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ABSTRACT
GTP cyclohydrolase I (GCH) is the rate-controlling enzyme in
the production of tetrahydrobiopterin (BH4) that is essential for
the synthesis of nitric oxide and catecholamines including do-
pamine and serotonin. Therefore, the regulation of GCH ex-
pression is important in determining the catecholamine levels in
the brain under pathophysiological conditions. During the study
of human disease dopa-responsive dystonia, we found that
coactivator RNF4 is involved in the GCH gene expression.
Through serial deletion and mutagenesis studies of the GCH
promoter, we defined the RNF4-responsive element on GCH
proximal promoter as a CCAAT box. RNF4 did not possess
specific DNA binding activity toward this CCAAT box, which

suggests that RNF4 may be a coactivator of the CCAAT box-
binding protein nuclear factor Y (NF-Y). Cotransfection of a
dominant-negative mutant of NF-Y resulted in a significant
reduction in RNF4-mediated CCAAT box activation. In addition,
overexpression of RNF4 could not activate the CCAAT box in
Drosophila melanogaster SL2 cells, which are devoid of endog-
enous NF-Y, whereas overexpression of RNF4 and NF-Y could.
Furthermore, immunoprecipitation experiments revealed the
physical association between RNF4 and the NF-Y complex.
These data indicate that RNF4 imposes functional importance
on GCH promoter.

GTP cyclohydrolase I (GCH) is the rate-controlling enzyme
in the production of tetrahydrobiopterin (BH4) (Blau and
Niederwieser, 1985; Nichol et al., 1985) that is essential for
the synthesis of nitric oxide and neurotransmitters including
dopamine and serotonin. BH4 was also reported to possess
protective effects against nitric oxide or reactive oxygen cy-
totoxicities in various types of cells (Shimizu et al., 1999).
Patterns of GCH expression in tissues indicate both temporal
and spatial regulation of this gene (Nichol et al., 1985;
Werner et al., 1990; Hirayama and Kapatos, 1998). There-
fore, GCH is important in determining the levels of neuro-
transmitters in the brain under both physiological and patho-
logical conditions.

Hereditary progressive dystonia (HPD) with marked diur-

nal fluctuation, also termed Segawa’s disease or dopa-respon-
sive dystonia (DRD), is a dominantly inherited postural dys-
tonia with female predominance caused by the mutation of
the GCH gene (Ichinose et al., 1994). In HPD/DRD patients
with mutations present in only one of the GCH alleles, GCH
activity is reduced to 20% of normal (Ichinose et al., 1994). A
dominant-negative (DN) effect, caused by either an abnormal
or an unstable GCH subunit, has been used to explain the
less than 50% activity in heterozygous patients (Hirano et
al., 1998; Suzuki et al., 1999; Hwu et al., 2000). We have
demonstrated this dominant-negative effect for GCH G201E
mutant protein in a cell model, in which the GCH mutant
reduced the wild-type protein level (Hwu et al., 1999, 2000).
We recently identified a cell strain that could not show the
DN effect (the non-DN cells). In these cells, wild-type GCH
protein expression did not change in the presence of GCH
mutant G201E. We have isolated several cDNA clones en-
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riched in the non-DN cells by differential display study.
RNF4 was one of the clones enriched in the non-DN cells.

RNF4 is a recently identified human RING finger gene
that encodes a protein of 190 amino acids (Moilanen et al.,
1998) and was originally isolated as an androgen receptor-
interacting protein (Moilanen et al., 1998). Pero et al. (2001)
found that the lack of RNF4 expression may play a role in the
progression of testicular tumors implying that RNF4 is a
growth inhibitor. RNF4 may involve differentiation and de-
velopment by the finding that RNF4 interacts with paired
type homeodomain protein goosecoid-like (gscl), a transcrip-
tion factor involved in minimal DiGeorge critical region (Ga-
lili et al., 1998, 2000). Immunohistochemical analysis of
mouse embryos revealed that RNF4 was expressed primarily
in the developing nervous system and gonads (Yan et al.,
2002). The sequence of RNF4 is highly conserved, exhibiting
91% identity between rat and human. RNF4 acts as a coac-
tivator for steroid receptor-dependent transcription (Poukka
et al., 2000), Sp1- (Saville et al., 2002), and TRPS1- (tricho-
rhino-phalangeal syndrome) (Kaiser et al., 2003) mediated
transcription.

In this report, the human GCH promoter was used to
investigate the role of RNF4 as a protein cofactor modulating
NF-Y function. After the dissection of GCH gene proximal
promoter, we identified a novel mechanism for RNF4 on the
activation of GCH gene transcription, that is, interacting
with NF-Y on CCAAT box. These data indicate that RNF4
may enhance gene expression although functionally associ-
ated with NF-Y.

Experimental Procedures
Cell Culture. HEK293, HeLa, and SH-SY5Y cells were obtained

from American Type Culture Collection (Manassas, VA) and main-
tained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Invitrogen, Carlsbad, CA) in an incubator
with 5% CO2 at 37°C. Drosophila melanogaster Schneider cells SL2
were kindly provided by Dr. Zhuang Z. L. (National Health Research
Institute, Taiwan) and were grown in S2 insect medium (Invitrogen)
supplemented with 10% fetal bovine serum at 25°C.

Transfection, Reverse-Transcription, and Polymerase
Chain Reaction (RT-PCR). For overexpression of RNF4 in SH-
SY5Y cells, LipofectAMINE 2000 (Invitrogen) were used for trans-
fection according to the manufacturer’s instruction. Plasmid
pEGFP-N1 (BD Biosciences Clontech, Palo Alto, CA) was used as a
control for transfection efficiency. By counting the number of GFP
positive cells, a transfection efficiency of 60 to 70% could be obtained.
SH-SY5Y cells were lysed with hypotonic buffer (20 mM Tris-HCl,
pH 8.0, 1 mM MgCl2, 0.5% Nonidet P-40) for 5 min on ice 40 h after
transfection. Cytosolic RNA was extracted using a mini-RNA extrac-
tion kit (Viogene, Taiwan). Endogenous GCH mRNA level was am-
plified using primers hGCH-F5 (5�-GCC TAC ACG TCC ATC CTG
AG) and hGCH-R5 (5�-CAC CCA ACA TTG TGC TGG TC). The
amplification cycle was 94°C 30 s, 60°C 30 s, and 72°C 30 s for 30
cycles. Human �-actin was used as an internal for RT-PCR with
primers h-�-actin-F, 5�-GGG TCA GAA GGA TTC CTA TG, and
h-�-actin-R, 5�-GGT CTC AAA CAT GAT CTG GG and amplification
cycle 94°C 30 s, 60°C 30 s, and 72°C 30 s for 24 cycles. PCR cycle
numbers were determined empirically for linear amplification of the
RT products.

Plasmids Construction and Site-Directed Mutagenesis. The
human GCH promoter 5.5-kb EcoRV/NcoI fragment was isolated
from human genomic library (BD Biosciences Clontech) and was
cloned into pCATR3-basic (called pRV-CAT hereafter). GCH pro-
moter deletion clones pPst4.4-CAT, pPst2.8-CAT, pHindIII(�613)-

CAT, pSmaI(�285)-CAT, and pEsp(�205)-CAT (translational start
site was referred to as �1) were obtained by restriction digestion of
pRV-CAT. pStuI(�1853)-CAT was obtained by removing the XhoI
and StuI fragment from pPst2.8-CAT. CCAAT box-mutated con-
struct mtCCAAT-CAT was generated by annealing oligonucleotides
forward (5�-GATCCGGCCGATGGGAGCGCTCCGCGGCGCAGGCT-
GG) and reverse (5�- GATCCCAGCCTGCGCCGCGGAGCGCTC-
CCATCGGCCG) and was ligated into the BglII site of pEspI-CAT.
AGP/EBP promoter A/E250-CAT containing upstream 250-bp pro-
moter region was described elsewhere (Chang et al., 1995). AGP
promoter AGP-CAT containing upstream 180-bp sequence was de-
scribed elsewhere (Lee et al., 1993). GAL4-CAT and ARE-CAT were
generous gifts from Dr. S.-C. Lee (Institute of BioMed, National
Taiwan University, Taiwan) and Dr. M.-J. Tsai (Baylor College of
Medicine, Houston, TX), respectively. To generate SmaI-Luc,
CCAAT-Luc and mtCCAAT-Luc, the KpnI/NcoI fragments of pSmaI-
CAT, pCCAAT-CAT, and mtCCAAT-CAT were inserted into the
same sites in pGL3-basic vector (Promega, Madison, WI).

Full-length RNF4 cDNA (amino acids 1 to 190) was obtained by
amplifying HeLa cDNA using primers RNF-F202 (5�-AGAGGGCAT-
GAAAGGTTGAG), RNF4-F270 (5�-TAGGAAAGGAAAGGCACCAA),
RNF4-R889 (5�-GTCTG TCCATCCGTCTCTCC), and RNF4-R930
(5�-CAGGAAAATGGAGGCAGATA) and PfuTurbo DNA polymerase
(Invitrogen) and was cloned into pcDNA3.1 (Invitrogen). The C-
terminal basic region-deleted RNF4 (RNF-NK, contains amino acids
1 to 177) was produced by amplification with primers BA270 (5�-
CGGGATCCTAGGAAAGGAAAGGCACCAA) and R890 (5�-GGAAT-
TCT CACCTACAAGTTGGGCAAGT) using pcDNA-RNF4 as a tem-
plate and was subcloned into pcDNA3.1-C. D. melanogaster cell
expression vector pPac-RNF4 and pPac-RNF4-NK was generated by
ligating the BamHI/XhoI fragment of pcDNA-RNF4 and pcDNA-
RNF4-NK into BamHI/XhoI of pPacO. pGEX-RNF4 was constructed
by ligating the BamHI/PmeI fragment of pcDNA-RNF4 into the
BamHI/SmaI site of pGEX-2T (Pfizer Inc., New York, NY). RNF4
C-terminal lysine and arginine mutants RNF4-KK178AA and RNF4-
KR183AA were generated by PCR using oligonucleotides mutated in
Lys-178 and Lys-179 (KK178A-F, 5�-ACTTG TAGGGCAGCGAT-
CAACCACAAA; KK178A-R, 5�-GTGGTTGATCGCTGCCCT ACA-
AGTTGG) and Lys-183 and Arg-184 (KR183A-F, 5�-ATCAACCACG-
CAGCG TACCACCCCATT; KR183A-R, 5�-GGGGTGGTACGCT-
GCGTGGTTGATCTT). The products were digested with BamHI/
EcoRI and ligated into pcDNA 3.1-C. All constructs were verified by
sequencing. pFLAG-RNF4 and pFLAG-RNF4-NK containing FLAG-
epitope were constructed by ligating the EcoRI/XhoI fragment from
pcDNA3.1-RNF4 and the BamHI/EcoRI fragment from pcDNA3.1-
RNF4-NK into the pCMV-Taq2B and pCMV-Taq2A, respectively
(Stratagene, La Jolla, CA). The BamHI/XhoI fragment from
pcDNA3.1-RNF4 and the BamHI/EcoRI fragment from pcDNA3.1-
RNF4-NK were inserted into the same sites in pREST (Invitrogen).
CMV driven GAL4-DNA binding domain fusion protein expression
vector, pFA-RNF4, was constructed by ligating the BamHI/PmeI
fragment of pcDNA3.1-RNF4 into the BamHI/SmaI site of pFA-CMV
(Stratagene). GAL4-reporter pFR-Luc was obtained from Strat-
agene. pHA was constructed with PCR method using primer 5�-
GTTAAGCTTACCATGGCTTACCCATACGATGTTCCT GACTAT-
GCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCCCC and
cloned into HindIII/BamHI site of pcDNA3.1/myc/His, which
contains two HA epitopes. pHA-RNF4, pHA-RNF4-NK were con-
structed by ligating BamHI/EcoRI fragment of pcDNA3.1-RNF4 or
pcDNA3.1RNF4-NK into pHA. Sequences and reading frame were
verified by sequencing. Eukaryotic expression vector NF-YA, NF-
YB, NF-YC, and the dominant-negative vector NF-YAm19 were
generously provided by Dr. R. Mantovani (University of Modena
Reggio, Modena, Italy). D. melanogaster cell expression plasmids
pPacNF-YA, pPacNF-YB, and pPacNF-YC were generously pro-
vided by Dr. T. F. Osborne (Department of Molecular Biology and
Biochemistry, University of California, Irvine).
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Transfection and Western Blot Analysis. Calcium phosphate
precipitation method was used for transfection (Graham and van der
Eb, 1973). HEK293 cells in 6-cm dishes were transfected with a
combination of 0.5 �g of pGCH-CAT, 0.1 to 0.2 �g of pcDNA-RNF4,
0.05 �g of pCH110 (Promega) and pcDNA3.1 to give same total
amount of DNA in each assay. Cells were subjected to mRNA extrac-
tion, CAT activity determination, or Western blot analysis 40 h after
transfection. Western blot analysis was performed with a GCH an-
tiserum (Hwu et al., 1999) by standard methods (Harlow, 1988).
Blots were developed using the enhanced chemiluminescence detec-
tion system (Amersham Biosciences Inc., Piscataway, NJ). �-Galac-
tosidase activity was included as an internal control to normalize
transfection efficiency.

Expression of Recombinant Proteins and Production of
RNF4 Antibody. Recombinant RNF4 (amino acid 89–190) protein
was expressed by His-tagged vector pRSET in Escherichia coli
BL21(DE3) cells and purified by Ni column according to the manu-
facturer’s instruction (Novagen, Madison, WI). RNF4 antibody was
raised by immunizing New Zealand White rabbits with the recom-
binant protein. pRSETA-RNF4 and pRSETB-RNF4-NK were ex-
pressed and purified from the soluble fraction of E. coli BL21(DE3)
lysates.

Nuclear Extract Preparation and Electrophoretic Gel Mo-
bility Shift Assay (EMSA). Preparation of nuclear extracts from
HEK293 and SH-SY5Y cells was conducted as described by Lee et al.
(1996). The labeled probe (2.5 � 104 cpm) was incubated with puri-
fied recombinant RNF4 and RNF4-NK and 2 �g of poly(dI)-poly(dC)
in reaction buffer (3 mM HEPES, pH 7.9, 3.2 mM KCl, 0.02 mM
EDTA, 0.1 mM dithiothreitol, 0.16 mM MgCl2 and 10% glycerol). The
binding mixtures were incubated in room temperature for 30 min
and loaded on 1% agarose gel. The CCAAT box probe was synthe-
sized by amplifying pHindIII-CAT with primers GCH-CAT-F-235
(5�-GATCCGGCCAATGGGAGCGCTCCGCGGCGCAGGCTGA), and
CAT-R201 (5�-CATCAGGCGGGCAAGAATGTG) (Lee and Lee, 2003)
to generate a probe 436-bp in length. The mutant CCAAT box probe
was synthesized by amplifying pCCAAT-mt-CAT with primers GCH-
CCAATmut-F-235 (5�-GAT CCG GAT GGG AGC GCT CCG CGG
CGC AGG CTG G) and CAT-R201. Double-stranded oligonucleotide
GCH-Sp1-CCAAT (5�-GATCGAGGCGGGGCCGGCCAA TGGGA-
GCGCTCCGCGGCGCAGGC, 43-bp in length), Sp1 (5�-GATCATTC-
GATCGGGGCGGGGCGAGC, 26-bp in length), and CCAAT box (5�-
GATCCGGCCAATGGGAGCGCTCCGCGGCGCAGGCTGA, 37-bp in
length) were also used in EMSA. NF-�B, GCF (GC box binding factor),
and consensus CCAAT oligonucleotides were synthesized as described
previously (Lee et al., 1996; Kapatos et al., 2000).

Expression and Purification of GST-RNF4 Fusion Protein.
Proteins were expressed in E. coli BL21(DE3) cells. Three hours after
induction of the E. coli with isopropyl �-D-thiogalactoside, the bac-
teria were homogenized in phosphate-buffered saline (140 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3), and the
expressed protein was purified from this homogenate by binding the
fusion protein to glutathione-Sepharose 4B beads according to the
manufacturer’s instruction (Amersham Biosciences Inc.). The purity
of the isolated fusion protein was assessed by gel electrophoresis.
The binding buffer contained 50 mM Tris-HCl, pH 7.8, 150 mM KCl,
10% glycerol, 0.5 mM EDTA, 0.1% Nonidet P-40, 5 mM MgCl2, 0.5
mM phenylmethylsulfonyl fluoride, 2 mg/ml aprotinin, and 3 mg/ml
pepstatin A.

Coimmunoprecipitation Assay. pFLAG-RNF4 and NF-YB
were transfected into HEK293 cells. Forty hours after transfection,
the cells was lysed in binding buffer, centrifuged, and subjected to
immunoprecipitation with M2 beads (Sigma-Aldrich, St. Louis, MO)
that recognize FLAG epitope. The beads were washed four times
with radioimmune precipitation assay buffer, boiled in sample load-
ing buffer, and then separated by 12.5% SDS-polyacrylamide gel
electrophoresis. Western blot analysis was performed with NF-Y
antibody and detected with an enhanced chemiluminescence kit
(Amersham Biosciences Inc.).

Chromatin Immunoprecipitation (ChIP) Assay. The ChIP
assay was performed according to the manufacturer’s recommenda-
tion (Upstate Biotechnology, Lake Placid, NY). In brief, histone was
cross-linked to DNA by the addition of formaldehyde to a final
concentration of 1%, and cells were sonicated in 200 �l of lysis buffer.
One fourth of the total lysate was used for monitoring total DNA
input, which was diluted 20-fold in PCR. The rest of the lysate was
cleared with 80 �l of salmon sperm DNA/protein G-agarose slurry.
Half the cleared lysate was incubated with HA beads (Roche Diag-
nostics, Indianapolis, IN) overnight at 4°C. HA beads are agarose
beads containing antibodies that recognize HA epitope. After revers-
ing the cross-link, the eluted immunocomplex was digested with
proteinase K, and DNA was purified by phenol extraction. DNA was
precipitated for detection by PCR with primers specific to the GCH
promoter regions (i.e., GCH-CAT-F-235 and reversed primer, CAT-
R201). PCR cycles were determined empirically. Amplified frag-
ments were analyzed on a 1.2% agarose gel.

Results
Activation of GCH Promoter by RNF4. RNF4 was first

identified as a cofactor for both androgen receptor-interact-
ing protein (Moilanen et al., 1998) and Sp1 (Saville et al.,
2002). In an attempt to explore the possible role of RNF4 in
GCH gene expression, we isolated a 5.5-kb 5�-flanking region
of the human GCH gene. RNF4 strongly activates GCH re-
porter RV-CAT in transient transfection experiments (Fig.
1A). To test the specificity of RNF4 activation, a number of
other promoters were also used, glucocorticoid-responsive
element-containing promoter AGP-CAT, androgen-respon-

Fig. 1. RNF4 activates GCH gene expression. A, the 5.5-kb 5�-flanking
region of human GCH gene (RV-CAT) was compared with other promot-
ers, including A/E250-CAT, AGP-CAT, ARE-CAT, and GAL4-CAT for
RNF4 activation. Each reporter was cotransfected with 0.2 �g of
pcDNA3.1C or pcDNA-RNF4 in HEK293 cells. Fold induction was calcu-
lated for each promoter individually. B, mapping of the cis-element for
RNF4 activation on GCH promoter. A schematic view of the promoter
constructs is on the left. These plasmids were transfected together with
0.2 �g of pcDNA3.1C (open bars) or pcDNA-RNF4 (gray bars) into
HEK293 cells, and CAT activities were measured and represented as
percentage of CAT conversion. We repeated the experiments three times
with similar results, and the values were from three independent exper-
iments. Error bars indicated one standard deviation.
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sive element reporter ARE-CAT, and GAL4-CAT, but little
activation was observed. Among these reporters, 2- to 3-fold
induction was observed in Sp1-containing promoter A/E250-
CAT (Chang et al., 1995), which is similar to the findings by
Moilanen et al. (1998).

cis-Elements Responsible for RNF4 Induction. To de-
termine the cis-elements on the 5�-flanking region of human
GCH promoter that contribute to the induction by RNF4, a
serial deletion of the 5.5-kb GCH promoter was done. These
5�-deletion constructs (Fig. 1B, left), including pRV(�5.5k)-
CAT, pPst(�4.4k)-CAT, pPst(�2.8k)-CAT, pHindIII(�613)-CAT,
pAvrII(�362)-CAT, pSmaI(�285)-CAT, and pEspI(�205)-CAT,
were transfected together with pcDNA-RNF4 into HEK293
cells. As shown in Fig. 2, all constructs except pEspI(�205)-
CAT showed considerable induction by RNF4 (Fig. 1B, right).
Therefore, the 81-bp region between SmaI and EspI (nucleotide
�285 to �205) on the GCH promoter is important for the
activation by RNF4.

RNF4 Activates GCH Promoter through a CCAAT
Box. Searching transcription factor binding sites using Sig-
nal Scan (http://bimas.dcrt.nhri.gov) on DNA sequence be-
tween nt-285 and nt-205 revealed three consensus Sp1 bind-
ing sites, one CRE and one CCAAT box (Fig. 2A). These
binding sites have been described by Kapatos et al. (2000). To
further clarify the role of these elements for RNF4-mediated
activation, constructs containing either one or two of the
three transcription factor binding sites were tested. As
shown in Fig. 2A, 3xSp1-CAT (containing three Sp1 sites)
lost inducibility. In contrast, Sp1-CCAAT-CAT (containing
one Sp1 and one CCAAT box) and CCAAT-CAT (containing
one CCAAT box) both maintained high inducibility.
Hirayama has shown that transcription factors including
NF-Y and ATF2 but not Sp1–4 bind to this region by DNase
I footprinting analysis and EMSA (Kapatos et al., 2000;

Hirayama et al., 2001). We mutated consensus NF-Y binding
site CCAAT to CCGAT, which abolished NF-Y binding but
not CCAAT enhancer-binding protein binding (Lee et al.,
1993), and the activation by RNF4 was lost (Fig. 2A). These
data suggest that RNF4-enhanced GCH proximal promoter
activity is dependent on this CCAAT box. A GCH 5�-flanking
sequence indexed relative to the translation start site was
shown in Fig. 2B.

RNF4 Binds to the CCAAT Box. We performed EMSA
using HEK293 nuclear extracts along with the double-
stranded oligonucleotide CCAAT-Sp1 as a probe. A major
shifted band was observed in the assay (Fig. 3A). The binding
of this protein to CCAAT-Sp1 is specific, because unlabeled
oligonucleotide corresponding to Sp1, NF-�B, or GCF binding
sequences could not compete for the binding. However, when
recombinant RNF4 protein was used in the assay, no binding
to CCAAT-Sp1 could be detected at all (data not shown). The
result is consistent with a previous report that RNF4 binds
nonspecifically to DNA with longer stretches (Hakli et al.,
2001). With a DNA fragment spanning from nt-235 to down-
stream �201 of pHindIII-CAT as a probe (translational start
point as �1), recombinant RNF4 bound quite well (Fig. 3B).
Although the intact CCAAT sequence is required for GCH
activation, we found that RNF4 also bound to mutant
CCAAT-containing DNA fragment (Fig. 3C). These data re-
vealed that RNF4 binding to the CCAAT box is not sequence-
specific.

Although the zinc finger domain and N-terminal NLS sig-
nal have been reported to be essential for RNF4 DNA binding
(Poukka et al., 2000), we asked if the C terminus of RNF4,
which is rich in basic residues (three Lys and one Arg within
13 amino acids) plays a role in DNA binding. We generated a
C-terminal deletion clone RNF4-NK. The results showed that
RNF4-NK bound to the 436-bp probe as the wild-type protein
(Fig. 3B, lanes 5 and 6), which indicates that the C terminus
is not necessary for DNA binding.

The C-Terminal Basic Residue-Rich Region of RNF4
Is Essential for Transactivation. Although RNF4 protein
without the C-terminal basic region can bind to GCH pro-
moter, we wanted to determine whether this region was
important for RNF4-mediated activation. In the cotransfec-
tion experiment, RNF4-NK lost its ability to activate GCH
promoter in HEK293 cells (Fig. 4B), although the protein
expressions of RNF4 and RNF4-NK in cells were equivalent
(Fig. 4C) and both proteins resided within the cell nuclei
(data not shown).

We further mutated the basic residues within the C termi-
nus. As shown in Fig. 4D, the transactivation abilities of both
RNF4-KK178AA and RNF4-KR183AA were decreased,
whereas that of RNF4–4KA (three lysines and one aspartic
acid were all mutated to alanine) was lost completely (Fig.
4D). Multiple positively charged amino acids located in the C
terminus of RNF4 protein play an essential role for its func-
tion in the activation of GCH promoter.

RNF4 Is a Coactivator for NF-Y. To verify whether
RNF4 itself activates the basal transcriptional apparatus,
RNF4 was ligated to the DNA-binding domain of GAL4 as
pFA-RNF4. When pFA-RNF4 was transfected together with
a GAL4 reporter, pFA-RNF4 could not activate GAL4 re-
porter. These data imply that RNF4 itself is not a transacti-
vator (Fig. 5A). NF-Y is known as a transcription activator
for the CCAAT box. Because RNF4 itself does not show

Fig. 2. A proximal CCAAT box is essential for RNF4-enhanced GCH gene
transcription. A, fold activation of different GCH promoter constructs by
RNF4 (pcDNA-RNF4) in HEK293 cells. The structures of the constructs
are depicted on the left. SmaI-CAT was used as a positive control. We
repeated the experiments four times, and the values were from three
independent experiments. B, nucleotide sequence of the 5�-flanking re-
gion of human GCH gene. Putative protein binding sites are boxed or
underlined. Numbering is according to the distance from the translation
initiation site (ATG as �1).
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Fig. 3. Analysis of RNF4 binding to the GCH promoter. A, EMSA using
synthetic CCAAT box oligonucleotide as a probe. End-labeled probe was
incubated with 2 �g of HEK293 nuclear extract in each lane. A major
shifted band was observed (arrowhead, lane 1). Molar excess (50- or
200-fold) of unlabeled competitor CCAAT box, Sp1, NF-�B, or GCF were
also added (lanes 2–9). F, free probe. B, EMSA with the 436-bp (�235 to
�201 of pHindIII-CAT) GCH probe was performed. Either bovine serum
albumin (BSA, lane 2), recombinant RNF4 (lanes 3 and 4), or RNF4-NK
(lanes 5 and 6) was incubated with the probe. C, EMSA with the 436-bp
GCH probe with normal (lanes 1–3) or mutant CCAAT (lanes 4–6)
sequences. The probe was incubated with none (lanes 1 and 4), 100 ng
(lanes 2 and 5), or 200 ng (lanes 3 and 6) of the recombinant RNF4
protein. B, DNA-protein complex. We repeated the experiments three
times with similar results, and one was used as representative.

Fig. 4. C-terminal basic region of RNF4 is essential to activate GCH
transcription. A, schematic diagram of the deletion clones. B, relative
luciferase activity of HEK293 cells cotransfected with either 0.2 �g of
SmaI-Luc, 20 ng of pcDNA-RNF4 (RNF4), pcDNA-NK (NK), or pcDNA-
RNF4-NR (NR). C, Western blot with anti-RNF4 antibody. D, effect of
RNF4 mutants on transcription of CCAAT reporter. CCAAT-Luc was
transfected together with either RNF4, RNF4-KK178AA (K178A), RNF4-
KR183AA (K183A), RNF4–4KA (4A), RNF4-NK (NK), or RNF4-NR (NR)
in HEK293 cells. Relative luciferase activity was expressed in comparison
to pcDNA3.1. We repeated the experiments four times with similar re-
sults, and one was used as representative.

Fig. 5. RNF4 is a coactivator for NF-Y. A, schematic view of pFR-Luc and
pFA-RNF4. Fold induction of the luciferase activity by pFA-RNF4 is
shown. HEK293 cells were transfected with 200 ng of pFR-Luc, and 1, 5,
or 10 ng of pFA-RNF4. B, dominant-negative NF-YAm19 (YA19) inhibits
the basal transcription and RNF4-mediated activation of CCAAT-CAT
reporter. HEK293 cells were transiently transfected with 0.5 �g of
CCAAT-CAT, 0.1 �g of NF-YAm19 (YA19), and 0.2 �g of pcDNA-RNF4.
C, SL2 cells were cotransfected with 0.5 �g of CCAAT-Luc or mtCCAAT-
Luc with (gray boxes) or without (white boxes) 0.1 �g of pPac-RNF4. D,
SL2 cells were transfected with 0.5 �g of CCAAT-Luc with 0.1 �g of
pPac-RNF4 or 0.1 �g of pPacNF-Y (including pPacNF-YA, pPacNF-YB,
and pPacNF-YC) plasmids. CAT or luciferase activities relative to the
un-induced CCAAT construct were depicted. Error bars indicate one
standard deviation. We repeated the experiment three times with similar
results, and one was used as representative.
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binding specificity to the CCAAT box (Fig. 4), it is likely that
RNF4 is a coactivator of NF-Y. RNF4 activated pCCAAT-
CAT (Fig. 2A) in HEK293 cells that contain endogenous
NF-Y. The NF-Y-dependent activation by RNF4 was then
examined by introducing a dominant-negative NF-Y mutant,
NF-YAm19 into the HEK293 cells. The results revealed that
NF-YAm19 abolished RNF4-mediated activation of the
CCAAT box in HEK293 cells (Fig. 5B). We further examined
the RNF4 activity using D. melanogaster SL2 cells that are
devoid of endogenous NF-Y. As shown in Fig. 5C, RNF4 could
not activate the CCAAT reporter activity in SL2 cells. More-
over, when we cotransfected RNF4 and NF-Y in SL2 cells,
NF-Y activated CCAAT reporter, and RNF4 and NF-Y acti-
vated CCAAT reporter synergistically (Fig. 5D). As a whole,
these results suggest that RNF4 activates human GCH gene
through a functional interaction with NF-Y or as a coactiva-
tor of NF-Y.

RNF4 Interacts with NF-Y. To prove whether RNF4
interacts with NF-Y, immunoprecipitation and GST pull-
down experiments were done. In immunoprecipitation exper-
iments, NF-Y can be coprecipitated with FLAG-tagged RNF4
(Fig. 6); however, using [35S]methionine, in vitro transcrip-
tion/translated NF-Y subunits, neither NF-YA nor NF-YB
could be pulled down by GST-RNF4 (data not shown). NF-YC
was not available for the assay.

RNF4 Activates Endogenous GCH Gene Expression.
To investigate whether RNF4 activates endogenous GCH
gene expression, transient transfection experiments were
performed in a neuroblastoma cell line SH-SY5Y. The result
showed that overexpression of RNF4 but not RNF4-NK ele-
vated endogenous GCH mRNA levels (Fig. 7A). To examine
whether RNF4 binds to endogenous GCH promoter, we per-
formed chromatin immunoprecipitation assay. As shown in

Fig. 7B, RNF4 binds to the CCAAT box of the GCH gene (lane
4). We conclude that RNF4 and NF-Y association to the GCH
promoter correlates to the transcriptional activation of the
gene.

Discussion
Both RNF4 and GCH are enriched in the brain (Moilanen

et al., 1998). This is the first report demonstrating RNF4
transactivation through the CCAAT box. We showed that
RNF4 coactivated with NF-Y on GCH proximal promoter
because RNF4 does not have sequence specificity for CCAAT
box. Evidence for this conclusion came from several experi-
ments. First, RNF4 lost the activation on CCAAT box in SL2
cells, which lack endogenous NF-Y. Second, dominant-nega-
tive NF-YA (NF-YAm19) abolished RNF4-mediated activa-
tion on CCAAT box. We also demonstrated the RNF4 physi-
cal interaction between RNF4 and NF-Y. Last, we introduced
RNF4 into a neuroblastoma cell line and observed the eleva-
tion of endogenous GCH mRNA levels, and the interaction
between RNF4 and endogenous GCH promoter in chromatin
immunoprecipitation. Our findings not only provide a molec-
ular basis for GCH regulation but also extend the knowledge
about the mechanism of RNF4-mediated gene activation.

CCAAT box is one of the most ubiquitous DNA binding
sequences, presented in more than 30% of eukaryotic promot-
ers (Bucher, 1990) in housekeeping, inducible, cell cycle-
regulated, and developmentally controlled genes (Berry et

Fig. 6. RNF4 interacts with NF-Y. Immunoprecipitation experiment:
HEK293 cells were transfected with 2 �g each of pFLAG-RNF4 and NF-Y
expression vectors; cell extracts were harvested and incubated with M2
beads. The immunoprecipitates were separated by SDS-polyacrylamide
gel electrophoresis, and Western blot was probed by anti-NF-Y antibody.
H and L indicate the heavy and light chain of immunoglobin from M2
beads. Arrow indicates NF-Y. We repeated the experiments four times
with similar results, and one was used as representative.

Fig. 7. RNF4 activates GCH gene expression in vivo. A, SH-SY5Y neu-
roblastoma cells were transiently transfected with 0.1, 0.2, or 0.4 �g of
either pcDNA-RNF4 or pcDNA-RNF4-NK with 0.1 �g of pEGFP-N1.
Cells were harvested, and RT-PCR was performed for GCH and actin 40 h
after transfection. B, ChIP assays were performed as described under
Materials and Methods. HEK293 cells (10-cm dish) were transfected with
a GCH reporter (CCAAT-CAT) and pHA-RNF4 expression vector. Input
indicates the PCR product of total chromatin. HA beads were used to
precipitate the RNF4-DNA complex. Control indicates the ChIP derived
from the pHA transfected cells. We repeated the experiments five times
with similar results, and one was used as representative.
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al., 1992; Roy and Lee, 1995; Ronchi et al., 1996; Marziali et
al., 1997). CCAAT box binding factor, NF-Y is a ubiquitous
transcription factor complex consisting of three subunits (A,
B, and C). NF-Y has been implicated in the basal expression
of catecholamine-synthesizing gene such as tryptophan hy-
droxylase (Cote et al., 2002). NF-Y and the CCAAT box are
now shown to be involved in the expression of GCH, a gene
responsible for cofactor of catecholamine synthesis. Using
DNase I footprinting analysis, Hirayama has demonstrated
two protein binding domains on GCH promoter: an upstream
Sp1-like site and a combined CRE-Sp1-CCAAT box element.
EMSA and supershift assays demonstrated that the com-
bined CRE-Sp1-CCAAT box element recruits ATF-2 and
NF-Y but not Sp1–4 (Kapatos et al., 2000; Hirayama et al.,
2001). These data suggested that human CRE-Sp1-CCAAT
element attracts a large protein complex that would be able
to distort DNA in this region. Our data obtained from ChIP
further demonstrate that coactivator RNF4 plays a role in
GCH expression through this region.

NF-YB and NF-YC contain a histone-like motif (Masiero et
al., 2002; Romier et al., 2003), and NF-Y has been reported to
be associated with histone acetyltransferase GCN5 and
P/CAF (Currie, 1998). Coactivator p300, interacting with
NF-Y in vivo and in vitro, was reported to enhance NF-Y
binding to the third CCAAT box on cyclin B2 promoter (Salsi
et al., 2003). It has been proposed that p300 serves as a
platform for NF-Y binding to the CCAAT box. NF-Y is able to
recruit purified holo-TFIID in vitro and can associate with
multiple TAFIIs on major histocompatibility complex class II
Ea core element (�115/�60), which also contains three
CCAAT boxes (Frontini et al., 2002). It’s not clear if the same
mechanisms work in promoters contain only one CCAAT box.
RNF4 interacts efficiently with both supercoiled circular and
four-way junction DNA. RNF4 has been shown to bind TBP
(Moilanen et al., 1998), and it also recognizes nucleosomes
(Hakli et al., 2001). Because RNF4 interacts with NF-Y, we
propose that RNF4 may help the function of NF-Y when only
one CCAAT box is present.

DNA context would be important in RNF4-mediated acti-
vation because when CCAAT box was moved to the down-
stream of CAT reporter, the CAT gene could not be activated

by RNF4 (data not shown). Because NF-YA is necessary for
CCAAT box binding (Maity and de Crombrugghe, 1998) and
RNF4-mediated GCH activation is dependent on NF-Y, we
propose a model for RNF4-mediated activation of single
CCAAT box: 1) RNF4 binds to DNA through its nonspecific
DNA binding ability, 2) NF-Y binds to the CCAAT box, 3)
RNF4 binds to NF-Y and thus is recruited to the CCAAT box,
4) the NF-Y-RNF4 complex alters chromatin configuration
(Imbriano et al., 2001), and 5) RNF4-NF-Y complex binds to
TFIID and recruits coactivators to activate gene expression.
A schematic view of the model is shown in Fig. 8A. Figure 8B,
in the presence of a mutated CCAAT box, NF-Y can not bind
and there is no gene activation.

The nuclear localization signal of RNF4 located at its N
terminus is essential for androgen receptor interaction (Moil-
anen et al., 1998). The C-terminal RING domain interacts
with Sp1 through zinc finger (Hakli et al., 2001) and is
essential for Sp1 activation (Poukka et al., 2000). RNF4
spanning amino acid region 29–129 lost TBP interaction
ability (Moilanen et al., 1998). Our result showed that
RNF4-NK (�177–190) retains DNA binding activity, and this
is consistent with the previous finding (Hakli et al., 2001);
however, RNF-NK cannot activate GCH promoter or the
basic residues mutant anymore. Thus, the C-terminal basic
region of RNF4 that is required for NF-Y-mediated gene
activation may exist through the interaction with TBP.

We are not sure why RNF4 is enriched in non-DN cells.
The balance between protein production, stability, and deg-
radation should be critical. We have found that the expres-
sion of GCH is highly dependent on chaperones (Hwu et al.,
2004). Female patients are more effected by HPD/DRD (Ichi-
nose et al., 1994). Because RNF4 interacts with steroid re-
ceptors such as androgen receptor and estrogen receptor
(Poukka et al., 2000; Saville et al., 2002), it will be very
interesting to know if RNF4 is responsible for sex difference
in GCH gene expression and female preference in HPD/DRD.
Further investigations are needed.
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