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Abstract

NCoA62/SKIP was discovered as a nuclear protein that interacts with the Vitamin D receptor (VDR) and the SKI oncoprotein.
NCo0A62/SKIP expresses properties consistent with other nuclear receptor transcriptional coactivator proteins. For example, NCoA62/SKIP
interacts selectively with the VDR—RXR heterodimer, it forms a ternary complex with liganded VDR and steroid receptor coactivator (SRC)
proteins, and it synergizes with SRCs to augment 1,25-dihydroxyvitamjh,R5-(OH)Ds]- and VDR-activated transcription. Chromatin
immunoprecipitation studies show that NCoA62/SKIP is recruited in a 1,25+{H)ependent manner to native Vitamin D responsive
gene promoters and it enters these promoter complexes after VDR and SRC entry. This suggests that NCoA62/SKIP functions at a distal
step in the transactivation process. Recent studies indicate that NCoA62/SKIP is a component of the spliceosome machinery and interacts
with important splicing factors such as prp8 and the U5 200 kDa helicase. Functional studies also support an involvement of NCoA62/SKIP
in mRNA splicing. Collectively, these data suggest a pivotal role for NCoA62/SKIP in coupling transcriptional regulation by VDR to RNA
splicing. They further solidify an important role for VDR/NR-interactors downstream of the transcription process in determining the overall
response of Vitamin D and steroid hormone regulated genes.
© 2004 Elsevier Ltd. All rights reserved.
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The diverse effects of 1,25-dihydroxyvitamin 3D  crete comodulator proteins and large protein complexes that
[1,25-(OHRpD3] are mediated through the Vitamin D re- may occur in a temporally coordinated fashion ultimately
ceptor (VDR). The VDR is member of the superfamily leading to 1,25-(OHDs-induced alterations in chromatin
of receptors for steroid hormones and, as such, it func- structure and enhanced transcription of target gefigs 0).
tions as a ligand-activated transcription facfdr2]. That Here, we briefly review several features of discrete coacti-
is, the 1,25-(OH)D3 hormonal ligand selectively binds vators and coactivator complexes and their potential roles
to and “activates” the VDR. One aspect of ligand activa- in VDR-activated transcription.
tion is promoting the selective heterodimerization of VDR
with retinoid X receptor (RXR), the obligate dimeric part-
ner in VDR-mediated transcriptiorFig. 1). The liganded
VDR-RXR heterodimer interacts with specific DNA re-
sponse elements located in the promoter regions of Vitamin
D-responsive genes (i.e. VDRES). The interaction of the
receptors with promoter DNA ultimately influences the rate
of RNA polymerase ll-directed transcription. Important
molecular details of this transactivation process have been
revealed over the past several years. An emerging concep
is that the VDR transactivation process involves a complex
series of protein—protein interactions with a variety of dis-

1. Protein—protein interactions in nuclear
receptor-mediated transcription

The transcriptional components that are known to inter-
act with VDR and other nuclear receptors may be classified
into several broad categoriekig. 2) including; the gen-
eral transcription factors (GTFs), the TBP-associated fac-
Eors (TAFs) in the TFIID complex, and the comodulatory
proteins or the nuclear receptor coactivators and corepres-
sors. Protein—protein contacts between nuclear receptors
s _ _ and the basal transcriptional machinery are important for

" Presented at the 12th Workshop on Vitamin D (Maastricht, The Nether- l d-mediated transactivation or repression bv nuclear
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Fig. 1. Nuclear receptor coactivator proteins in Vitamin D-mediated transcription. 1,25-Dihydroxyvitagngmobhotes VDR—RXR heterodimerization

and tight association with DR-3 type elements located in the promoter regions of Vitamin D responsive genes. Ligand binding also inducessinteraction
between VDR and SRC coactivators. SRCs and CBP express HAT activities that acetylate histones resulting in a loosening of chromatin structure in the
hormone responsive and basal promoter regions of the gene. Different classes of coactivators, such as NCoA62/SKIP, also play important roles in thi
transactivation process.

Direct interactions of TFIIB with the estrogen, proges- selectively impairs VDR-activated transcripti{8]. Indeed,
terone, thyroid hormone, and Vitamin D receptors have differences in the activities of NfHterminal VDR isoforms
been reportedB—7]. This interaction is functionally impor-  are attributed to differential interactions with TFIIB]
tant since TFIIB expression augments Vitamin D-activated thus, supporting an important role for the VDR-TFIIB in-
transcription in transient gene expression studi§sand teraction in determining the overall transactivation potential
a dominant-negative inhibitor of TFIIB-VDR complexes of the liganded VDR.
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Fig. 2. General protein targets for VDR and other nuclear receptors in the transactivation mechanism. Nuclear receptor contacts with then preinitiat
complex (PIC) include central factors such as transcription factor [IB and the TBP-associated factors (TAFs) in the TFIID complex. Critidibrassocia

with nuclear receptor comodulators also occur including ligand-dependent interactions with the coactivator proteins which may serve astwéeitge be
the nuclear receptor and the PIC.
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NR comodulatory proteins (i.e. coactivators and corepres- 1-25£H)2D3
sors) have emerged as central players in the communication
process connecting ligand-activated receptors to the preini- N ‘
tiation complex and to chromatin structueid. 1) [10,11]
The general functional properties of the NR comodula-
tors are their ability to interact with nuclear receptors and
control their transcriptional responsiveness to ligand. NR
coactivators may function as macromolecular bridges be-
tween the receptor and the transcriptional machinery that
aid in the assembly or promote the stability of the preini-
tiation complex. Moreover, several coactivator proteins
(i [12.13] of recrit oher proteins that posasss HAT i 3 Lgandinduced conormatonal charges i the_acivaton
1=k unction-2 (AF-2) helix of the Vitamin D receptor and interaction with
activity (e.g. CBP/P300). Acetylation of histones near the [xxLL-containing coactivators. This model is based on the crystal struc-
promoter presumably results in a loosening of chromatin tures of the VDR ligand binding domain as well as the structures of
structure and greater accessibility of the promoter for the numerous related receptors. 1,25-(@Bj binding induces a reposition-
transcriptional machineryF{g. 1). The best-characterized ing of hghx H12 so thz_at it folds over and contacts the_globular LBD
. . . core. This AF-2 repositioning creates a platform or docking surface that
coactivators are the steroid receptor coactivator (SRC) fam'mediates the interaction with the LXXLL NR-box in the SRC and DRIP
ily of nuclear receptor coactivatof&4] that includes three
members at present: SRC-1 (NCoA-1), SRC-2 (GRIP-1,
TIF2, NCoA-2), and SRC-3 (pCIP, RAC3, ACTR, AIB-1,
TRAM-1).

coactivators.

helix H12 folding is the creation of a platform or protein
interaction surface through which LXXLL-containing NR
coactivator proteins such as SRCs effectively dock with the
VDR. Scanning mutagenesis of the thyroid hormone recep-
tor (TR) defined a coactivator interaction surface composed
of helices H12, H3, H4, and HR3] and structural analysis
The SRC family members interact in a ligand-dependent of the estrogen, thyroid hormone, and PPAR receptors com-
manner with the nuclear receptofs5-17] This interac-  plexed to NR-box peptides supported this mdae| 24,25]
tion is mediated through three leucine-rich motifs located Consequently, docking of SRC coactivators to the NR is a
in the central region of SRC which have the consensus se-ligand-dependent-, AF2 (helix H12)-dependent process that
guence LXXLL and are termed nuclear receptor boxes or is mediated through direct, selective LXXLL-binding of the
NR-boxes[18]. Mutation of the NR-boxes abolishes the coactivator to the H3-H5, H12 docking surface of the NR.
coactivator activity by disrupting their interaction with nu-
clear receptor$18]. With regard to the nuclear receptors,
the activation function-2 (AF-2) domain is critical for inter-
action with LXXLL-containing coactivator§l5]. Deletion
of or mutations within the AF-2 domain selectively abol- In addition to SRCs, a large multiprotein complex called
ish ligand-activated transcription by disrupting receptor in- DRIP (Vitamin D receptor interacting protein) is a coac-
teraction with the SRC or other NR-box coactivators. The tivator for VDR and other nuclear receptof26]. DRIP
VDR AF-2 domain is a COOH-terminal amphipatli¢helix is nearly identical to the transcriptional coactivators of
with a centrally conserved glutamic acid residue (E420 in the thyroid receptor activating protein (TRAP) complex
the hVDR sequence) flanked on either side by hydrophobic and the mammalian Mediator compl§X7,28] The DRIP
residues. Mutation of residues in the hydrophobic or hy- complex is composed of at least ten different proteins an-

2. The SRC family of coactivators

3. Vitamin D receptor interacting proteins (DRIPs)

drophilic face abolishes 1,25-(Op)s-activated transcrip-
tion as well as SRC interaction with the VOJR9,20}, illus-

chored by DRIP205/TRAP220, which interacts directly
with ligand-activated VDR/RXR heterodimers through one

trating the mechanistic importance of coactivator contacts of two LXXLL motifs [29]. DRIP is essential for in vitro

with the AF-2 domain.

Structural studies of related receptors provide insight
into the mechanism of ligand-induced interaction of VDR
with SRC coactivator$21,22] It is hypothesized that the
1,25-(OH)»D3 ligand promotes coactivator interaction by
inducing a repositioning of the AF-2 activation helix, or he-
lix H12 (Fig. 3). In the unliganded state, the AF-2 domain
(helix H12) projects out away from the globular core of the
LBD, while in the liganded state the AF-2 domain is folded
over onto the LBD globular core domain. One outcome of

VDR-mediated transcription from chromatinized templates
[30]. However, as the DRIP complex does not contain
any SRCs and does not possess HAT activity, it appears
to potentiate NR-mediated transcription through distinct
mechanismg29]. In particular, DRIP directly recruits the
RNA polymerase Il holoenzyme to 1,25-(Of)s-activated
VDR, indicating that DRIP may serve as a bridge be-
tween VDR and the core transcriptional machingsy].
Indeed, chromatin immunoprecipitation studies show that
DRIPs enter estrogen receptor-containing transcriptional
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complexes at a later time than SRC coactivators, support-ablation of murine NCoA62/SKIP has not been reported,
ing the non-redundant roles of these coactivator classes inthough it is reasonable to predict a similar essential role
NR-mediated transactivatidB2]. in mammals as well. For example, BLAST searches of the
public human genome database do not reveal other human
sequences that are related to hNCoA62/SKIP. Thus, it is un-
4. NCoABG2/SKIP, discovery of a unique, likely that related family members for NCoA62/SKIP exist
multifunctional coactivator protein in humans. It is also important to note that NCoA62/SKIP
is unrelated to other NR coactivators, such as the SRCs, that
In 1996, we isolated a putative coactivator protein that in- have been described thus far.
teracted with the VDR using yeast 2-hybrid screening strate- On the basis of its primary amino acid sequence,
gies. The expressed human protein was 62,000 Da, it in-NC0AG62/SKIP is a unique protein. Functionally, it is also
teracted with VDR and other nuclear receptors and it aug- distinct from other NR comodulators described thus far.
mented VDR- and other NR-activated transcriptional pro- One key difference is the lack of LXXLL motifs which
cesses in transient reporter gene assays. Thus, this proare characteristic of a large variety of coactivators includ-
tein expressed the relevant properties to be broadly classi-ing the SRCs, CBP/p300 and the DRIP/TRAP coactivator
fied as a NR coactivator protein. Consequently, the protein complex. In contrast to most other LXXLL-containing
was termed NCoA62, for nuclear coactivator of molecular coactivators, NCoA62 interacts with VDR and other NRs
mass 62,000 Da. During the time we were performing our in a ligand-independent and in an AF2-independent man-
initial studies, another group entered a GenBank sequencener (Fig. 4) [36,41] Accumulating evidence strongly sup-
that matched our NCoA62 clone. The GenBank clone was ports an important and unique role for NCoA62/SKIP
termed SKIP for Ski-interacting protein. Ski is an important in NR-activated transcription. NCoA62/SKIP interacts
oncoprotein involved in muscle cell differentiati§#8], and with and augments transactivation mediated by a va-
it is a potent transcriptional repressor protein, particularly in riety of NRs [36]. NCoA62/SKIP interacts selectively
TGFB signaling[34,35] Thus, from the very early stages, with the VDR-RXR heterodimer as compared to its
it was evident that NCoA62/SKIP may function in a variety weaker interaction with VDR homodimers or monomers
of transcriptional regulatory pathways. Both initial reports [42]. Thus, NCoA62/SKIP shows a marked preference
on NCoA62/SKIP were published several months apart in for the functionally relevant heterodimeric complex. Al-

1998[36,37] though NCoA62/SKIP does not interact directly with
Sequences related to NCoA62/SKIP are found in a wide SRC coactivators, NCoA62/SKIP, VDR, and SRCs form
range of organisms including. elegans, S. pombe, andD. a ligand-dependent ternary complexd. 5 [42]. Finally,

melanogaster. These orthologs are highly conserved and in- NCoA62/SKIP also functions cooperatively with SRC
dicate a crucial role of NCoA62/SKIP in fundamental bio- coactivators to augment VDR-activated transcription and
logical processes. Indeed, genetic studies point to the essendominant negative inhibitor studies point to the essentiality
tiality of these NCoA62/SKIP orthologs in maintaining via-  of both classes of coactivator proteins (i.e. AF2-dependent
bility of these lower eukaryotic organisn38—40] Genetic and independent proteins such as SRCs and NCoA62, re-
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Fig. 4. NCoA62/SKIP interacts in an AF-2 and ligand-independent manner with the VDR. Radiolabeled wild-type VDR (left panel) or the VDR AF-2
deletion mutant (C403STOP, in the right panel) were incubated with GST, GST-NC0A62, or with GST-SRC1 in the absence or presence of25-(0OH)
Protein complexes were resolved on SDS-PAGE gels and exposed to film. In contrast to SRC1, NCoA62/SKIP interaction with VDR is not dependent
on the ligand or on the AF-2 domain of the VDR.
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Fig. 5. Model for the interaction of NCoA62/SKIP and SRCs in VDR-activated transcription. This model depicts the preference of NCoA62/SKIP for
interaction with the VDR-RXR heterodimer as well as its interaction with the VDR LBD through a region that is distinct from the H3-5/H12 interaction
surface for LXXLL-containing coactivators such as SRCs and DRIPs. It also represents the requirement and interplays of both coactivatoe.classes (i.
AF-2 dependent and AF-2 independent) in VDR-mediated transactivation.

spectively) in VDR-activated transcriptidd2]. Presently, NCoA62/SKIP-interacting proteins represented compo-
the mechanisms involved in this synergistic action of these nents of the spliceosome, a huge multi-component cellular
two coactivator classes are unknown. machine involved in processing pre-mRNA into mature
The studies described above strongly support the conceptmRNA. Prominent NCoA62/SKIP-interacting proteins were
of NCoA62/SKIP as a NR coactivator. However, the major identified as prp8, U5snRNP 200 kDa helicase, prp28, and
caveat has been that this concept is based on overexpressiohl6 kDa U5 snRNP component. These studies are in agree-
studies in mammalian cells and on in vitro protein—protein ment with previous studies showing that NCoA62/SKIP is
interaction studies, conditions that are far removed from presentin global spliceosome complej&$-46] Moreover,
a native cellular context. Importantly, our recent use of a dominant-negative inhibitor of NCoA62/SKIP provided
the chromatin immunoprecipitation approach provides the initial evidence that NCoA62/SKIP has a functional
strong support for the involvement of NCoA62/SKIP in role in mRNA splicing. Expression of a dominant negative
VDR-activated transcription of relevant target genes in os- NCoA62/SKIP resulted in a 1,25-(Ok)3-dependent tran-
teoblast$43]. These studies show a 1,25-(GB}-mediated sient accumulation of unspliced transcripts generated from a
recruitment of endogenous NCoA62/SKIP to the Vitamin D Vitamin D responsive mini-gene cassq#t8]. These studies
responsive promoter regions of the native 24-hydroxylase indicate that disrupting native NCoA62/SKIP through the
and osteocalcin target genes in osteoblast cells. Thus,expression of the dominant-negative NCoA62/SKIP deriva-

NCoA62/SKIP is physically recruited and present during
the 1,25-(OH)D3/VDR-activated transcription in target
cells. Importantly, NCoA62/SKIP recruitment to these pro-
moters is markedly delayed relative to SRC entry. This
further supports the notion that NCoA62/SKIP and the
SRCs are functionally distinct coactivators that may play
different roles in VDR-activated transcription.

5. NCoA62/SKIP, a putative transcription/splicing
coupling factor

To gain insight into potential mechanistic differ-

tive interferes with the proper splicing of transcripts from a
1,25-(OH}Ds-inducible reporter gene in mammalian cells.
Collectively, these most recent data indicate a putative role
for NCoA62/SKIP as a factor that may couple transcription
regulation to RNA splicing events in Vitamin D-mediated
transcription.

Considerable evidence supports the concept of a func-
tional coupling between RNA polymerase II-directed tran-
scription and RNA processing events, including RNA cap-
ping, polyadenylation, and splicing7—-49] Putative can-
didates that may aid in the coupling process might be pre-
dicted to associate with and alter the functional properties
of proteins involved in both transcription and RNA process-

ences between NCo0A62/SKIP and SRCs, we purified ing. NCoA62/SKIP expresses properties that are consistent
and identified HelLa cell nuclear proteins that inter- with this putative role and other NR coactivator proteins

acted with GST-NCo0A62/SKIP[43]. The majority of were recently proposed to play a similar role. Auboeuf et al.
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Fig. 6. Temporal entry and distinct functional involvement of various
VDR coactivators in the mechanism of VDR-activated transcription. This
model is based on chromatin immunoprecipitation studies and func-
tional studies in various NR-mediated transcription systems. The general
concept is that distinct coactivator classes function in different aspects
of hormone-activated transcription. SRCs and CBP/P300 may be ini-
tially recruited to open the chromatin template through their HAT and
HAT-associated activities. The DRIP complex, which lacks HAT activity,
enters later and may recruit the RNA polymerase Il holoenzyme complex.
Finally, NCoA62/SKIP enters later and perhaps mediates the recruitment
of the spliceosome, thus facilitating splicing of the nascent pre-mRNA.
These combined actions provide for efficient 1,25-(gIby-activated gene
expression.

recently demonstrated that PR-activated transcription influ-
enced splicing decisions of alternatively spliced transcripts

in a PR and progesterone response element-dependent man-

ner [50]. They and others provided evidence implicating
NR coactivators in this transcription-splicing coupling role
[50,51]

Although direct evidence proving a role for NCoA62/SKIP
as a transcription/splicing coupling factor is lacking, several

key observations support this hypothesis. First, endoge-

nous NCoA62/SKIP is recruited to native VDR-responsive
promoters in a 1,25-(OHPs-dependent manner in

osteoblast-like target cells proving its physical association
with the transcriptional regulatory machinery at the respon-

P.N. MacDonald et al./Journal of Seroid Biochemistry & Molecular Biology 89-90 (2004) 179-186

of the U5 snRNP, a central snRNP involved in splicing
of mRNA transcripts. Furthermore, NCoA62/SKIP is pre-
dominantly associated with the nuclear matrix, a property
that is shared with numerous other splicing factors and
transcriptional regulators. Finally, our data suggest a func-
tional role for NCoA62/SKIP in mRNA splicing. These
recent studies provide the basic framework for our working
hypothesis that NCoA62/SKIP may couple VDR-mediated
transcription to RNA splicing.

Fig. 6presents an integrated model that incorporates these
recent observations on NCoA62/SKIP with other NR coac-
tivators, including SRCs and DRIPs. This model is based on
the temporal entry of distinct coactivator classes onto target
promoters following steroid hormone activatif82]. Coac-
tivators with HAT activity (CBP and SRCs) are thought to
enter first in order to open chromatin structure through hi-
stone acetylation. The DRIP complex enters later and one
potential role is the recruitment of RNA polymerase holoen-
zyme into the complex. Our chromatin immunoprecipita-
tion studies reveal that NCoA62/SKIP entrance is markedly
delayed relative to other LXXLL containing coactivators.
Thus, we propose that this delayed entry is reflective of its
potential role in splicing of the nascent RNA transcript as it
emerges from the elongation complex. Thus, distinct coacti-
vator classes enter the promoter complexes at distinct times
to fulfill their individual roles in the hormone-dependent
transactivation process.
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