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ABSTRACT

PNRC2 (proline-rich nuclear receptor co-regulatory
protein 2) was identified using mouse steroidogenic
factor 1 (SF1) as bait in a yeast two-hybrid screening
of a human mammary gland cDNA expression
library. PNRC2 is an unusual coactivator in that it is
the smallest coactivator identified so far, with a
molecular weight of 16 kDa, and interacts with
nuclear receptors using a proline-rich sequence. In
yeast two-hybrid assays PNRC2 interacted with
orphan receptors SF1 and estrogen receptor-related
receptor a1 in a ligand-independent manner. PNRC2
was also found to interact with the ligand-binding
domains of estrogen receptor, glucocorticoid
receptor, progesterone receptor, thyroid receptor,
retinoic acid receptor and retinoid X receptor in a
ligand-dependent manner. A functional activation
function 2 domain is required for nuclear receptors to
interact with PNRC2. Using the yeast two-hybrid
assay, the region amino acids 85-139 was found to
be responsible for the interaction with nuclear
receptors. This region contains an SH3 domain-
binding motif (SEPPSPS) and an NR box-like
sequence (LKTLL). A mutagenesis study has shown
that the SH3 domain-binding motif is important for
PNRC2 to interact with all the nuclear receptors
tested. Our results reveal that PNRC2 has a structure
and function similar to PNRC, a previously character-
ized coactivator. These two proteins represent a new
type of nuclear receptor co-regulatory proteins.

INTRODUCTION

Nuclear receptors are transcription factors that modulate tran-
scription of various cellular genes, either positively or nega-
tively, by interacting with specific hormone-responsive
elements located in the target gene promoters, thereby controlling
diverse aspects of cell growth, development and homeostasis.
The mechanisms by which nuclear receptors can regulate tran-
scription from the target gene promoters are currently under
intensive investigation. Recent data show that, in addition to
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contacting the basal transcriptional machinery directly, nuclear
receptors enhance or inhibit transcription by recruiting an array
of coactivator or corepressor proteins to the transcription
complex. A number of these putative co-regulatory proteins for
nuclear receptors have been identified and have been shown to
act either as coactivators or corepressors (reviewed in 1,2).
Most of these cofactors of nuclear receptors have molecular
weights of ~160 kDa and share a common motif containing a
core consensus sequence LXXLL (L, leucine; X, any amino
acid) (i.e. an NR box), which is necessary and sufficient to
mediate the binding of these proteins to ligand-bound nuclear
receptors. LXXLL is thus a defining feature of p160 coactivators
3.

Aromatase is an important enzyme that converts androgens
to estrogen and its expression is elevated in human breast
cancer tissue. Our laboratory is investigating the regulatory
mechanism of aromatase expression in breast tissue.
Steroidogenic factor 1 (SF1) is an orphan receptor that up-
regulates the expression of aromatase by binding to a regulatory
region, S1, in the human aromatase gene. In order to better
understand the regulatory mechanism of SF1 on aromatase
expression, we initiated a study to identify co-regulatory
proteins that modulate the activity of the orphan receptor using
the yeast two-hybrid screening method. Our laboratory has
identified a new co-regulatory protein for nuclear receptors,
proline-rich nuclear receptor co-regulatory protein (PNRC),
that is expressed in human breast tissue and interacts with a
significant number of nuclear receptors (4). This co-regulatory
protein is unique in that it has a molecular weight of 35 kDa,
much smaller than most of the known co-regulatory proteins,
and it is proline-rich. Our site-directed mutagenesis studies
have revealed that an SH3-binding motif (S-D-P-P-S-P-S) in
PNRC is essential for its interaction with the ligand-binding
region of nuclear receptors. PNRC contains a NR box
sequence that is not required for its interaction with nuclear
receptors. Recently, we have cloned a second member of the
PNRC family, PNRC2. The molecular weight of this newly
identified coactivator is only 16 kDa, one-tenth that of p160
coactivators. In this paper we report the nucleotide sequence of
PNRC2 cDNA, compare the protein sequences of PNRC and
PNRC2 and present the results from northern blot and RT-PCR
analyses. A detailed functional characterization of PNRC2 has
also been carried out. The coactivator function of PNRC2 was
found not to be exactly identical to that of PNRC.
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MATERIALS AND METHODS

Materials and reagents

The MatchMaker Two-Hybrid System kit, including a human
mammary gland MatchMaker cDNA library, was purchased
from Clontech (Palo Alto, CA). DNA sequencing kits were
from US Biochemical (Cleveland, OH). Various restriction
endonucleases were purchased from New England Biolabs
(Beverly, MA) and Boehringer Mannheim (Indianapolis, IN).
AmpiTaq polymerase was obtained from Perkin Elmer
(Norwalk, CT). The luciferase assay system was purchased
from Promega (Madison, WT). Oligonucleotide primers were
synthesized in the DNA/RNA Chemistry Laboratory at the
City of Hope. HeLa cells from ATCC (Rockville, MA) were
maintained in McCoy’s SA medium containing 10% fetal calf
serum. 17B-Estradiol, progesterone, retinoic acid, deoxycorti-
costerone and testosterone were purchased from Sigma.
L-3,3’,5’-Triiodothyronine (T3) was purchased from Calbiochem
(La Jolla, CA). 9-cis-Retinoic acid was obtained from Biomol
(Plymouth Meeting, PA). The yeast transformation kit was
purchased from Bio 101 (La Jolla, CA) and the yeast culture
media were purchased from Clontech. The mouse SF1 cDNA
clone was kindly provided by Dr Keith L. Parker (Duke
University Medical Center, Durham, NC).

Construction of plasmids

All recombinant DNA and plasmid constructs were prepared
according to standard procedures, and the sequences and orien-
tations of inserted DNA fragments in plasmid constructs were
verified by standard DNA sequencing. The yeast expression
plasmid for the Gal4 DNA-binding domain (DBD)-SF1 fusion
protein (pGBT9-SF1) was prepared as previously described
(4). The plasmid for overexpression of PNRC2 in mammalian
cells was made by inserting a PCR-amplified fragment with
BamHI sites at both ends into the BamHI site in vector pSGS5
(Stratagene). The expression plasmids for mouse SF1 and
human estrogen receptor-related receptor ol (ERRol),
pSGS5-SF1 and pSG5-ERRal, were constructed as previously
described (4). The plasmid for expression of wild-type human
estrogen receptor o0 (ERar), pSG5-hER0., was constructed as
follows. The full-length coding region of human ERo was
generated by PCR using forward primer 5-GCGGAATTCGC-
CGCCGCCATGACCATGACCCTCCACACCAAAGC-3” and
reverse primer 5-GGGGTACTAGTAACCCGGGCGGATCC-
TCAGACTGTGGCAGGGAAACCCTC-3 on the template
DNA, pIC-ERF (ATCC). The PCR product was digested with
EcoRI and BamHI and subcloned into vector pSGS through the
EcoRI and BamHI sites.

To construct the yeast expression plasmids for the NR box
deletion mutants of PNRC2 and Gal4 activation domain (AD)
fusion proteins, DNA fragments coding for PNRC2; 5, were
generated by PCR and inserted in-frame into the Gal4 AD
vector pACT2 through the BamHI site. The PNRC2qy 5
fragment containing mutations 101P—A and 104P—A was
generated by a PCR-based site-directed mutagenesis method
described by Nelson and Long (5) and inserted into the pACT2
vector through the BamHI site. To construct the yeast expression
plasmid pGBT9-hERo. HBD, expressing a Gal4 DBD-hERo
hormone-binding domain (HBD) fusion protein, the coding
sequence from amino acid 274 to 595, the ligand-binding
domain (LBD), of ERa was amplified by PCR on pSG5-hERo

template DNA with sense primer 5-GCGGAATTCAT-
GGAAGTGGGGTCTGCTGGAGAC-3’ and antisense primer
5-GGGGTACTAGTAACCCGGGCGGATCCTCAGACTG-
TGGCAGGGAAACCCTC-3'". The PCR product was digested
with EcoRI and BamHI and the digested DNA fragment was
subcloned in-frame into the EcoRI and BamHI sites of the
yeast expression plasmid pGBT9. Several yeast expression
plasmids coding for fusion proteins of Gal4 DBD with the
HBDs of androgen receptor (AR), glucocorticoid receptor
(GR), progesterone receptor (PR), thyroid receptor (TR),
retinoic acid receptor (RAR) and retinoid X receptor (RXR) in
vector pGBT9 were kindly provided by Dr Michael R. Stallcup
(University of Southern California, Los Angeles, CA) (6).

A set of plasmids, termed pM-SF1, pM-ERRoll HBD, pM-
ERo. HBD and pVP16-PNRC2, for mammalian two-hybrid
assay were prepared as follows. The SF1 cDNA fragment was
excised from pGBT9-SF1 and inserted in-frame into the Gal4
DBD vector pM (Clontech) through the EcoRI site. The cDNA
fragments coding for the human ERo. HBD was excised from
pGBT9-ERol HBD and inserted in-frame into the vector pM
through the EcoRI and Sall sites. PCR was used to generate the
full-length PNRC2 coding region with BamHI sites at both
ends. The PCR products were digested with BamHI and
inserted in the proper reading frame into a pVP16 activation
domain vector (Clontech) at the BamHI site.

The luciferase reporter plasmid, pGL3(ERE);-Luciferase,
which contains three copies of the ERE sequence, was
constructed as follows. Two complimentary oligonucleotides
for three random copies of the ERE consensus sequences, 5'-
AATTCCAGGTCAGAGTGACCTGAGCTAAAATACCA-
GGTCAGAGTGACCTGAGCTAAAATACCAGGTCAGA-
GTGACCTGAGCTAAAATAC-3" and 5-TCGAGTATTT-
TAGCTCAGGTCACTCTGACCTGGTATTTTAGCTCAGG-
TCACTCTGACCTGGTATTTTAGCTCAGGTCACTCTG-
ACCTGG-3’, were synthesized, phosphorylated, annealed,
filled in and subcloned into the pGL3 promoter vector
(Promega) through the Smal site.

To study the function of PNRC2 on transcription mediated
by SF1 and ERRal, the reporter plasmid pGL3(SF1 site);-
Luciferase, which contains three random copies of the SF1-
binding site, was constructed as follows. Two complimentary
oligonucleotides containing three copies of the SF1-binding
site (5’-CCAAGGTCAGAA-3’) from the human aromatase
gene, 5-CCAAGGTCAGAACCAAGGTCAGAACCAAGG-
TCAGAAC-3" and 5-TCGAGTTCTGACCTTGGTTCTG-
ACCTTGGTTCTGACCTTGGAGCT-3’, were synthesized,
phosphorylated, annealed and subcloned into pGL3 promoter
vector through the Sacl and Xhol sites.

Yeast two-hybrid screening

The yeast MatchMaker Two-Hybrid System (Clontech) was
used to screen a MatchMaker mammary gland cDNA expres-
sion library according to the supplier’s protocol (protocol
PT1030-1) using pGBT9-SF1 as the bait as previously
described (4).

Isolation of putative full-length coding cDNA for PNRC2

The full-length PNRC2 ¢cDNA was cloned by PCR amplifica-
tion from the human mammary gland MatchMaker cDNA
library DNA using one forward adapter primer corresponding
to the sequence of the Gal4 AD domain (MatchMaker 5° AD



LD-insert Screening Amplimer; Clontech) and one reverse
primer corresponding to the cDNA sequence encoding the
C-terminus of PNRC2 (5-TTATACCTGTACTTTAAGTAA-
3%). The PCR products were isolated, subcloned into T-tailed
pBluescript vector and five inserts with different lengths in the
resulting plasmids were sequenced. The longest clone
extended the PNRC2 sequence by 0.6 kb from the 5’-end of the
longer original clone that was isolated from library screening.

RNA preparations, RT-PCR analysis and northern blot
analysis

Total RNA was extracted from cultured cells according to the
method of Chomczynski and Sacchi (7). The 0.25 kb PNRC2
cDNA probe was amplified and labeled with DIG with a DIG
PCR Probe Synthesis Kit (Roche Molecular Biochemicals,
Indianapolis, IN) according to the manufacturer’s instructions
using primers 5-GAGGACATGGTTATAACTCAG-3" and
5’-GAAACAGGGACCCAGTGGCTTGGTGG-3". RNA samples
were electrophoresed on a 1.2% agarose/formaldehyde gel and
capillary blotted onto a positively charged Zeta membrane
(Bio-Rad Laboratories, Hercules, CA) in 20x SCC. The
membrane was then subjected to prehybridization, hybrid-
ization and chemiluminescent detection according to the
procedures provided in the standard DIG hybridization and
detection kit (Roche Molecular Biochemicals).

Two micrograms of total RNAs from various cell lines were
subjected to RT-PCR analysis using PNRC2-specific forward
primer 5-GAGGACATGGTTATAACTCAG-3" and reverse
primer 5-CCTTATCTGAAGGATTAAAGGAAACAGGGA-3'.
To verify the equal loading of total RNA in each sample, the
transcripts of a housekeeping gene B-actin in 2 pg total RNA
from cell lines were analyzed by RT-PCR using the sense
primer 5-AGGAGCCGTGCTGCTGA-3" and the antisense
primer 5-CTAGAAGCATTTGCGGTGGAC-3".

Yeast two-hybrid assays

Yeast two-hybrid assays were performed as previously
described (4) except that co-transformation of yeast strain
Y187 was used in place of the yeast mating approach.

Mammalian two-hybrid assays

For mammalian two-hybrid assays, HeLa cells were tran-
siently transfected with 1.5 g reporter plasmid, pG5SCAT
(Clontech), and 1.0 ug pM-SF1 or pM-ERa HBD along with
1.0 ug pVP16-PNRC2 expression plasmid. Twenty-four hours
after transfection, cells were harvested and CAT activity in the
cell extract containing an equal amount of the protein from
each sample was determined by the liquid scintillation
counting (LSC) method as described previously (4).

Mammalian cell transfection and luciferase assays

HeLa cells were cultured in MEM Earle’s salts medium
supplemented with 5% charcoal/dextran-treated fetal bovine
serum. Cells were divided and cultured in 6-well plates until
80% confluent. The cells were transfected with 6 pg Lipofectin
(Life Technologies Inc.), 1.25 pg plasmid DNA containing
various amounts of the test plasmids indicated in each experi-
ment and the appropriate amounts of empty vector (pSGS) to
maintain the same overall amount of total DNA in all trans-
fections. After 6 h incubation, the medium containing
lipofectin and DNA was removed and the cells were cultured
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in growth medium containing 5% charcoal-treated fetal bovine
serum with or without ligands. Twenty-four hours after trans-
fection, the cells were treated with lysis buffer and harvested
from the plates by scraping. The luciferase activities in the cell
lysates (with the same amounts of protein) were measured
according to the manufacturer’s instructions (Promega). All
experiments were performed in triplicate and the representa-
tive examples of at least three independent experiments are
presented.

RESULTS

Cloning of PNRC2 by its interaction with SF1 in the yeast
two-hybrid screening

A Gal4-based yeast two-hybrid system was used to identify
proteins encoded in a human mammary gland cDNA library
that interact with mouse SF1. The mouse SF1 yeast expression
plasmid, pGBT9-SF1, was used to transform yeast strain
CG1945. The CG1945 transformants bearing pGBT9-SF1
plasmids were transformed again with a human mammary
gland cDNA library (Clontech). Approximately 3.4 x 10 yeast
transformants were screened in the absence of ligand since the
ligand for SF1 is unknown. A total of 90 colonies appeared on
histidine drop-out plates, 12 of which stained strongly positive
when tested for expression of B-galactosidase. To test whether
SF1 was required for interaction with the products of the
isolated cDNAs, all of these plasmids were re-transformed into
yeast CG1945. These transformants were used in yeast mating
experiments to verify that the proteins identified from the
library screen can only activate the reporter genes in the presence
of Gal4 DBD-SF1 fusion protein. All hybrid proteins were
found to interact with Gal4 DBD-SFI1. The nucleotide
sequences of these 12 cDNA inserts were determined. A data-
base search revealed that four of the 12 sequences were PNRC,
which was characterized recently (4). Another three clones
were identical to a known nuclear receptor coactivator,
receptor-interacting protein 140 (RIP140) (8,9). In addition to
PNRC and RIP140, three clones encoding an unknown protein
with regional homology to PNRC were also isolated. Since this
protein contains an identical proline-rich region to PNRC
(discussed below), we named it PNRC2.

Isolation of a putative full-length cDNA clone for PNRC2

All three cDNA clones isolated from library screening, with
insert sizes ranging from 1.7 to 1.9 kb, contained a poly(A)
tract but no putative translation start site. These results indicate
that these cDNAs lacked the 5’-untranslated sequence. PCR
amplification of human mammary gland MatchMaker cDNA
expression library DNA was then performed with the Match-
Maker 5° AD LD-Insert Screening amplimer and a reverse
primer corresponding to the 3’-end of the PNRC2 coding
sequence, to obtain the 5’-end sequence of PNRC2 cDNA.
Five clones with inserts of different lengths were sequenced.
The longest clone extended the PNRC2 sequence by ~0.6 kb
from the 5’-end of the longer original clone isolated by library
screening. This clone codes a mRNA of 2332 bp length
(GenBank accession no. AF374386). It encodes a deduced
139 amino acid protein with a calculated molecular mass of
16 kDa. A search for PNRC2 cDNA and protein sequences
against various databases revealed no high homology to other
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Figure 1. Alignment of the amino acid sequences of PNRC and PNRC2. Identical residues are indicated by an asterisk. The SH3-binding motif-containing region

and the NR box sequences are underlined.

sequences except for the regional identity with PNRC protein
(Fig. 1).

Northern and RT-PCR analyses

Our PNRC2 cDNA clones were isolated from a human
mammary gland cDNA library. Figure 2A shows that two
mRNA transcripts of ~2.5 and 2.0 kb size were detected in the
HBL-100 human non-cancer breast cell line. The size of the
larger transcript, 2.5 kb, is consistent with the size of our
longest PNRC2 cDNA clone, ~2.4 kb. The two mRNA species
are believed to be the result of differential processing. It is also
possible that the 2.0 kb transcript is PNRC mRNA, since the
0.25 kb PNRC2 cDNA probe (used for northern hybridization)
contains a 69 base region that is highly homologous between
PNRC and PNRC2. We have also performed RT-PCR
analysis to examine expression of PNRC?2 in a series of human
cell lines, using specific primers that are unique to PNRC2. As
shown in Figure 2B(a), PNRC2 was expressed in all cell lines
examined, including the non-cancer breast cell line MCF-10A
and several breast cancer cell lines, MCF-7, SK-BR-3 and
MDA-MB-231. The RT-PCR products obtained were not a
result of contaminant DNA template in the RNA samples since
no PCR product was detected when reverse transcriptase was
excluded during the analysis [Fig. 2B(b)].

Interactions between PNRC2 and multiple nuclear
receptors including orphan receptors SF1 and ERRa1 in
yeast

The protein—protein interactions between full-length PNRC2
or PNRC2 fragments and SF1, ERRol and several other
nuclear receptors were analyzed by yeast two-hybrid assay.
Yeast strain Y187 was co-transformed with plasmids for Gal4
DBD fusion proteins with the nuclear receptors and plasmids
for Gal4 AD alone or Gal4 AD-PNRC?2 fusion proteins. The
expression of interacting hybrid proteins in yeast transformants
was analyzed as LacZ expression, shown in Figure 3. Tests in
the yeast two-hybrid assays indicated that PNRC2 interacted

with orphan receptors SF1 and ERRa1 in the absence of any
added activator or ligand. PNRC2 also interacted with six
nuclear receptor HBDs, including ER, GR, TR, PR, RAR and
RXR, and these interactions were completely ligand
dependent. No interaction was detected between PNRC2 and
AR HBD. In addition, no interaction was detected between
PNRC2 and an irrelevant protein, human lamin C (Fig. 3), or
between nuclear receptors and Gal4 AD alone (data not
shown). These results suggest that the interaction occurred
only in the presence of PNRC2 and nuclear receptors in the
form of fusion proteins and that PNRC?2 is a nuclear receptor-
interacting protein with broad reactivity, with the exception of
AR.

Interaction of PNRC with SF1 and ERo in mammalian
cells

The mammalian MatchMaker two-hybrid assay system
(Clontech) was used to confirm the interaction between
PNRC2 and SF1 and ERo identified in yeast. Because the
assays were performed in mammalian cells, the proteins are
more likely to be in their physiological environment and the
results are therefore more likely to represent biologically
significant interactions. HeLa cells were co-transfected with
three expression plasmids, including pM-SF1 for Gal4 DBD-SF1
fusion protein, pM-ERo. HBD for Gal4 DBD-ERo. HBD
fusion protein or pVP16-PNRC2 for VP16 AD-PNRC fusion
protein, and a third reporter plasmid, pG5CAT, which provides
the Gal4 DBD, promoter and chloramphenicol acetyltrans-
ferase (CAT) reporter gene. As shown in Figure 4A and B, the
CAT activities of cells transfected with the above three
plasmids is ~5—6-fold higher than that of cells transfected with
the CAT reporter plasmid only. This PNRC2 interaction is
specific for SF1 and ERa since no interaction was observed
between PNRC2 and Gal4 DBD or between SF1 or ERo and
VP16 AD. As shown in Figure 4B, the interaction between
ERo and PNRC?2 in the mammalian two-hybrid assay was also
ligand dependent.
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Figure 2. (A) Northern analysis of PNRC2 in HBL-100 total RNA. Fifteen
micrograms of total RNA from HBL-100 cells was subjected to northern
blotting and hybridization as described in Materials and Methods using DIG-
labeled PNRC2 cDNA probe. (B) RT-PCR analysis of PNRC2 mRNA in total
RNA from various cell lines. (a) RT-PCR analysis of PNRC2 expression. Two
micrograms of total RNA isolated from each cell line was subjected to RT-PCR
and the products of RT-PCR reactions were analyzed on 1.5% agarose gels. A
product with the expected size of 250 bp was detected in each reaction. (b) The
reaction conditions were the same as in (a) except that no reverse transcription
reaction was performed before the PCR reaction. (c) B-Actin RT—PCR. The
conditions were the same as in (a) except that specific B-actin primers were
used for the RT—PCR reaction.

Modulation of the transactivation activity of SF1, ERRa1
and ERo by PNRC2 in mammalian cells

PNRC2 has been demonstrated to specifically interact with
multiple members of the nuclear receptor family in both yeast
and mammalian two-hybrid assays. To study the effect of
PNRC2 overexpression on transcriptional activation of SF1
and ERR a1, the expression plasmid pSGS5-PNRC2 was used to
transiently transfect HeLa cells together with a reporter
plasmid, pGL;(SF1 site);-Luciferase, which contains three
copies of the extended steroid hormone-binding half-site from
the human aromatase gene (5'-CCAAGGTCAGAA-3’), the
SV40 promoter and the luciferase reporter gene, along with a
second expression plasmid for either mouse SF1 (pSGS5-SF1)
or human ERRal (pSG5-ERRal). As shown in Figure SA and
B, co-transfection of PNRC2 enhanced SF1-stimulated and
ERRo1-stimulated transcription from the SV40 promoter in a
dose-dependent manner and this coactivation was ligand
independent. PNRC2 was also found to act as a coactivator for
chicken ovalbumin upstream promoter-transcription factor II
(COUP-TFII) (results not shown). To test the function of
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Figure 3. Interaction between PNRC2 and nuclear receptors in yeast. Yeast
strain Y187 was co-transformed with the appropriate pGBT9-receptor and
pACT2-PNRC2 constructs and transformants harboring both plasmids were
selected by growth on SD/-Leu/-Trp agar plates. The expression of interacting
hybrid proteins in Y187 transformants was analyzed for induction of LacZ
expression in the presence of the indicated amount of ligands as described in
Materials and Methods. Gal4 AD was included as a control to monitor back-
ground transcriptional activity. Relative P-galactosidase activities in liquid
cultures are expressed in Miller units as means + SD of three independent
assays.

PNRC?2 on transcription mediated by human ERo., HeLa cells
were transfected with a luciferase reporter plasmid,
pGL;(ERE);-Luciferase, which contains three tandem copies
of the ER-binding site, the SV40 promoter and the luciferase
reporter gene, along with the expression plasmid for human
ERa (pSG5-hER). As shown in Figure 5C, overexpression of
PNRC2 enhanced ERo-stimulated transcription of luciferase
in a dose-dependent manner and this coactivation was
completely ligand dependent. Therefore, PNRC2 functions as
a coactivator through its interaction with nuclear receptors.

PNRC?2 was found to be a stronger coactivator than PNRC
(Fig. 5D). Moreover, unlike PNRC, which functions as a
coactivator at low concentrations and functions as a repressor
at higher concentrations, PNRC2 showed a constant coactivation
function in a dose-dependent manner up to 1 g pSG5-PNRC2
used (Fig. 5D).

Identification of the binding site on PNRC2 that is
necessary and sufficient for its interaction with nuclear
receptors

The three PNRC2 clones originally isolated from the yeast
two-hybrid screen encoded three C-terminal peptides, amino
acids 8-139, 45-139 and 85-139, respectively. As shown in
Figure 6A, the shortest clone encoding amino acids 8§5-139 of
PNRC?2 showed the highest ability to bind SF1, suggesting that
the region containing residues 85—139 was responsible for the
interaction with SF1. Sequence comparisons revealed that
there are two regions, a proline-rich 23 amino acid region
(amino acids 92—-114) and an NR box-like region (amino acids
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Figure 4. PNRC?2 interacts with SF1 (A) and ERo (B) in mammalian cells.
HeLa cells were transiently co-transfected with 1.5 pg reporter plasmid
(pG5CAT) and 1.0 pg each expression plasmid as indicated. The relative CAT
activities are expressed as fold induction over the value obtained from co-
transfection of reporter, pM and pVP16 vectors, which was given an arbitrary
value of 1. The relative fold activations are means + SD of three experiments.

131-138), with 96% identity between PNRC and PNRC2
(Fig. 1). The SH3 domain-binding motif (SDPPSPS) in the
proline-rich 23 amino acid region, rather than the NR box-like
sequence, has been demonstrated to be critical and sufficient for
PNRC to interact with nuclear receptors. To test the importance
of the SH3-binding motif and the NR box-like sequence in the
interaction between PNRC2 and nuclear receptors, PNRC2;s 4,
with the NR box deleted, and PNRC2gs i3, containing
P101—A and P104—A mutations in the putative SH3-binding
motif, were generated by PCR, expressed as fusion proteins
with Gal4 AD and tested in the yeast two-hybrid assay for
interaction with SF1, ERo. HBD and ERRal HBD. Intriguingly,

the NR box-containing sequence in PNRC2 is differentially
required for its interaction with different nuclear receptors. As
shown in Figure 6A, the intensity of the interaction between
PNRC2; 5, and SF1, as expressed by -galactosidase reporter
activity, was dramatically reduced when compared to the
intensity of interaction between PNRC2¢ ;50 and SF1,
indicating that the NR box region in PNRC2 plays a role in the
interaction with SF1. This is in contrast to PNRC in that the
NR box region is not necessary for PNRC to interact with SF1
(4). However, the intensities of interaction between ERRol
HBD and PNRC2;s ;59 and PNRC2g; 5, are about the same,
indicating that the NR box region is not necessary for PNRC2
to interact with ERRol (Fig. 6B). Deletion of the NR box
sequence also resulted in a remarkable reduction in the ability
of PNRC?2 to interact with ERa. HBD, indicating that the NR
box is required for interaction between PNRC2 and ERa
(Fig. 6C).

As shown in Figure 6, double mutation of P101—A and
P104—A in the putative core site for SH3, i.e. SEPPSPS to
SEAPSAS, in the amino acid 85-139 region of PNRC2 almost
completely abolished the interactions between PNRC2gs 39
and the nuclear receptors tested, including SF1, ERRal and
ERo. The dramatic reduction in the interaction between
mutated PNRC2,; 5 and nuclear receptors was not due to a
reduction in expression level of this mutant, as demonstrated
by western blotting of yeast protein extract with anti-Gal4 AD
antibody (Fig. 6D). This result strongly supports the hypo-
thesis that, like PNRC, this SH3-binding motif in the region
amino acids 85-139 is important for PNRC?2 interaction with
nuclear receptors. This conclusion was further supported by
the fact that the C-terminal SH3-binding motif-containing
domain of PNRC, but not the antisense version of this peptide,
functioned as a dominant negative inhibitor of PNRC?2 in tran-
scription mediated by SF1 (Fig. 7). These results indicate that
the peptide PNRC2,5 3,; can compete with full-length PNRC2
for binding to nuclear receptors while it does not have coacti-
vator function.

DISCUSSION

In this study we have obtained the full-length cDNA sequence
of PNRC2, characterized its functions and determined the
regions of PNRC2 that interact with nuclear receptors. The
structural and functional analyses of PNRC2 indicate that it is
a new member of the PNRC coactivator family. PNRC2
encodes a deduced 139 amino acid protein with a calculated
molecular mass of 16 kDa. Since the C-terminus of PNRC2
contains regions highly homologous to that of PNRC, it was
first thought that PNRC2 could be a splicing artifact resulting
from cloning. To totally eliminate such a possibility, we
performed RT—PCR analysis using tissue RNA as the template
and two oligonucleotide probes derived from the N- and
C-terminal regions of PNRC2, respectively. A RT-PCR
product of correct size was produced and the nucleotide
sequence of the product was found to be identical to that of the
cloned cDNA (results not shown). To support the proposal that
PNRC?2 is a unique gene product, northern blot analysis was
carried out, which revealed differences in tissue distribution
between PNRC2 and PNRC. While PNRC is mainly expressed
in liver, lung and fat tissue (Chen,B. Chen,S. and Zhou,D.,
unpublished results), PNRC2 transcript is found in heart, lung,
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Figure 5. Coactivation functional analysis of PNRC2 on transcription mediated by multiple nuclear receptors in HeLa cells. HeLa cells were transfected with 0.25 pg
pGL;(SF1 site);-Luciferase reporter plasmid along with 10 ng expression plasmid for SF1 (pSG5-SF1) (A and D) or for ERRaul (pSGS5-hERRal) (B) and increas-
ing amounts of pSG5-PNRC2 expression plasmid as indicated. Appropriate amounts of empty vector pSG5 were included to maintain the 1.25 pg total DNA in all
transfections. The luciferase activities in transfected cells were measured and are expressed as means + SD of at least triplicate experiments. (A) Effect of PNRC2
overexpression on SF1-stimulated transcription of the luciferase gene directed by the SV40 promoter. (B) Effect of PNRC2 overexpression on ERRou1-stimulated
transcription of the luciferase gene directed by the SV40 promoter. (C) Effect of PNRC2 overexpression on transcription mediated by human ERo.. HeLa cells were
transfected with pGL3(ERE);-Luciferase reporter plasmid along with either pSG5-hERo expression plasmid alone or together with increasing amounts of PNRC2
expression plasmid (pSGS5-PNRC?2). All other features are as described for (A) and (B). (D) Comparison of coactivator activities of PNRC and PNRC2. The
procedures for transfection and luciferase assay were the same as described for (A).

muscle and different regions of brain (Zhou,D. and Chen,S.,
unpublished results).

We have performed a series of experiments to show that
PNRC2 acts as a nuclear receptor coactivator. Physical
interaction between PNRC2 and nuclear receptors has been
demonstrated by GST pull-down assay (results not shown),
yeast two-hybrid assay and mammalian two-hybrid assay. In
transient transfection experiments PNRC2 was found to act as
a coactivator for SF1, ERRal and ERo. Similar to other
known coactivators, PNRC2 interacts with the activation func-
tion 2 (AF2) domain of nuclear receptors (results not shown).

However, like PNRC, whose interaction with nuclear receptors
depends on a SH3 domain-binding motif (4), the interaction
between PNRC?2 and nuclear receptors is also dependent on the
SH3-binding motif (SEPPSPS) in a proline-rich sequence at
the C-terminus, amino acids 85—139. This domain is not found
in other nuclear receptor coactivators, including SRC1 (10),
GRIP1 (6), RIP140 (8), TIFI (11), TIFII (12), ARA70 (13) and
CBP/p300 (14,15) (using a BLAST sequence homology
search). These two proteins belong to a new family of nuclear
receptor co-regulatory proteins that interact with nuclear
receptors through a different binding mechanism.



3946 Nucleic Acids Research, 2001, Vol. 29, No. 19

A s C 160
- 140
- 51 ’:E‘, 120 -
E 4 = 100 -
g S 80
£ 3
2 3 < 60
5 =
< ) & 40 -
3 = 20 4
- i 0 ) Q
® 3
PG T o
%S o ¥ & S $
0 L S o oS X N
) o o > ({35 ‘\Q QQQ e‘?g @’ @%
8 e S 3 & R $ < <2~orﬁ ng)
& & & & g & & &
& & & ¥ e < & & & &
N < < S & ¥ XK
& £ N NS < <
& & Proteins
Proteins
D YI87  YIST
vig7 PNRC2  PNRC2
sokn COWT mutant
e |
215kD — P
B 40
7 400 |
g 350 A
3 300
S 200 4
< 150 -
& 100
@ 50
o_
o Q o éQ 5
X! Q& \el Nl o O
tzg,o Q~0q> o{y qub Q‘;S{b éﬁr\fb
Q\%\ Xé éz‘ e@ (ﬁ\ O{.D\
X X
2 @@ \2@0 B & &
S B B F &
& & & ¥ ©%
& &
& &
Proteins

Figure 6. Localization of the interacting domain within PNRC2. Three PNRC2 clones with an N-terminal deletion, a NR box deletion and SH3-binding motif
mutation were generated and tested for interaction in yeast two-hybrid assays with different nuclear receptors. The yeast expression plasmid for the NR box
deletion [pACT2-PNRC2¢s_39 (4ot nr)] @nd the plasmid for the PNRC2 mutation [pACT2-PNRC2gs 139 (p1g1ap1044)] Were prepared by PCR-based mutagenesis as
described in Materials and Methods. Gal4 AD-PNRC2 deletion constructs were co-transformed with Gal4 DBD-nuclear receptor into yeast strain Y187 and trans-
formants bearing both hybrid plasmids were selected and propagated in the presence of appropriate ligands. The B-galactosidase activities in yeast were determined
and are expressed in Miller units as means & SD of three independent assays. (A) Interaction between PNRC2 fragments and SF1. (B) Interaction between PNRC2
fragments and ERRal. (C) Interaction between PNRC2 fragments and ERo. (D) Western blot of yeast protein extracts. Yeast protein extracts were prepared from log
phase Y187 (grown in YPD medium) and Y187 harboring pGBT9-SF1 and pACT2-PNRC2gs_;39 (yi1d type) Of PACT2-PNRC2g5 39 (p101a/p1044) (gTOWN in SD/—Leu/~Trp
medium) using the TCA method according to the procedures provided by Clontech (PT3024-1). Protein extracts corresponding to 3 ODg, units of each type of
yeast cultures were fractionated by 15% SDS—PAGE, transferred to a nitrocellulose membrane and probed by western blotting with a mouse monoclonal antibody
against Gal4 AD (Clontech). The immunoprotein complex was detected with a 1:2500 diluted goat anti-mouse—horseradish peroxidase conjugate (Pierce) followed
by the SupeSignal Substrate (Pierce).

PNRC2 is the smallest nuclear receptor coactivator identi-  nuclear localization sequence is located at positions 40-45

fied to date. The region amino acids 85-139 is the region that
interacts with nuclear receptors as it has been shown to interact
with nuclear receptors by yeast two-hybrid assay (Fig. 6), and
the corresponding peptide in PNRC, i.e. PNRC,;, 3,;, can
block the activity of PNRC2 by mammalian cell transfection
assay (Fig. 7). These results, that the region amino acids 85-139
can interact with nuclear receptors but is not catalytically
active, would also suggest that the N-terminal region of
PNRC2 is important for coactivator function. A potential

(HKKKER). Interestingly, PNRC2 was found to be a signifi-
cantly stronger coactivator than PNRC (Fig. 5D). The size of
PNRC?2 is approximately half that of PNRC, suggesting that
the N-terminal region of PNRC contains sequence that
down-regulates coactivator function. A detailed structure—
function study of these proteins is underway in this laboratory.

It is worthwhile pointing out that although PNRC and
PNRC2 are important coactivators that interact with SFI,
PNRC?2 does not interact with AR. Therefore, while PNRC and
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Figure 7. The C-terminal SH3-binding motif-containing domain of PNRC
functions as a dominant negative inhibitor in the coactivation function
of PNRC2. Expression plasmids (1.0 ug each) for wild-type PNRC2
(pSGS5-PNRC2) and the C-terminal 57 amino acids of PNRC in the sense
[PSG5-PNRCyy 37 (5] or antisense [pSG5-PNRCyy 37 (4)] orientation along
with 0.2 ug reporter plasmid [pGL;(SF1 site);-Luciferase] and 10 ng SF1
expression plasmid (pSG5-SF1) were co-transfected into HeLa cells. The
luciferase activities in the cell lysates from the transfected cells were assayed.
Each result represents the mean + SD of four experiments.

PNRC2 are nuclear receptor coactivators with broad reactivity,
there are certain preferences as to which nuclear receptors they
interact with. In addition, our results indicate that PNRC2 and
PNRC bind with different affinities to different nuclear recep-
tors. Analysis by yeast two-hybrid assay demonstrated that
interaction of the orphan receptor ERRal was stronger with
PNRC?2 than PNRC. On the other hand, TR was found to have
a stronger interaction with PNRC than with PNRC2. These two
coactivators were isolated from a human breast tissue library.
It is thought that they play important roles in breast tissue by
modulating the activity of nuclear receptors. One mechanism is
through interaction with nuclear receptors (such as ERRa1 and
ERo) that bind to the S1 element in the promoter region of the
aromatase gene, by which PNRC and PNRC2 can modify the
levels of aromatase/estrogen biosynthesis in breast tissue.

While it has been shown that PNRC interacts with nuclear
receptors mainly through the 23 amino acid fragment
containing the SH3-binding domain, the NR box region of
PNRC2 was found to be important for interaction with a few
nuclear receptors. For example, a fragment lacking the NR box
was unable to interact with SF1. However, this fragment had a
similar affinity to the NR box-containing fragment for ERRo.1.
The NR box-negative fragment maintains some ability to
interact with ERo. The structural differences, i.e. the region
between the NR box and SH3-binding domain, may be important
in modulating the ability of these two proteins to interact with
various nuclear receptors.

Since both PNRC2 and PNRC contain an SH3 domain-
binding motif, in addition to functioning as nuclear receptor
coactivators they may also play a role in signal transduction,
since most of the proteins possessing SH3 domains are

Nucleic Acids Research, 2001, Vol. 29, No. 19 3947

involved in signal transduction (16). There are examples of
nuclear receptor-binding proteins mediating the convergence
of distinct signaling pathways. P62/ORCA is a ubiquitously
expressed cytosolic protein identified through its binding of
the SH2 domain of a member of the Src family of non-receptor
tyrosine kinases, p56'%, in a phosphotyrosine-independent
manner (17). Subsequently, p62/ORCA was identified as a
coactivator of the orphan nuclear receptor COUP-TFII,
suggesting that it mediates cross-talk between mitogenic and
nuclear receptor signaling pathways (18). NRBP, a multi-
domain putative adapter protein has recently been reported to
contain two putative NR boxes, a SH2-binding domain, a
kinase-like domain and a nuclear localization signal (19).
However, the function of NRBP has not yet been determined.
Preliminary studies in our laboratory have confirmed an inter-
action between PNRC and Grb2 adapter protein. Experiments
are currently underway to investigate the roles of PNRC in
Grb2-mediated signaling pathways.
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