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Abstract

Protein phosphatase-1 (PP1) nuclear targeting sub-
unit (PNUTS), also called PP1R10, p99, or CAT 53 was 
originally isolated as a mammalian nuclear PP1-bin-
ding protein.  In this study, we performed yeast two-hy-
brid screens to identify PNUTS-interacting proteins.  
Here, we report that LCP1 (epidermal Langerhans cell 
protein 1), a novel member of the HMG-box protein fam-
ily, binds tightly to PNUTS. Co-immunoprecipitation of 
deletion constructs revealed that the C-terminus of 
LCP1 is sufficient for the interaction with an N-terminal 
region of PNUTS that is distinct from its PP1-binding 
domain.  Furthermore, immunofluorescence studies 
showed that a subpopulation of LCP1 co-localizes with 
PNUTS in nuclear speckles. Importantly, we found that 
the N-terminus of LCP1 has a strong trans-activation 
activity in a GAL4-based heterologous transcription 
assay. The transcriptional activity of LCP1 is markedly 
suppressed by its interaction with PNUTS, in a PP1-in-
dependent manner. These findings suggest that the 
coordinated spatial and temporal regulation of LCP1 
and PNUTS may be a novel mechanism to control the 
expression of genes that are critical for certain physio-

logical and pathological processes.
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Introduction

Protein phosphatase-1 (PP1) nuclear targeting su-
bunit (PNUTS), also known as PP1R10, p99, or 
CAT 53, was originally isolated as a mammalian 
nuclear PP1-binding protein (Allen et al., 1998; 
Kim et al., 2003; Ruma et al., 2005). The human 
PNUTS homologue has been identified in the HLA 
class 1 region on the short arm of chromosome 6, 
which has been linked to hereditary hemochro-
matosis (Ruma et al., 2005). The PNUTS protein 
has been detected in various tissues, at high levels 
in testis, brain, and intestine and low levels in heart 
and skeletal muscle (Allen et al., 1998). Bioche-
mical analysis has shown that PNUTS binds to 
PP1 through a consensus PP1-binding 'RVXF 
motif' (398TVTW401) and to homopolymeric RNA, 
with high selectivity for poly(A) and poly(G), 
through a region of its C-terminus that contains 
RGG motifs (Allen et al., 1998; Kim et al., 2003). 
Primary sequence analysis indicates that PNUTS 
possesses a transcription elongation factor SII 
domain in its N-terminus and a single putative Zn2+ 
finger with the signature C-X8-CX5-C-X3-H at its 
extreme C- terminus (Kim et al., 2003).
    Several lines of evidence suggest that PNUTS 
functions in cell cycle progression and apoptosis:  
PNUTS inhibits PP1c activity towards the Retino-
blastoma protein (pRb) (Udho et al., 2002; Krucher 
et al., 2006; De et al., 2008; Gran ̃a, 2008). Knock-
down of PNUTS in MCF7, SKA, and HCT116 
cancer cells leads to caspase-mediated apoptosis 
(De et al., 2008). We have demonstrated that 
PNUTS is a hypoxia-inducible gene that regulates 
the phosphorylation and apoptotic activities of p53 
(Lee et al., 2007). Overexpression of PNUTS in-
creases cell death in response to hypoxia through 
the increased expression of Bax, an apoptosis- 
related gene induced by p53 as well as the 
ubiquitin-dependent proteosomal degradation of 
MDM2 (Lee et al., 2007). PNUTS is targeted to the 
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Figure 1. 42 positive clones were 
isolated from screening a human 
brain cDNA library with the GAL4BD- 
PNUTS (1-433) bait plasmid. (A) 
Design of the bait plasmid, GAL4BD- 
PNUTS (1-433) fusion construct, 
pAS2-1/PNUTS (1-433). pAS2-1 map; 
pAS2-1 containing the selectable 
marker, TRP1, is the cloning vector 
used to generate bait fusion pro-
teins; a domain (residues 1-433) of 
PNUTS was inserted into pAS2-1. 
(B) Positive colonies and controls 
grew well in SD media lacking tryp-
tophan and leucine. (C) Only pos-
itive colonies were able to grow in 
SD lacking tryptophan, leucine, and 
histidine.

nucleus in telophase, following the assembly of the 
nuclear membrane and concomitant with chromatin 
decondensation (Landsverk et al., 2005). In addi-
tion, PNUTS has been shown to augment in vitro 
chromosome decondensation in a PP1-dependent 
manner (Landsverk et al., 2005). PNUTS has also 
been suggested to have potential roles in the 
nervous system, with its expression predominantly 
localized to specific regions of the human and 
mouse brain (Ruma et al., 2005). In-situ hybridi-
zation and immunohistochemistry analysis has 
revealed high levels of PNUTS expression in the 
hippocampus, frontal, and entorhinal cortex of 
normal brains and in the neurofibrillary tangles of 
Alzheimer's diseased brains (Ruma et al., 2005). 
Recently, it has also been shown that PNUTS 
co-localizes with PP1γ1 and GABAC receptors in 
the axon termini of rod bipolar cells where it forms 
a trimeric protein complex with these proteins, 
suggesting that PNUTS regulates PP1 at retinal 
synapses (Rose et al., 2008). However, despite 

these insights, to date the precise physiological 
role of PNUTS remains elusive.
    There are many examples of PP1-targeting 
proteins that mediate the formation of protein 
complexes (Cohen, 2002). Often, these complexes 
function as signaling modules that are localized in 
close proximity to the substrates of associated 
protein kinases and phosphatases (Depaoli-Roach 
et al., 1994; Cohen, 2002). Therefore, the identi-
fication and characterization of PNUTS binding 
partners may illuminate the physiological function 
of PNUTS. In the present study, we have employed 
the yeast two-hybrid method to identify PNUTS- 
interacting proteins. We report that LCP1 (epidermal 
Langerhans cell protein 1), which represents a 
novel member of the HMG-box protein family, is 
tightly associated with PNUTS in the mammalian 
nucleus. Furthermore, this study defines the inte-
raction domains of the two proteins and charac-
terizes their potential roles in transcriptional re-
gulation.
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Figure 2. Nucleotide and deduced 
amino acid sequences of KIAA0737 
fragments that interact with PNUTS 
(1-433) in the yeast two-hybrid sys-
tem. The full-length KIAA0737 con-
sist of 1866 nucleotides encoding a 
protein of 621 amino acids. The dot-
ted box indicates the putative NLS 
(nuclear localization signal) sequence 
at residue 199-218. Residue 223- 
275 is a HMG-box (gray box).

PNUTS The number  The number binding of LCP1 amino of positive cloneprotein acid
KIAA0737 #37, #34, #39 1-621 a.a.

#1, #2, #3, #5, #13, #16, 107-621 a.a.
 #17, #19, #24, #26, #27
#30, #36, #42 127-621 a.a.
#4, #7, #8, #9, #11, #14, 297-621 a.a.
 #15, #18, #20, #22, #23, #25
#6, #33, #38 389-621 a.a.
#10, #29, #35 415-621 a.a.
#28 538-621 a.a.

Table 1. The BLAST search results of yeast two-hybrid positive 
clones. Positive clones were sequenced and identified as enco-
ding one of four genes. Two clones encoded full-length PP1C 
α, 36 of 40 positive clones encoded KIAA0737, which has 95% 
homology with LCP1.

Results

Identification of LCP1 as a PNUTS interacting protein
by yeast two-hybrid 

To identify proteins that bind to PNUTS, we used 
the yeast two-hybrid method to screen a human 
brain cDNA-GAL4 expression plasmid library. The 
two-hybrid "bait" protein consisted of a fragment of 
PNUTS (1-433) fused to the GAL4 DNA-binding 
domain (Figure 1A). We screened approximately 
3.0 ×106 yeast transformants and identified 42 
primary candidates (Figure 1B and C). The 
corresponding prey plasmids were isolated and 
sequenced. The candidate PNUTS binding 
partners were then identified by NCBI BLAST 
searches of the nucleotide and protein databases. 
Two of the clones encoded full-length PP1C-α 
(protein phosphatase 1, catalytic subunit-alpha), a 
known PNUTS-binding protein. Interestingly, 36 of 
the 40 positive clones (with the exception of 4 
clones which did not produce clean sequencing 
reads) encoded the same protein, KIAA0737, 
which shares 95% homology with murine epidermal 
Langerhans cell protein-1 (LCP1) (O'Flaherty and 

Kaye, 2003). Of these, three clones (#34, #37, and 
#39) were full length and the rest encoded various 
fragments of the KIAA0737 protein (Table 1). We 
selected the clone encoding KIAA0737 for further 
investigation. The full-length KIAA0737 clone 
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Figure 3. LCP1 interacts with PNUTS in HEK 293T cells. (A) His-tagged LCP1 co-immunoprecipitates with FLAG-tagged PNUTS. Immunoblot analysis of 
proteins prepared from 293T cells transfected with LCP1, and PNUTS expression constructs or with expression vector alone. Anti-FLAG immu-
noprecipitate blots were probed with anti-FLAG antibody (top) and then stripped and re-probed with anti-his antibody (bottom). His-tagged LCP1 was de-
tected only in lane 4. (B) His-tagged PNUTS co-immunoprecipitates with Flag-tagged LCP1. The blot was probed sequentially with anti-Flag antibody (top) 
and anti-His antibody (bottom). His-tagged PNUTS was also detected in lane 4. 

consists of 1866 nucleotides, encoding a protein of 
621 amino acids (Figure 2). The predicted 
molecular mass of the protein is 68.3 kDa. Putative 
conserved domains, such as a HMG (high-mobility 
group)-box sequence (at residue 199-218) and a 
NLS (at residue 223-275), were detected (Figure 2) 
in the BLAST search. 

Characterization of the interaction between PNUTS 
and LCP1

Co-immunoprecipitation experiments were perfor-
med to verify the interaction between PNUTS and 
LCP1. Plasmids encoding PNUTS and LCP1 fused 
to either an amino-terminal FLAG or His- tag were 
transiently co-transfected into 293T cells. Immuno-
precipitation of FLAG-PNUTS resulted in co-preci-
pitation His-LCP1 (Figure 3A). Conversely, His- 
PNUTS was co-precipitated by FLAG-LCP1 (Figure 
3B). These results suggest that PNUTS physically 
associates with LCP1 in mammalian cells. 
    We further examined the interaction between 
PNUTS and LCP1 by assessing the binding affi-
nities of various fragments of the two interacting 
proteins. Since even small fragments of LCP1 
(LCP1 538-621) were able to interact with PNUTS 
in the yeast two hybrid assay (clone #28 in Table 
1), plasmids encoding the corresponding His- 
tagged fragments of LCP1 (Figure 4A) were cons-
tructed and used to identify the PNUTS-binding 
domain of LCP1. Each His-tagged fragment of 
LCP1 was co-transfected with full length FLAG- 
tagged PNUTS in 293T cells and the cell lysates 
were then subjected to immunoprecipitation with 
an anti-FLAG affinity resin (Figure 4A). In Western 
blots with anti-His antibody, LCP1 (full length) and 
LCP1 (415-621) were found to bind to full length 
PNUTS, but no binding was detected for LCP1 

(1-537), LCP1 (415-591), or LCP1 (415-537) (Figure 
4B). These results suggest that the PNUTS-binding 
domain is close to the C-terminus of LCP1 
(592-621). 
    Similar studies employing various Flag-tagged 
PNUTS fragments were carried out to identify the 
LCP1-binding domain of PNUTS. PNUTS (full 
length), PNUTS (309-872), PNUTS (590-872), 
PNUTS (143-433), and PNUTS (1-263) (Figure 
4C) were transiently co-transfected with His-tagged 
full length LCP1 into 293T cells and the cell lysates 
were subjected to immunoprecipitation with anti- 
FLAG antibody resin. As shown in Figure 4D, 
PNUTS (full length) and PNUTS (1-263) were able 
to co-precipitate LCP1, but the other PNUTS 
fragments, including PNUTS (143-433), failed to 
bind LCP1. These results indicate that an N-terminal 
region of PNUTS distinct from the PP1-binding 
region located in residues (398-401) interacts with 
LCP1. In summary, we found that an N-terminal 
region of PNUTS binds to the C-terminus of LCP1 
(Figure 4E).

Nuclear co-localization of PNUTS and LCP1 

PNUTS localizes to the nucleus during interphase 
(Allen et al., 1998). LCP1 has been classified as a 
member of the TOX family of proteins, which also 
localizes to the nucleus (O'Flaherty and Kaye, 
2003). To confirm that PNUTS and LCP1 co-loca-
lize in the nucleus, we cloned PNUTS and LCP1 
cDNA into a green and red fluorescence protein 
expression vector, respectively, and co-transfected 
them into HeLa cells. By confocal microscopy, both 
the green fluorescence of the GFP-PNUTS fusion 
protein and the red fluorescence of the RFP-LCP1 
fusion protein were observed in the nuclei (Figure 
5A). At higher resolution, the fluorescent-tagged 
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Figure 4. Identification of interaction 
domains. (A) Schematic of His-tag-
ged fragments of LCP1. (B) His-tag-
ged fragment of LCP1 co-im-
munoprecipitates with FLAG-tagged 
PNUTS. FLAG i.p., anti-FLAG im-
munoprecipitate blots were probed 
with anti-FLAG antibody and then 
stripped and re-probed with anti-his 
antibody. LCP1 (full length) and 
LCP1 (415-621) were found to bind 
to full length PNUTS. Some of the 
cell lysates were immunoblotted 
with anti-his antibody (bottom) prior 
to the Flag i.p.. (C) Schematic of 
Flag-tagged fragments of PNUTS. 
(D) Flag-tagged fragment of PNUTS 
co-immunoprecipitates with His-tag-
ged LCP1 (full length). FLAG i.p., 
anti-FLAG immunoprecipitate blots 
were probed with anti-His antibody 
and then stripped. Some of the cell 
lysates were immunoblotted with an-
ti-His antibody (bottom) prior to the 
FLAG i.p.. PNUTS (full length) and 
PNUTS (1-260) were found to bind 
to LCP1 (full length). After the FLAG 
i.p., some of the cell lysates were 
immunoblotted with anti-FLAG anti-
body. (E) Schematic of putative in-
teraction region between PNUTS 
and LCP1 protein.

proteins appear as speckles in nucleus. The 
nuclear speckles can be seen in the merged 
images of the GFP and RFP proteins, indicating 
that specific fractions of these proteins are 
co-localized in the nucleus (Figure 5A). Primary 
sequence analysis indicates that LCP1 has a 
putative nuclear localization signal (NLS) at 
residues 198-218. We examined the NLS of LCP1 
using deletion constructs. As shown in Figure 5B, 
deletion of the putative NLS motif of LCP1 led to 
the cytosolic location of the protein, whereas the 
constructs that retain the NLS had apparent 
nuclear localizations. In particular, LCP1 (190-621) 
co-localized with PNUTS and formed nuclear 

speckles (Figure 5B). 

Transcriptional activity and transactivation domain 
of LCP1

HMG-box family proteins are found in a variety of 
eukaryotic organisms and most are known or 
suspected regulators of gene expression (Wang et 
al., 1999; Scaffidi et al., 2002). Since LCP1 is a 
nuclear protein that contains a HMG-box motif, we 
tested it for potential transcriptional activity. We 
used a GAL4-based heterologous luciferase reporter 
system (Figure 6A) because target genes of LCP1 
are not known at this time. A 5X-GAL4-Luc firefly 
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Figure 5. Confocal images of 
PNUTS and LCP1 in expressed in 
HUVECs showing nuclear co-locali-
zation. (A) The confocal images of 
the nuclei of HeLa cells transiently 
co-transfected with GFP-Mock vec-
tor and RFP-tagged LCP1 (top), 
GFP-tagged PNUTS and RFP-Mock 
vector (middle), or GFP-tagged 
PNUTS and RFP-tagged LCP1 
(bottom). Merged images are of left 
panel and middle panel (light panel). 
At higher resolution, the spots of 
GFP-tagged PNUTS and RFP-tag-
ged LCP1 completely overlap. In the 
merged images, the yellow spots in 
the nuclei indicate co-locallization of 
GFP and RFP. (B) Cells were co- 
transfected with GFP-tagged PNUTS 
and truncated mutants of RFP-tag-
ged LCP1 (1-220, 190-621, or 220- 
621), respectively. Protein localiza-
tions were detected by confocal mi-
croscopy.

luciferase reporter plasmid and a plasmid encoding 
the GAL4 DNA-binding domain fused to the LCP1 
protein (GBD-LCP1) were co-transfected into HEK 
293 cells. The expression of the GBD-LCP1 fusion 
protein enhanced the GAL4 reporter luciferase 
activity 2-3 fold, whereas GBD-PNUTS failed to 
activate luciferase expression, suggesting that LCP1 
is a transcriptional activator (Figure 6B). 
    We then delineated the putative trans-activation 
domain of LCP1 using various deletion constructs 
of GBD-LCP1 (Figure 6C). All constructs lacking 
the N-terminal 200 amino acids of LCP1 were 
unable to induce the GAL4-driven luciferase expre-

ssion (Figure 6D). In contrast, GBD-LCP1 cons-
tructs containing the first 220 amino acids of the N 
terminus had very strong transcriptional activities 
(Figure 6D). These results indicate that LCP1 
possesses a trans-activation domain in its N- 
terminus. Notably, the inclusions of the HMG-box 
motif in the N-terminal constructs of GBD-LCP1 
resulted in a suppression of the transcriptional 
activity of LCP1 (Figure 6D). This suggests that the 
HMG-box motif in GBD-LCP1 may hamper the 
proper binding of GDB to the GAL4 binding site, 
presumably because the protein is titrated to its 
endogenous HMG-box binding sites on the chro-



LCP1 binds to PNUTS in the nucleus     195

Figure 6. Identification of the trans-
activation domain of LCP1. (A) Sche-
matic representation of the GAL4 re-
porter assay (upper panel) and GBD 
fusion region of PNUTS and LCP1 
(lower panel); (B) Transcriptional ac-
tivities of PNUTS and LCP1 (*P ＜
0.001 vs. GBD); (C) Domain map-
ping of various LCP1 deletion mu-
tants; (D) Identification of the trans-
activation domain of LCP1 in HEK 
293 cells: HEK 293 cells were 
co-transfected with the 5X-GAL4- 
pGL3E reporter construct along with 
expression vehicles encoding GBD, 
GBD-LCP1 full length, or GBD- 
LCP1 deletion mutants, and lucifer-
ase activity was subsequently mea-
sured. Similar results were obtained 
from three independent experiments. 
Graph represents mean values ±
SEM. (*P ＜ 0.001 and **P ＜ 0.05 
vs. GBD).

mosomal DNA.

Inhibition of the transcriptional activity of LCP1 by 
PNUTS

To determine whether PNUTS modulates the trans-
criptional activity of LCP1, we constructed GBD- 
LCP1 (full:Δ221-499) and GBD-LCP1 (1-591:Δ221- 
499); two proteins that differ in their PNUTS- 
binding affinities (Figure 7A). GBD-LCP1 (1-591: 
Δ221-499), which lacks the PNUTS binding motif, 
has a much strong transcriptional activity than GBD- 
LCP1 (full:Δ221-499), which contains the PNUTS 
binding motif (Figure 7B). Co-transfection of PNUTS 

significantly reduced the transcriptional activity of 
GBD-LCP1 (full:Δ221-499) in the luciferase reporter 
assay, but had no significant effect on the activity of 
GBD-LCP1 (1-591:Δ221-499) (Figure 7B). Con-
versely, co-transfection of PNUTS (1-263), which 
blocks interaction between LCP1 and full length 
PNUTS, or knockdown of endogenous PNUTS by 
siRNA significantly increased the activity of GBD- 
LCP1 (full:Δ221-499) in the luciferase reporter 
assay (Figure 7B and C). These results indicate that 
PNUTS negatively regulates the transcriptional acti-
vity of LCP1 through direct binding.
    Since PNUTS forms a complex with PP1, we 
tested whether PP1 activity or the interaction of 
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Figure 7. PNUTS can repress the 
transcriptional activity of LCP1. (A) 
Diagram of LCP1 deletion mutants; 
(B) HEK 293 cells were co-trans-
fected with expression vectors for 
PNUTS (full length), PNUTS (1-263) 
mutants, GBD-LCP1 (full:Δ221-499), 
and/or GBD-LCP1 (1-591:Δ221-499) 
together with the response promoter 
for GAL4 (5X-GAL4-pGL3E). The 
GBD-LCP1 (1-250) construct was 
used as the positive control of tran-
scriptional activity (*P ＜ 0.001 and 
**P ＜0.05 vs. GBD-LCP1 (full:Δ221- 
499)). (C) Cells were co-transfected 
with siRNA constructs for PNUTS 
(siPNUTS), expression vectors for 
PNUTS (full length), and/or GBD- 
LCP1 (full:Δ221-499), or GBD-LCP1 
(1-591:Δ221-499) together with 5X- 
GAL4-pGL3E (*P ＜0.001 vs. GBD- 
LCP1 (full:Δ221-499)).

PNUTS with PP1 is involved in regulating the 
transcriptional activity of LCP1. Okadaic acid, an 
inhibitor of PP1, does not affect the transcriptional 
activities of either GBD-LCP1 (full:Δ221-499) or 
GBD-LCP1 (1-591:Δ221-499) in the luciferase assay 
(Figure 8A). Moreover, co-transfection of PNUTS 
(357-433) or PNUTS (357-486), which block the 
binding of PNUTS to PP1, had no significant effect 
on the activity of GBD-LCP1 (full:Δ221-499) 
(Figure 8B). These results indicate that PP1 is not 
required for the inhibitory effect of PNUTS on the 
transcriptional activity of LCP1.

Discussion

In the present study, we report that LCP1, a mem-
ber of the TOX HMG-box subfamily, is a novel 
binding partner of PNUTS in mammalian cells.  
The yeast two-hybrid assay and biochemical ana-
lysis have revealed that LCP1 tightly associates 

with PNUTS through its C-terminus. In turn, PNUTS 
interacts with LCP1 through a region in its N- 
terminus, which is distinct from its PP1 binding 
motif (Allen et al., 1998). These results indicate 
that LCP1 may form ternary complexes with 
PNUTS and PP1 in certain cellular contexts.
    Immunofluorescence studies show that a subpo-
pulation of LCP1 co-localizes with PNUTS in the 
nucleus and often forms nuclear speckles. Notably, 
the TOX family members are known to contain a 
conserved multiple lysine-based NLS sequences 
[KR(X)5GKKXKXPKKKKK] N-terminal to their HMG- 
box motifs (O'Flaherty and Kaye, 2003). LCP1 po-
ssesses a similar putative NLS, except that it lacks 
the second basic residue of the consensus motif. 
Deletion of this putative NLS resulted in complete 
loss of nuclear localization of LCP1. These data 
confirm that LCP1 is localized in the nucleus through 
an NLS that has a similar architecture as other 
TOX family NLS domains.
    Sequence analysis revealed that LCP1 encodes 
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Figure 8 Regulation of LCP1 tran-
scriptional activity by PNUTS. (A) 
The domain organization of PNUTS; 
(B) HEK 293 cells were co-trans-
fected with GBD (empty vector), 
GBD-LCP1 (full:Δ221-499), or GBD- 
LCP1 (1-591:Δ221-499) together 
with 5X-GAL4-pGL3E for 16 h and 
then treated with 100 nM okadaic acid 
(OA) for 4 h (*P ＜0.001 vs. GBD- 
LCP1 (full:Δ221-499), **P ＜0.05 vs. 
GBD-LCP1 (1-591:Δ221-499)). (C) 
Cells were co-transfected with ex-
pression vectors for PNUTS (full 
length), various PNUTS mutants 
(W401A, 357-537, 357-486, 357-433, 
and 590-872), GBD-LCP1 (full:Δ221- 
499), and/or GBD-LCP1 (1-591: Δ221-499) together with 5X-GAL4- 
pGL3E (*P ＜ 0.001 and **P ＜
0.05 vs. GBD-LCP1 (full:Δ221-499)).

a 70-80 amino acid DNA-binding domain (the 
HMG-box), which is quite conserved in all members 
of the HMG-box family and related to a motif 
originally identified in HMGB1 (Baxevanis and Land-
sman 1995; O'Flaherty and Kaye, 2003). This motif 
appears to be involved in both protein-protein 
interactions and the recognition of DNA (Aidinis et 
al., 1999; O'Flaherty and Kaye, 2003). It has been 
reported that RAG1 interacts with the tandem 
HMG-boxes of HMGB1 or HMGB2 (Aidinis et al., 
1999; O'Flaherty and Kaye, 2003). Alternatively, the 
HMG-box interacts with the minor groove of the DNA 
helix (Read et al., 1993; Bewley et al., 1998) and 
thus, HMG-box family proteins are considered to be 
regulators of gene expression. Indeed, the TOX 
protein, which resembles LCP1 with its bipartite NLS 
sequence and single centrally located HMG-box 
motif, has been shown to be involved in the 
regulation of gene expression during thymocyte 
selection and development of CD4 T cells (Wilkinson 

et al., 2002; Aliahmad and Kaye, 2008). In this study, 
we employed a GAL4-based heterologous luciferase 
reporter system to show that LCP1 has trans-
criptional activity. Interestingly, the N-terminus of 
LCP1 has a strong trans-activation activity, whereas 
the C-terminal domain, which is crucial for PNUTS 
binding, lacks this activity. Notably, LCP1 N-terminal 
fragments that include the HMG-box motif have 
much lower trans-activation activity in the GAL4 
reporter system than their HMG-box deleted coun-
terparts, indicating that the HMG-box of LCP1 binds 
to endogenous sites in the chromosomal DNA. 
Sequence analysis has suggested that the HMG-box 
sequence of LCP1 resembles those of sequence- 
independent DNA binding proteins of the HMG-box 
family (O'Flaherty and Kaye, 2003). On the other 
hand, the N-terminal domain of LCP1 is not homo-
logous to the amino acid sequences of any known 
protein domains. However, this domain appears to 
be acidic and more similar to other TOX subfamily 
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members than the C-terminal region (O'Flaherty and 
Kaye, 2003). Considering that acidic domains are 
often involved in protein-protein interactions in the 
nucleus (O'Flaherty and Kaye, 2003; Cleynen and 
Van de Ven, 2008), our data imply that the 
N-terminus of LCP1 may play a role in recruiting or 
setting up the transcriptional machinery at the chro-
mosomal sites that are recognized by the HMG-box 
motif of LCP1.  
    This study also suggests a potential role for 
PNUTS in regulating LCP1-mediated transcrip-
tional activation. Biochemical studies have shown 
that LCP1 binds to PNUTS through its C-terminus, 
which is distinct from its trans-activation and DNA 
binding domains. Interestingly, the transcriptional 
activity of LCP1 was strongly suppressed by 
increasing the available pool of PNUTS for binding 
to GBD-LCP1. Conversely, knockdown of PNUTS 
in cells significantly increased LCP1-mediated 
transcription. In many cases, PP1 binding proteins 
have been shown to exert their functions through 
the regulation of PP1 targeting or catalytic activity 
(Cohen, 2002; Ito et al., 2004). However, the inhi-
bitory effect of PNUTS toward LCP1 was not 
significantly affected by blocking PP1 activity or by 
the interaction of PNUTS with PP1. Therefore, it is 
more likely that PNUTS induces a conformational 
change in LCP1 via direct binding to the C-termi-
nus of LCP1, which could result in impaired complex 
formation with the transcriptional machinery. 
    PNUTS is expressed in various tissues and most 
types of mammalian cells (Allen et al., 1998).  
Likewise, LCP1 mRNA is detected in most tissues, 
with relatively high expression levels in testis and skin 
(O'Flaherty and Kaye, 2003). PNUTS is induced by 
hypoxia and the levels of this protein in various cell 
types are correlated with p53 levels (Udho et al., 
2002). It is likely that the expression levels of LCP1, 
as well as PNUTS, change during embryonic deve-
lopment and in response to cellular changes, inclu-
ding differentiation, apoptosis, and senescence. The-
refore, it is probable that the spatial and temporal 
patterns of these proteins may specifically control the 
expression of genes that are critical for certain phy-
siological and pathological processes. This possibility 
is currently under investigation.

Methods

Yeast two-hybrid library screens

Protein-protein interactions in the yeast two-hybrid screens 
were identified using the MATCHMAKER GAL4 Two- 
Hybrid system, according to the manufacturer's protocol 
(Clontech Palo Alto, CA). We used the yeast strain 
Saccharomyces cerevisiae CG1945, included in the 
MATCHMAKER GAL4 Two-Hybrid System (Clontech). Yeast 

were grown in either YPD medium or, once transformed, 
were maintained in appropriate synthetic dropout (SD) 
medium to select for plasmids. The auxotrophic markers of 
the CG1945 strain were verified before transformation.  
Briefly, the strain was streaked on appropriate SD selection 
plates, SD/Trp-, SD/Leu-, SD/His-, SD/Ura-, YPD plates, 
and incubated at 30oC for 4-6 days to allow the phenotype 
to appear. The strain should not grow on SD/Trp-, SD/Leu-, 
or SD/His- plates, but should grow on SD/Ura-, YPD 
plates. CG1945 strain is slightly leaky for HIS3 expression 
due to the presence of a minimal HIS3 promoter upstream 
of the gene. Therefore, we determined the optimum 
concentration of 3-amino- 1,2,4-triazole (3-AT), a compe-
titive inhibitor of the yeast His3 protein, to suppress 
background growth on SD medium lacking histidine during 
the two- hybrid screen. A minimum concentration of 1 mM 
3-AT in the medium was sufficient to suppress background 
growth of the untransformed CG1945 strain and the trans-
formants.
    The bait plasmid DNA, the GAL4 DNA-binding domain 
(GBD)/PNUTS (1-433) in pAS2-1 (Clontech) with the TRP1 
selectable marker, was constructed and named 
pAS2-1/PNUTS (1-433). DNA fragments of rat PNUTS 
(1-433) were amplified by Pfu polymerase. PCR products 
were digested by EcoRI and BamHI and subcloned into the 
pAS2-1 vector (Clontech). The Human Brain cDNAs fused 
with the GAL4-activation domain (GAL4AD) were used as 
prey plasmids (Clontech) to generate the two-hybrid cDNA 
library. LEU2 is the selectable marker in prey vector.
    The CG1945 cells were transformed with the GBD- 
PNUTS (1-433) bait plasmid using the lithium acetate 
method (clontech). GAL4AD vector or the human brain 
cDNA library was transformed into the transformants 
carrying the GBD-PNUTS (1-433) bait plasmid with the 
following large scale transformation procedure: Freshly 
grown transformants carrying the GBD-PNUTS (1-433) bait 
plasmid were transferred to 1L of fresh SD/Trp-medium 
and grown until the OD600 reached 0.5. The cells were 
harvested, washed in 500 ml of sterile TE (10 mM Tris-HCl, 
pH7.5, 1 mM EDTA), and resuspended in 8 ml of 1 ×
TE/LiAc (TE with 100 mM lithium acetate). This 8 ml of 
competent cell suspension was added to a tube containing 
0.5 mg of the library cDNA and 20 mg of the denatured 
salmon sperm carrier DNA, mixed well by vortexing, and 
combined with 60 ml of fresh PEG/LiAc solution (50% PEG 
in TE/LiAc solution). Immediately after mixing by high 
speed vortexing, the transformation mixtures were incu-
bated at 30oC for 30 min with shaking (200 rpm). Then, 7 
ml of DMSO was added to the incubated mixtures, which 
were then heat-shocked at 42oC for 15 min with occa-
sional swirling. The mixtures were immediately chilled on 
ice for 2 min, centrifuged, and then resuspended in 10 ml 
of 1 × TE. These resuspended cells were then plated on 
SD lacking tryptophan, leucine, and histidine but containing 
1 mM 3-AT, and incubated for 8 days at 30oC. The rapidly 
growing pink colonies were isolated as positive colonies for 
further analyses. After the positive colonies were verified 
for real protein-protein interactions using the colony-lift 
filter β-galactosidase assay, as described below, the yeast 
plasmid DNA from each positive clone was prepared. 
Briefly, the candidate clones were re-streaked on SD/Leu- 
containing 1 μg/ml cycloheximide to eliminate the bait 
GBD-PNUTS (1-433) fusion DNA. The GBD-PNUTS (1-433) 
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fusion constructs in pAS2-1 carry the CYHs2 gene for 
cycloheximide sensitivity, so the selected colonies grown 
on SD/Leu-containing 1 μg/ml cycloheximide carried only 
prey plasmids. The yeast DNAs from these colonies were 
then isolated as follows: 0.5 ml of fresh liquid culture was 
harvested, resuspended in 50 μl of the residual liquid and 
treated with 10 μl of lyticase, which weakens the tough cell 
wall, for 60 min at 37oC with shaking at 250 rpm, followed 
by addition of 10 μl of 20% SDS with vigorous vortexing for 
1 min. The mixture was put through one freeze/thaw cycle 
(at -20oC) and lysed completely by vortexing. The volume 
of the lysate was brought to 200 μl with TE buffer (pH 7.0), 
and extracted with 200 μl of phenol: chloroform: isoa-
mylalcohol (25: 24: 1). The plasmid DNA in the aqueous 
phase was separated by centrifugation, precipitated by 
addition of 8 μl of 10 M ammonium acetate and 500 μl of 
100% ethanol, followed by incubation at -70oC for 1 h and 
centrifugation at 14,000 rpm for 10 min. The crude yeast 
plasmid DNA was then transformed into competent DH5α  
E.coli cells. The isolated plasmids were analyzed by BglII 
restriction enzyme digestion to separate the human brain 
cDNA insert from GAL4AD/cDNA library vector. The DNAs 
were further analyzed by sequencing.

Cell culture and cell lines

HEK293 and HeLa cells were cultured in DMEM (Gibco- 
BRL, Carlsbad, CA) supplemented with 10% FBS (BIO 
WHITTAKER), 100 units/ml penicillin, and 100 μg/ml strep-
tomycin (Gibco- BRL) in a humidified atmosphere at 37oC 
with 5% CO2.

Preparation of mammalian expression plasmid

PNUTS (full length), PNUTS (309-872), PNUTS (590-872), 
PNUTS (143-433), and PNUTS (1-263) were subcloned 
into pFLAG-CMV-2 expression vector (Sigma) by 5′ EcoRI 
and 3′ NotI sites. LCP1 (1-537), LCP1 (415-621), LCP1 
(415-591), LCP1 (415-537), were subcloned into pcDNA3.1/ 
HisA expression vector (Invitrogen, Carlsbad, CA) by 5′ 
EcoRI and 3′ XhoI sites. For confocal microscopy, the 
open reading frame of LCP1 was cloned into red fluo-
rescent vector, pDsRed-Express-C1 (clontech), and PNUTS 
was cloned into green fluorescent vector, pEGFP 
(clontech). Various expression vectors were amplified in E. 
coli XL1-blue and the plasmids were purified using 
QIAGEN Plasmid Maxi Kit. 

Transfection and transactivation assay

HEK293 cells were seeded at 3 × 105 cells/well in 6 well 
plates. The GBD-fused LCP1 or PNUTS constructs were 
then co-transfected with GAL4-responsive luciferase 
reporter plasmid (5X-GAL4-pGL3E) using the Lipofec-
tamine reagent (Invitrogen). Twenty four hours after trans-
fection, cells were lysed in lysis buffer (100 mM potassium 
phosphate, pH 7.4, 1% Triton X-100, 1 mM DTT, and 20 
mM EDTA). Cell debris was removed by centrifugation and 
10-20 μg of total protein was used to measure the 
luciferase activity using the Luciferase Reporter Assay 
System (Promega, Madison, WI) and an automatic mi-

croplate luminometer. The luciferase activity was routinely 
normalized to the amount of protein used in the assay. 
Luciferase activities were normalized with respect to pa-
rallel β-galactosidase activities, to correct for differences in 
transfection efficiency. Means were calculated from at least 
four independent experiments.

Co-immunoprecipitation and Western blot analysis 

HEK 293T cells grown in DMEM (10% FBS) were transiently 
co-transfected with various plasmids (10 μg) using the 
calcium phosphate method. Cells were washed with fresh 
medium 5 h after transfection and were cultured for 16 h. 
Cells were washed with PBS, harvested, and resuspended 
in lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM 
EGTA, 150 mM NaCl, 0.6 mM PMSF, 20 μg/ml leupeptin 
and antipain, 10 μg/ml pepstatin A and chymostatin, 0.5% 
Nonidet P-40). Cell lysates were briefly sonicated and 
centrifuged at 15,000 g for 20 min. Protein concentrations 
of supernatants were determined using the BCA assay 
(Pierce, Rockford, IL). Cell lysates (1 mg) were incubated 
with anti-FLAG affinity beads (Sigma) for 2 h at 4oC. 
Immuno-complexes were washed with lysis buffer and 
eluted from beads by boiling in SDS sample buffer. 
Samples were analyzed by SDS-PAGE (12% polya-
crylamide), proteins were transferred to PVDF membrane 
(Immobilon-P, Millipore) by electroblotting (200 mA, over-
night). Blots were incubated with either an anti-FLAG 
antibody or an anti-His antibody (Santa Cruz, CA), followed 
by HRP-conjugated secondary antibody. Proteins were 
visualized using ECL.

Confocal microscopy and fluorescence imaging

To generate plasmids expressing PNUTS and LCP1, 
cDNA-fragments were amplified by PCR and cloned into 
pEGFP-C2 expression plasmid or pDsRed-express-C1 
(Clontech, Palo Alto, CA). HeLa cells were cultured on 
glass-bottom dishes and transfected with pEGFP-C2- 
PNUTS or pDsRed-express-C1-LCP1 using Lipofectamine 
reagent, according to the manufacturer's instructions 
(Invitrogen). After 24 h, the cells were fixed with 2% 
paraformaldehyde and washed two or three times with 
PBS. Fluorescent images of EGFP and DsRed were 
obtained with an Olympus BX50EI confocal microscope 
controlled by Fluoview (Olympus, Tokyo), as described 
previously (Nagashima et al., 2002). 

Statistics

Values of various parameters are presented as the mean
± standard error of the mean (SEM). One-way analysis of 
variance (ANOVA) was used to compare each parameter. 
Post-hoc Student's t-test was also performed to identify 
which group difference accounted for the significant overall 
analysis of variance. A value of P ＜ 0.05 was considered 
statistically significant.
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