to hypoglycemia, enhanced muscle-specific glucose up-
take, and drastically improved insulin sensitivity, all of which
we have characterized in our SRC-37/~ mice. Taken together,
these findings situate the coactivators and the complexes they
regulate at the nexus between monogenic and polygenic
diseases.

Biomarkers for Pathologies and Drug Discovery

The known pleiotropic actions of the coactivators make
them attractive candidates as biomarkers for a multitude of
pathologies. In relation to cancer, SRC-3 overexpression re-
sults in aggressive breast and lung cancers (76, 77), SRC-2
mutations are associated with prostate cancer metastases (63),
and SRC-1 overexpression leads to early resistance to cancer
therapy (78). Also, the significance of SRC activity in shaping
the metabolic landscape suggests that they may be etiological
predictors for numerous metabolic diseases. Given these ob-
servations, we predict that technological advances in genome-
wide association studies, protein antibody meta-arrays, and
high-throughput proteomics should promote the use of SRCs
as excellent biomarkers for human disease. This idea is sup-
ported by multiple findings that, unlike normal cells that
tightly manage the pools of coactivator, cancer cells often be-
come addicted to the mitogenic power afforded by coactivator
overexpression or gene amplification (79 —81). In addition to

4B. York and B. W. O'Malley, unpublished data.
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their utility as biomarkers in personalized medicine, we
strongly view the SRCs as feasible targets for pharmacological
intervention. As many of the detrimental effects of coactiva-
tor function arise from their aberrant expression or activity,
we recently initiated the first small molecule chemical screens
aimed at identifying pharmacological candidates that regulate
the stability and/or transcriptional activity of the SRCs.
Armed with the recent improvements in high-throughput
screening tools and the relatively short explosion of knowl-
edge on the SRCs, we are encouraged as we look ahead in an-
ticipation of what the next 15 years will reveal about this
amazing family of proteins.
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