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cells between young and old mice. Although telomerase activ-
ity of lymphoid cells (B and T cells) was mostly comparable,
that of DCs in old mice was significantly higher than young
mice (P<0.01; Fig. 3A). Furthermore, splenic DCs from old
mice rather decreased the telomerase activity afler in vitro
stimulation with LPS, although those from young mice showed
a slight increase of ~10%. By FACS analysis, freshly isolated,
splenic DCs from both generations showed similar cell-surface
phenotype determined by CD11lc, MHC class II, and CD86

expression (Fig. 3B). However after stimulation, expression of
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activation markers such as MHC class II and CD86 was
apparently lower in old mice, indicating poor responses to LPS
{(Fig. 3B). We also tried in vivo stimulation by injection of LPS,
but old mice were not resistant and died (data not shown).
Next, we compared the telomerase activities of BM DCs
(Fig. 4). We generated imDCs in the same set of in vitro
cultures of BM cells from young mice (6 week), adult mice (1
year), and old mice (2 years). Contrary to the results of splenic
DCs, BM DCs from old mice had consistently lower telomerase
activity than those from young and adult mice, both of which
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Fig. 3. Comparison of telomerase activity and surface phenotye of splenic DCs between young and old mice. (A) Telomerase activities of freshly isolated splenic
B cells, T cells, DCs, and LPS-stimulated DCs were compared between young and old mice. (B) Expression of CD11c and activation markers of DCs [MHC class
11 1-A) and CD8G] was measured by fluorescein-activated cell sorter (FACS) in freshly isolated splenic DCs and LPS-stimulated DCs from young (thin line) and
old (bold line) mice. Background staining with irrelevant Ab was expressed by the dotted line.
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had similar activity (Fig. 4A). At day 6, imDCs from each
generation were stimulated with LPS, CpG-ODN, or poly L:C to
induce maturation. In this experiment, up-regulation of telom-
erase activity after stimulation was observed in all generations,
but still, the lowest activity in old mice was consistent (Fig.
4B). By FACS analysis, expression of activation markers such
as CD40, CD86, and MHC class II was lower in old mice, and
this tendency became more significant after stimulation (Fig.
4C). Thus, lower telomerase activity of BM DCs in old mice
seemed associated with insufficient activation.

DISCUSSION

Telomerase in DCs

Telomere has an essential role in stabilizing chromosome ends
and in preventing end-to-end fusions, and its expression has
been found to correlate with cell proliferation in many different
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types of cells. Thus, telomerase activation is important in
determining the proliferative capacity of cells and counteracts
telomere loss. Telomerase activity has been shown to increase
upon activation of T and B cells; however, a limited number of
studies showed the telomere length and telomerase activity in
myeloid-lineage cells. It was reported that telomerase activity
was up-regulated in mature myeloid progenitors by plating in
cultures supplemented with 11-3, Flt3-ligand, and stem-cell
factor, and telomerase activity was also induced during devel-
opment of human mast cells from peripheral blood CD347"
cells [26, 27]. GM-CSF was shown to suppress the telomerase
activity and telomerase reverse transcriptase (TERT) expres-
sion by synergistic effect with retinoic acid in myeloid leuke-
mia cells [28). Thus, it raises the question as to whether DCs
change telomerase activity during differentiation as a profes-
sional APC.

Here, we clearly demonstrated that telomerase activity is
largely increased during the differentiation and maturation
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process of DCs. In in vitro induction of DCs with GM-CSF and
IL-4, telomerase activity was low at the beginning in the whole
extract from BM cells but gradually increased during differen-
tiation into CD11lc* imDCs (Fig. 1). When LPS, CpG-ODN,
and dsRNA induced DC maturation, telomerase activity of
imDCs, having a moderate level, rose to the peak after matu-
ration. All microbial products we used for DC maturation
transduced activation signals through the TLR pathway. TLRs
used the same signaling molecules including MyD88, IL-1
receptor-associated protein kinase, and tumor necrosis factor
(TNF) receptor-associated factor 6, leading to the activation of
nuclear factor (NF)-kB [10]. The fact that the mouse TERT
promoter is regulated by the widely expressed and highly
inducible NF-«B transcription factor further supports our find-
ings of telomerase activation in DC maturation [29]. However,
the physiological role of the inducible telomerase activity is
still unclear. In addition to the well-characterized action of
telomerase in adding telomeric repeats, it should be noted that
recent studies suggest that telomerase may have additional
functions, for example, in protecting cellular, proliferative ca-
pacity and in preventing apoptosis without telomere elongation
{30]. Actually in our experiments, during differentiation to
mDCs from imDCs by microbial components, telomerase ac-
tivity was increased without cellular proliferation (data not
shown). Engagement of TLRs, CD40L, or TNF-related activa-
tion-induced: cytokine receptor enhances longevity of DCs
through NF-«kB activation [31, 32], which also positively con-
trols telomerase expression. Considering recent findings that
LPS and CpG not only mature DCs but also inhibit DC apo-
ptosis [33, 34], telomerase activation may contribute to this
antiapoptotic effect. In addition, DCs were reported to be
targets of cytotoxic T cell and NK cell-mediated killing, and
activation of DCs by LPS or CD40 renders DCs resistant to the
cytotoxicity [35, 36]. Taken together, the inducible telomerase
activity could be a key component o potentiate DC function,
proliferation, and survival.

DCs in aged mice

Despite numerous, recent advances in the molecular and cel-
lular biology of DCs, very few groups have addressed the topic
of DCs and aging {37]. In animal models of old mice, DCs of
lymph nodes showed degenerative characteristics with de-
creased adhesion molecule expression, less dendrite formation,
and reduced antigen-trapping capacity, which together, imply
disruption of functional activity [38]. In contrast, DCs gener-
ated from peripheral blood of elderly people were not impaired
in their capacity to induce cell responses [39]. During aging,
however, it is obvious that there is a marked decline in the
reactivity of the immune system, which has been atiributed to
impairment of lymphocyte function in corporation with innate-
immune responses [40, 41]. Here, we observed that splenic
DCs in old mice possessed much higher telomerase activity
than young mice but even decreased the activity after LPS
stimulation (Fig. 3A). On the contrary, BM DCs from old mice
had considerably lower telomerase activity than those from
younger ones and remained weaker after stimulation with mi-
crobial components, together with lower activation marker ex-
pression (Fig. 4). Thus, splenic DCs and BM DCs have the
different nature in old mice. The mechanisms and physiolog-

ical meanings underlying this contradicting data between
splenic and BM DCs are still to be investigated. As lower
telomerase activity of BM DCs in old mice seemed associated
with an insufficiently activated status (Fig. 4C), it may reflect
inferior differentiation and regeneration potential of BM cells.
Conversely, peripheral splenic DCs in old mice may be com-
pensating for something such as telomere shortening or func-
tional defects of DCs and implying a terminal stage in cell fate.
However, poor responses of expression of activation markers to
LPS stimulation were consistent in splenic and BM DCs (Figs.
3B and 4C). In any case, DCs in old mice have a different
feature from younger mice, and these may contribute to the
pathogenesis and poor resistance to infection or endotoxin
shock accompanied with aging

This is the first report to investigate the telomerase activity
in DCs and make a comparison between young and old mice.
Our observations would provide a new insight regarding im-
munobiology and immunosenescense. Analysis of DCs in te-
lomerase knockout mice (mTERT /™) [42] will clarify the
physiological roles of telomerase in immunity.
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GADD34 Induces p53 Phosphorylation
and p21/WAF1 Transcription

Ayako Yagi,"? Yoshinori Hasegawa,” Hengyi Xiao," Masataka Haneda,’ Eiji Kojima,"* Akihiko Nishikimi,’
Tadao Hasegawa," Kaoru Shimokata,” and Ken-Ichi Isobe’*
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Abstract Recently, others and we have shown that one of the functions of GADD34 is a recovery from a shutoff of
protein synthesis induced by endoplasmic reticulum stress. GADD34 has been shown to induce growth arrest and
apoptosis. Main protein of apoptosis is p53, especially phosphorylation of p53. And one of the main proteins of growth
arrest is p21/WAF1. Here we analyzed the effects of GADD34 on p53 phosphorylation and p21/WAF1 transcription.
Transfected Myc-tagged p53 was dose-dependently phosphorylated at Seri5 by increasing the amount of GADD34.
Transfection of GADD34 also induced the endogenous phosphorylation of p53 and enhanced p21 protein expression.
Transfection of GADD34 induced p21/WAF1 promoter activity. This activity was dependent on p53, because GADD34
transfection to p53-deficient cells produced only a slight increase of p21/WAF1 promoter activity. The p21/WAF1
promoter activity was greatly enhanced by the transfection of p53. Both GADD34 and p53 transfection induced much
higher p21/WAF1 promoter activity. The promoter activity of p21/WAF1 was very low in GADD34 deficient MEF. The
transfection of GADD34 increased the p21/WAF1 promoter activity in GADD34 deficient MEF. j. Cell. Biochem. 90:

1242-1249, 2003. © 2003 Wiley-Liss, Inc.

Key words: GADD?34; p53; p21/WAF1

GADD34 is a member of the protein family
whose expression is up regulated by growth
arrest and DNA damage [Zhan et al., 1994].
GADD34, like GADD45 and GADD153, was
originally discovered as an UV-inducible tran-
script in Chinese hamster ovary cells [Fornace
et al., 1989]. A later study demonstrated a
correlation between the onset of apoptosis
and GADD34 expression in selected cell lines
following ionizing irradiation or treatment
with the alkylating agent methyl methanesul-
fate [Hollander et al., 1997]. GADD34 is
also induced by amino acid deprivation and
several endoplasmic reticulum (ER) stresses
[Mengesdorf et al., 2001; Novoa et al., 2001].
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GADD34 harbors a highly conserved domain
in its carboxyl-terminus, which is homologous
to v134.5 of HSV1. v;34.5 is a virulence factor
that blocks the premature shutoff of protein
gsynthesis in HSVl1-infected neuroblastoma
cells [Chin et al., 1997]. The carboxyl-terminal
domain of the y;34.5 protein binds to protein
phosphatase 1 (PP1). This complex specifically
dephosphorylates eukaryotic translation initia-
tion factor 2 o (elF2a), which is evolved to
preclude a shutoff of protein synthesis [He et al.,
1998]. These findings suggest two possible func-
tion of cellular GADD34. One is related to
apoptosis or cell cycle arrest. Another is related
to shutoff of protein synthesis. Recently, we
[Kojima et al., 2003] and other group [Novoa
et al., 2003] have shown the latter function of
GADD34 in vivo by using GADD34 knockout
mice. We have shown that in GADD34~'~ mouse
embryonic fibroblasts (MEFs), recovery from a
shutoff of protein synthesis was delayed, when
MEF were exposed to endoplasmic reticulum
(ER) stress [Kojima et al., 2003]. Several studies
have demonstrated that the onset of apoptosis
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is correlated with GADD34 expression in select-
ed cell lines after ionizing irradiation or alkylat-
ing agent of methyl methanesulfate treatment
[Adler et al., 1999; Grishin et al., 2001]. HRX
leukemic fusion oncogenes, the human homo-
logue of the Drosophila trithorax (trx) gene,
binds GADD34 to negatively regulate the apop-
totic response [Adler et al., 1999] The expres-
sion of GADD34 in the colorectal cancer cell
line SW480 has been reported to enhance IR-
induced apoptosis [Adler et al,, 1999]. Several
proteins have been shown to be associated with
GADD34. An association with proliferating cell
nuclear antigen suggests that GADD34 might
inhibit proliferation [Brown et al., 1997]. We
have shown that GADD34 interacts with Zfp148
(also known as BFCOLI1), which might affect
p21/WAF1 transcription [Hasegawa et al.,
1999]. Bai and Merchant [2001] have demon-
strated that Zfpl48 enhances p53 transcrip-
tional activity and prevents p53 degradation by
binding to p53 via its zinc-finger domain. Over-

A IP:Myve

expression of Zfp148 leads to an accumulation
of p53 in the nucleus, activation of p21/WAF1
and cell cycle arrest. Recently, we have shown
that Zfpl48 plays an essential role in the
differentiation of fetal germ cells by stimulating
the phosphorylation of p53 at Serl5 [Takeuchi
et al.,, 1997]. These results indicate that
GADD34 induces p21/WAF'1 transcription via
p53. Here, we show that transfection of
GADDA34 induces the phosphorylation of p53
at Serl5, and induces p21/WAF1 transcription
via p53 binding site.

MATERIALS AND METHODS

Cell Culture

BALB3T3 10(1) cells were pb3-deficient
mouse fibroblast cell line, which were kindly
donated from Dr. Arnold J. Levine [Harvey and
Levine, 1991]. NIH3T3, 293 and 10(1) cells were
maintained in Dulbecco’s modified Eagle’s
medium (Sigma, St. Louis, MO) supplemented
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Fig. 1. Induction of p53 phosphorylation by GADD34 transfec-
tion. A: 293 cells were transfected with 1.0 pg of Myc-tagged
vector (lane 1). Two hundred ninety-three cells were transfected
with 0.5 pg of Myc-tagged p53 expression vector (lanes 2-6),
together with increasing amount of Myc-tagged GADD34
expression vector (lanes 2-6; 0, 0.05, 0.1, 0.25, 0.5 pg) in six
tissue culture wells. Immunoprecipitations were carried out with

anti-Myc antibodies followed by immunoblot analysis with
phospho-p53 (Ser 15) antibodies. B: Two hundred ninety-three
cells were transfected with increasing amount of GADD34
expression vector (lanes 1-6; 0, 0.05, 0.1, 0.25, 0.5, 1.0 pg).
Lysates were analyzed for the expression of the proteins by
immunoblotting with p21/WAF1and p53 antibodies.
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with 10% fetal bovine serum, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin. MEFs were
prepared from 14.5-day embryos of GADD34
knockout and wild-type control mice [Kojima
et al., 2003]. The cultures were maintained in
Dulbecco’s modified essential medium with 10%
FCS. Cells were plated 1-2 x 10%/10 cm plate for
subculture and experimentation.

Plasmid Constructs

The mouse p21/WAF1 promoter luciferase
reporter plasmids and the mutant of p53-
binding site (mutants 1; p21 (—1)) were con-
structed as described previously [Xiao et al.
1997, 1999]. Full-length ¢cDNA of GADD34 was
constructed by mRNA of NIH3T3 cells. We
used RT-PCR using sense primer as GGAATTC-
CAGACACATGCCCCCGAGC and antisense
primer as ACGCGTCGACGCCCCGCCTCCC-
AAG, They were cut with Xbal/HinIIl and
inserted into partial GADD34 expression vector
[Hasegawa et al.,, 1999] based on pcDNA3.1/
Myc-His A vector (Invitrogen, Bethesda, MA).
Myc-His tagged p53 expression vector was con-
structed from the p53 cDNA donated from

300

Dr. Vogelstein, We used GCTCTAGATGGA-
GGAGCCGCAG (sense) and CCCAAGCTTGT-
CTGAGTCAGGCCCTTCTGT (antisense) for
PCR primers and p53 cDNA as target. The PCR
product was cut with Xbal/HinD and inserted
into Myec-His tagged (Invitrogen). pTA-luc vec-
tors were purchased from Clontech (Palo Alto,
CA). The pTA-luc contains the firefly luciferase
(Luc) gene fused to a TATA-like (TAL) promoter
region from the Herpes simplex virus thymidine
kinage (HSV-TK) promoter. The pp53TA-Luc
(Tal-p53) contains the firefly luciferase gene
and has the p53-binding sequence fused to pTA-
lue vector.

Transfection Assays

Transient transfection to 293, NIH3T3 and
10(1) cells was carried out using SuperFect
reagent (Qiagen, Hilden, Germany) as pre-
viously described [Maehara et al., 2001}, In
general, the day before transfection, 2 x 10°cells
were plated in 24-well tissue culture plates. A
total of 0.5—0.6 yg of DNA consisting of 0.45—
0.55 ng of the indicated luciferase plasmid and
0.05 pg of the pRL-thymidine kinase control
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Fig. 2. Induction of Tal-p53 promoter activity by GADD34 transfection. Two hundred ninety-three cells
were co-transfected with 0.05 pg of control vector (lanes 1-5) or 0.05 pg of Tal-p53 (lanes 6-10) and
GADD?34 expression vector (fanes 1-5 and lanes 6-10; 0, 0.05, 0.1, 0.25, 0.5 ug) in 24 tissue culture wells.
Results were expressed as the mean = standard errors (SE) of three independent experiments, each performed

in triplicate.
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vector (pRL-TK) (Promega, Southampton,
England) per plate was used for transfection
studies. After being harvested, the cells were
assayed by the Dual-Luciferase Reporter
Assay System (Promega), using a luminometer
(Lumat; Berthold Technologies, Germany). Pro-
tein concentrations of the cell lysates were
determined by the method of Bradford with
the Bio-Rad protein assay dye reagent. Promo-
ter activities were expressed as relative light
units (RLU), normalized against the concentra-
tion of the protein. All transfection experiments
were repeated three times.

Immunoprecipitation and Western Blotting

Human 293 cells in 6-well plates were trans-
fected with 0.5pg each of the Myc-tagged
pcDNAS3.1/His-Myc (Invitrogen) expression
plasmids. At 36 h after transfection, cells were
dissolved in 1 ml of Iysis buffer [25 mM Tris/HCl
(pH 8.0) /150 mM NaCl/10% (v/v) glycerol/5s mM
MgCly/2 mM EDTA/0.83% (v/v) Nonidet P40/
5 mM NaF/0.5 mM PMSF/2 pg/ml aprotinin],
and debris was discarded after centrifugation.
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Whole cell lysate was measured for protein
quantity; 300 ug was used in the following steps:
1 p (anti-MycSanta Cruz) of antibody was added
tothelysates, which were then rotated at 4°C for
1h. Then 20 pl of protein G/A—Sepharose beads
was added and rotated for a further 2 h at 4°C.
The beads were washed with lysis buffer three
times and with PBS once. Proteins were eluted
with SDS/PAGE sample buffer and boiled for
5 min. Western blotting was performed as des-
cribed (Maehara et al., 2001) with the first
antibodies, which were diluted 1:400 (anti-
GADD34; Santa Cruz, CA) and 1:500 (anti-p21;
Santa Cruz). Anti-p53 and anti-phospho Ser15-
pb3 (all rabbit polyclonal antibodies) were pur-
chased from Cell Signaling Technelogy (New
England Biolabs, Inc.).

RESULTS
GADD34 Induces p53 Phosphorylation

Previous studies have shown that the phos-
phorylation of p53 at Ser15 induces p53-depen-
dent growth suppression [Fiscella et al., 1993].
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Fig. 3. Induction of p21/WAF1 promoter activity by GADD34 formed in triplicate. B: NIH3T3 cells were co-transfected with

transfection. A: Two hundred ninety-three cells were co-
transfected with 0.05 pg of p21/WAF1 promoter (lanes 1-5)
and CGADD34 expression vector {lanes 1-5; 0, 0.05, 0.1, 0.25,
0.5 pg) in 24-well tissue culture wells. Results were expressed as
the mean+SE of three independent experiments, each per-

0.05 pg of p21/WAF1 promoter (lanes 1-3) and GADD34
expression vector (lanes 1-3; 0, 0.05, 0.1 pg ) in 24-well tissue
culture wells. Results were expressed as the mean + SE of three
independent experiments, each performed in triplicate.
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We first analyzed the phosphorylation of p53
induced by the transfection of GADD34 expres-
sion vector. We transfected Myc-tagged p53
together with increasing amounts of GADD34
into 293 cells. The phosphorylation of Ser15—
pb3 was increased by increasing the amount of
GADD34 (Fig. 1A). Transfection of GADD34
also induced the endogenous phosphorylation of
p53 (data not shown) and p53 protein expres-
sion (Fig. 1B).

Enhancement of Reporter Plasmid Containing
p53 Responsive Cis-Element

Several target genes have p53-responsive cis-
elements [El-Deiry et al., 1993; Thutet al., 1997,
Zhao et al., 2001], such as GADD45, MDM2 and
P21/WAF1. In order to examine whether
GADD34 induces p53-responsive reporter plas-
mid, we transfected 293 cells with Tal-p53
reporter plasmid together with increasing
amounts of GADD34 expression vector. The
transfection of GADD34 up-regulates Tal-p53
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promoter activity. (Fig. 2). Then we examined
the expression of p21/WAF'1, which is one of the
target genes of p53 protein.

GADD34 Enhances the p21/WAF1
Promoter Activity

The expression of p21/WAF1 protein was in-
creased by the GADD34 transfection (Fig. 1B).
In order to determine whether or not p21/WAF1
promoter activity depends on GADDS34, we
cotransfected GADD34 expression vector with
P21/WAF1 promoter. As shown in Figure 3, p21/
WAF'1 promoter activity was greatly enhanced
by the increase of GADD34 transfection both in
293 cells (Fig. 3A) and NTH3T3 cells (Fig. 3B).
Then in order to show that GADD34 induces
P21/WAF1 promoter activity depends on p53,
we used p53-deficient 10 (1) cells for promoter
assay. Without p53 co-transfection, p21/WAF1
promoter activity was very low (Fig. 4, lane 5),
and GADD34 co-transfection showed only a
slight increase in promoter activity (Fig. 4,
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Fig. 4. GADD34-induced p21/WAF1 promoter activity in p53
deficient cells. Because p21 promoter vector was constructed in
pGL3 luciferase vector, we used pGL3 vector as control.
Promoter activities were measured in 10(1) cells transfected
with 0.05 pg of control pGL3 promoter vector (lanes 1-4) or
0.05 pg of p21/WAF1 promoter vector (lanes 5-8) in 24 tissue
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culture wells. They were co-transfected with 0.25 ug of GADD34
expression vector (lanes 2, 6) , 0.25 pg of p53 expression vector
(lanes 3, 7), and 0.25 pg of each GADD34 and p53 expression
vector (lanes 4, 8) Results were expressed as the mean + SE of
three independent experiments, each performed in triplicate.
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lane 6). However, p53 transfection greatly
enhanced p21/WAF1 promoter activity (Fig. 4,
lane 7). Both p53 and GAD34 co-transfection
produced a further enhancement of p21/WAF1
promoter activity (Fig. 4, lane 8). To further
examine the pb53 dependency of GADD34-
induced p21/WAF1 promoter activity, we used
the mutant of one of p53-binding sites (p21
(—1)). Asshown in Figure 5, enhancement of p21
(—1)/WAF1 promoter activity by the p53 trans-
fection (lanes 7,8) was lower than that of wild
type p21/WAF1 promoter activity (lanes 11,12).
Finally in order to show that GADD34 really
induces p21/WAF1 transcription, we used
GADDB34-deficient mouse embryonic fibroblasts
MET). Without GADD34 transfection, p21/
WAF1 promoter activities were very low in
GADD34 deficient MEF (Fig. 6, lane 3), The p21/
WAF promoter activity was increased by the
transfection of full length GADD34 c¢DNA
(Fig. 6, lane 4).

DISCUSSION

Here, we showed that GADD34 induced p53
phosphorylation and p21/WAF1 reporter activ-

10

ities. Because GADD34 has been cloned as one
of Growth arrest and DNA damage inducible
proteins, it has been suggested that GADD34
induces cell cycle arrest or apoptosis. Hollander
et al. [2001] showed that in a short-term trans-
fection assay, more than 30% of GADD34-trans-
fected cells exhibited nuclear fragmentation by
48 h. The most critical protein of cell cycle arrest
is p21/WAF1, The transcription of p21/WAF1 is
mainly regulated by p53 protein. Phospo-p53
binds to p21/WAF1 binding sites. Here, we
showed that GADD34 induced p53 phosphor-
ylation and p21/WAF'1 reporter activities.
Others and we have shown that GADD34
interacts with a diverse array of proteins within
the cell [Adler et al., 1999; Hasegawa et al.,
1999; Hasegawa et al., 1999, 2000; Connor et al.,
2001; Grishin et al., 2001]. Some of these inter-
actions facilitate growth suppression/apoptosis.
Expression of GADD34 in the colorectal cancer
cell line SW480 has been reported to enhance
IR-induced apoptosis [Adler et al., 1999]. In ad-
dition, the results of GADD34-induced apopto-
sis are extended to two other cell lines, HEK293
and HeLa, by the DNA-damaging agent MMS.
These data suggest that GADD34 is a positive
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Fig. 5. Effects of p53-binding cis-elements in GADD34-
induced p21/WAF1 promoter activity. 10(1) cells were trans-
fected with 0.05 pg of pGL3 promoter vector (lanes1-4), 0.05 pg
of p21(—1) promoter vector (lanes 5-8) or 0.05 pg of p21
promoter vector (lanes 9-12) in 24 tissue culture wells. They

p21(-1) promotor

p21 promotor

were co-transfected with 0.25 pg of GADD34 expression vector
(lanes 2, 6, 10), 0.25 ug of p53 expression vector (lanes 3,7, 11),
and 0.25 pg of each GADD34 and p53 expression vector {lanes 4,
8, 12). Results were expressed as the meanz+SE of three
independent experiments, each performed in triplicate.
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Fig. 6. Decreased p21/WAF1 promoter activity in GADD34-
deficient MEF was recovered by GADD34 transfection, MEF
were co-transfected with 0.05 pg of pGL3 promoter vector (lanes
1, 2) or 0.05 ug of p21/WAF1 promoter (lanes 3, 4), and control
Myc-tagged vector (lanes 1, 3; 0.25 pg) or GADD34 expression
vector (lanes 2, 4; 0.25 pg) in 24 tissue culture wells. Results were
expressed as the mean = SE of three independent experiments,
each performed in triplicate.

regulator of apoptotic processes, whose activity
is modulated by interaction with other proteins.
It has been reported that human SNF5 protein
(hSNF5/INI1) associates with GADD34, and
that both proteins can coexist in a trimeric
complex with chimeric leukemic HRX fusion
proteins [Adler et al., 1999]. Lee et al. [2002]
have shown that several subunits of the human
SWI/SNF complex bind to the tumor suppressor
protein p53 in vivo and in vitro. Overexpression
of dominant negative forms of either hSNF5 or
BRG-1 have inhibited p53-mediated cell growth
suppression and apoptosis. These reports sug-
gest that GADD34 itself induces apoptosis or
cell cycle arrest. However, the molecular me-
chanisms or signaling cascades from GADD34
to apoptosis or cell cycle arrest have not been
elucidated. Here we showed that GADD34 itself
induced p53 phosphorylation and p21/WAF1
expression (Fig. 1). GADD34-induced p21/WAF1
expression was mainly dependent on p5H3
(Fig. 4). By using mutant of p21/WAF1 promo-
ter, luciferase activity of p21/WAF1 was depen-
dent on p53 bhinding site (data not shown). More
precise biochemical mechanism of interaction
between GADD34 and p53 are now ongoing.

Recently, it has been shown that human
GADD34 has been induced by the differentia-
tion and growth arrest of melanoma [Jianget al.,
2000] and glioma [Su et al., 2003]. Further
adenovirus infection of melanoma differentia-
tion-associated gene-7 (mda-7), which induces
cell cycle arrest and apoptosis of melanoma,
induces GADD34 via p38 MAPK phosphoryla-
tion [Su et al., 2003]. These works and our works
presented here open the possibility to treat can-
cer by GADD34 induction.
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Transcriptional Regulation of ILT Family Receptors®

Hideo Nakajima,”* Azusa Asai,* Aki Okada,* Lin Ping,>* Fumiyasu Hamajima,*
Tetsutaro Sata,” and Kenichi Isobe*

Ig-like transcripts (ILT/leukocyte Ig-like receptor/monocyte/macrophage Ig-like receptor or CD85) are encoded on human chro-
mosome 19q13.4, designated the human leukocyte receptor complex, and are predominantly expressed on myeloid lineage cells.
We investigated the transcriptional regulation of ILT1, IL T2, and ILT4 genes to elucidate control mechanisms operating on the
specific expression of ILT receptors. Inhibitory ILT2 and ILT4 both have a similar genomic structure, in which the ~160-bp
5'-flanking regions function as core promoters with critically important PU.1 binding sites. However, an Sp1 family-binding
GC-box is more influential in trans-activation of ILT2 than ILT4. Additionally, IL.T4 transcription is tightly regulated by chro-
matin modifications accompanied by histone acetylation, which strictly controls expression within myeloid lineage cells. Activating
ILT1 carries a core promoter corresponding to the intronic region of ILT2 and ILT4, where PU.1 and Runx1 binding sites are
essential, but a downstream heat shock element also augments promoter activity, Thus, each ILT is regulated by a distinct
transcriptional mechanism, although PU.1 acts as a common frans-acting factor. We also found that human CMV infection
strongly frans-activates inhibitory ILT2 and ILT4 genes through the expression of immediate-early proteins. The Journal of

Immunology, 2003, 171: 6611-6620.

here is increasing evidence that hemopoietic cell function

is modulated by the expression of several receptor fami-

lies, which have both inhibitory and activating isoforms
(1-4). These include Ig-like transcripts (ILT),* killer cell Ig-like
receptor (KIR), and NKG2/CD94 receptor families. One subset of
ILTs (ILT2, ILT3, ILT4, ILT5, and leukocyte Ig-like receptor 8)
displays long cytoplasmic tails containing immunoreceptor ty-
rosine-based inhibitory motifs that inhibit cell activation by re-
cruiting SH2-containing tyrosine phosphatase-1 (1). Another sub-
set (JLT1, ILT7, ILT8, and leukocyte Ig-like receptor 6) contains
short cytoplasmic domains lacking signal transduction motifs. In-
stead, they have a basic arginine residue within the transmembrane
domain and associate with the FcR +y-chain, which transduces
stimulatory signals (5). Inhibitory ILT2 and [1.T4 have been shown
to bind a broad range of HL.A class I and nonclassical HLA-E and
-G molecules. In addition, ILT2 binds to the viral class I-like mol-
ecule UL-18 encoded by human CMV (HCMV) (6). Genetically,
functionally, and structurally, the ILT family is closely related to
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the KIR family, also mapped to leukocyte receptor complex (7-10).
An outstanding property of ILTs is their cellular distribution, which
greatly differs from that of KIRs expressed on NK cells and some T
cells. All ILTs were shown to be expressed on myeloid lineage cells
such as monocytes, macrophages, and dendritic cells (1). In addition,
ILT1 and ILTS are expressed on granulocytes and NK and T cell
subsets, and ILT2 is broadly expressed on NK cells, T cells, and all B
cells. In contrast, ILT4 expression is limited to myeloid cells. The
expression of inhibitory ILT receptors increases during maturation of
myeloid lineage cells, whereas the expression of activating ILT
receptors remains stable or decreases slightly.

In this study we analyzed the 5'-flanking regions of well-char-
acterized ILT genes, inhibitory ILT2, ILT4, and activating ILT1,
and examined their promoter activities. Our investigation revealed
that ILT2 and ILT4 shared homology of the core promoter and
used similar cis-elements and trans-factors, whereas the Sp1 fam-
ily-binding GC-box and histone acetylation at the core promoter
locus largely affected the promoter activity of ILT2 and ILT4,
respectively. Interestingly, the core promoter of ILT1 was located
in the place corresponding to the first intronic regions of ILT2/4
and possessed a heat shock element. All promoters tested were
predominantly activated in myeloid cells, and the transcription fac-
tor PU.1 played a critical role in trans-activation of all promoters.
Thus, the expression of each ILT gene is controlled by distinct
transcriptional regulation, with some similarities.

We also investigated other factors that can modulate transcrip-
tion of ILTs. Our study showed that not only interactions between
cis-elements and frans-factors, but epigenetic changes that alter
chromatin structure also influence ILT gene expression, as often
seen in many eukaryotic gene activation systems. Especially ILT4
expression is tightly regulated by histone acetylation at the core
promoter locus that contributes to strictly controlled expression
exclusively in myeloid lineage cells. In addition, interesting clin-
ical observations were reported recently, suggesting that increased
IL'T2 expression on PBL preceded the development of HCMV
disease after lung transplantation (11). In this study we demon-
strate that HCMV immediate-early (IE) gene products vigorously
trans-activate ILT2/4 promoters, providing new evidence that

0022-1767/03/$02.00
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HCMYV can modulate the immune responses through up-regulation
of inhibitory ILT genes.

Materials and Methods
Cells

Human embryonic kidney cell line 293 and mouse fibroblast cell line NIH-
3T3 were maintained in DMEM with 10% FCS. Human myeloid cell lines
(THP-1, U937, and K562), B cell lines (C1R and 721.221), and a T cell line
(Jurkat) were grown in RPMI 1640 with 10% FCS.

Plasmid constructs

The ILT promoter constructions were generated by PCR using human
genomic DNA as a template (Promega, Madison, WI). According to pub-
lished genomic sequences, ~1-kb 5’-flanking regions of ILT1 (—1013 to
+74), ILT2 (—994 to +27), and ILT4 (—1007 to -+ 14) were amplified and
ligated into the pGL3-basic vector (Promega) to generate ILT promoter-
firefly luciferase reporter constructs. Various lengths of DNA fragments
were further amplified and inserted. Reporter plasmids were mutated at the
transcription factor-binding positions using PCR-based site-specific mu-
tagenesis as follows (mutated residues are shown in lowercase letters):
ILT2-Mul, CCCaGaGGGTGGGGT; ILT4-Mul, CCCGGGttGGAGGGA,
ILT2/4-Mu2, AAAGaGaAA; ILT2/4-Mu3, AGAGaGa; ILT2/4-Mu4, CA
CAAagCA,; ILTI-MuS, GTTGCAgagCCT; ILT1-Mu6, GTGTGaaT; and
ILTi-Mu7, AGAgaGATC. PU.1 was amplified from a human leukocyte
c¢DNA library, and PU.JAAD and PU.1-Ets were made by deletion of
trans-activation domain A33-99 and all but the Ets domain A2-162, re-
spectively, via PCR with appropriate primer pairs. All PU.1 constructs
were ligated into pCDNA3.1 (Invitrogen, Carlsbad, CA). Transcription
factor expression and backbone vectors were as follows: Spl1-pCGN (gift
from Dr. T. Shenk, Princeton University, New Haven, CT), Runx1-pEF-
BOS (provided by Dr. Y. Ito, Kyoto University, Kyoto, Japan), and my-
eloid zinc finger gene 1 (MZF-1)A,B-pCDNA3.Imyc-his (received from
Dr. J. Morris, Medical College of Wisconsin, Madison, WI). HCMV IE
expression vectors pEQ274 (IE1), pEQ276 (IE1+2), pEQ326 (IE2), and
control vector pEQ336 containing only the HCMV IE promoter without IE
proteins were provided by Dr. A. Geballe (Fred Hutchinson Cancer Re-
search Center, Seattle, WA).

Complementary DNA synthesis and RT-PCR amplification

Total RNA was isolated from 5 X 10° cells with RNeasy mini kits (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions, and 10 ug
of total RNA was subjected to cDNA synthesis using First-Strand cDNA
synthesis kits (Amersham Pharmacia Biotech, Little Chalfont, U.K.). Mix-
tures containing 1 pl of serial 3-fold dilutions of synthesized cDNA were
amplified by PCR for 20-30 cycles (94°C for 30 s, 60°C for 30 s, 72°C for
30 s) after denaturation for 3 min at 94°C, ILT1-4, PU.1, B-actin, GAPDH,
and HCMV IE1 were amplified with specific sets of primers. Quantitative,
real-time PCR was performed using the Smart Cycler System (Takara,
Shiga, Japan). The relative amounts of cDNA in each sample were deter-
mined using a standard curve of known concentration. After normalization
to GAPDH, the difference in quantity of a specific gene was calculated as
the fold change from the control samples.

Luciferase assays

In general, 1 X 10° cells were plated in 500 pl of OPTI-MEM (Invitrogen)
with 10% FCS in 24-well plates. Firefly luciferase reporter constructs (5
ug) and pRL-thymidine kinase control vector (pRL-TK; Promega; 0.25
wng) were mixed with 5 ul of Lipofectamine 2000 (Invitrogen) to form a
complex. In cotransfection studies, mixtures also contained 1 pg of tran-
scription factor expression plasmids, HCMV IE expression plasmids, or
control vectors. Mixtures were added to cells, and after a 4-h incubation, 1
mi of fresh medium was added. Next day, the cells were harvested and
assayed by the Dual-Luciferase Reporter Assay System (Promega), using
a luminometer (EG&G, Berthold, Germany). The relative light units were
calculated after normalization against Renilla luciferase activities of the
pRL-TXK internal control vector.

Primer extension

A 33-mer primer (ILT1,+62 to +29; ILT2/4, +69 to +36), which was
complementary to the first exon of each ILT gene, was synthesized and
end-labeled with [y-*?PJATP. Then 100 ug of total RNA and the primer
were annealed for 2 h at 70-75°C in the Primer Extension Buffer (Pro-
mega). Next, the primer was extended for 1 h at 42°C with 1 U of AMV
reverse transcriptase. The reaction products were loaded onto an 8% acryl-
amide gel under denaturing conditions, followed by autoradiography. A
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sequencing ladder of the ILT genome was made using the T7 Sequencing
Kit (U.S. Biochemical Corp., Cleveland, OH) with the reporter plasmid as
a template.

EMSAs

Nuclear extracts were prepared as previously described (12). Oligonucle-
otides corresponding to position 1 of ILT2 (—155 to —126), position 1 of
IL.T4 (=157 to —129), position 2 of ILT2 (~117 to —97)/ILT4 (—118 to
—98), positions 5+6 of ILT1 (=74 to —49), position 6 of ILT1 (-63 to
—49), and position 7 of ILT1 (—34 to —14) were generated and used as
probes. Mutations were induced in the same manner as for the reporter
constructs. Nuclear extract (5 p1g) was incubated with 50 fmol of 3*P end-
labeled probes at room temperature for 20 min. For competition assays, a
100-fold molecular excess of cold oligonucleotides was also added to the
reaction mix. In supershift experiments, nuclear extracts were preincubated
with 2 pl of Ab for 20 min at 4°C before adding the labeled probe. The
polyclonal Abs and Spl consensus and mutant oligonucleotides were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Heat shock tran-
scription factor (HSF) competitor oligonucleotides were previously de-
scribed (13). DNA binding reactions were separated on 5% native
polyacrylamide gels at 150 V for 60-240 min.

Chromatin immunoprecipitation assays (ChIP)

The ChIP procedure was performed according to the manufacturer’s pro-
tocols (Upstate Biotechnology, Lake Placid, NY) with slight modifications.
After the equivalent of 2 X 108 THP-1, U937, CIR, and 721.221 cells were
cross-linked with 1% formaldehyde, cells were lysed in SDS lysis buffer
and sonicated on ice. The length of the DNA fragments averaged 250-500
bp. Aliquots of equal volume from each sample were used as input con-
trols. After intensive preclearing, immunoprecipitation was performed us-
ing specific Abs against acetylated histones H3 (AcH3) and H4 (AcH4)
(Upstate Biotechnology) and PU.1 (Santa Cruz Biotechnology; 10 ul was
used for each precipitation). After purification, DNA pellets were dissolved
in 50 pl of H,0, and 1 pl of serial 3-fold dilutions thereof was used for
PCR amplification with 1 uCi [a-**P]dCTP (30 cycles: 94°C for 30 s, 60°C
for 30 s, 72°C for 45 s) after denaturation for 3 min at 94°C. The core
promoter regions of ILT2 (—159 to —10) and ILT4 (—161 to —10) and
upstream regions of the core promoter in ILT2 (—688 to —493) and IL.T4
(—671 to —497) were amplified with specific sets of primers. PCR prod-
ucts were electrophoresed on 8% polyacrylamide gels.

Treatment of cells with 5-aza-2'-deoxycytidine (AZA),
trichostatin A (TSA), and heat shock stimulation

Nuclear extracts were prepared from heat-shocked NIH-3T3 cells or
THP-1 cells at 42°C for the indicated time and subjected to EMSA. For
luciferase assays, 1 day after transfection of reporter plasmids, THP-1 cells
were heat-shocked for 1 h at 42°C and allowed to recover at 37°C for 0, 2,
and 4 h, respectively, before making lysates. For RT-PCR analysis, before
total RNA extraction cells were treated with 0, 1, and 5 uM AZA (Sigma-
Aldrich, St. Louis, MO) for 48 h or 100 ng/ml TSA (Sigma-Aldrich) for
15 h or were heat-shocked for 1 h at 42°C, followed by 2-h recovery at
37 °C.

HCMYV infection

The AD169 strain of HCMYV was used for infection. THP-1 and U937 were
infected at multiplicities of infection of 20 PFU/cell for 6 h at 37°C and
maintained in RPMI 1640 with 10% FCS. After 48-h incubation, total
RNA was extracted and subjected to RT-PCR analysis.

Results

Genomic organization of ILT promoters

According to the database (GenBank accession no. AC(09892,
AC010518, NM006866, AF004230, and XM 008961) and some
previous reports (7, 9), ILT2 and ILT4 have a 5'-untranslated exon
like other ILTs, whereas translation of ILT1 is started in the first
exon (Fig. 14). To determine the precise transcription initiation
sites, primer extension was performed (Fig. 1B). Alignments of
nucleotides with genomic sequences indicated that the major tran-
scription initiation site was a C residue at ~75 nt upstream of the
ATG initiation codon in ILT1 and a G residue at ~600 nt upstream
of the ATG in ILT2 and ILT4 (Fig. 1B, large arrow), whereas
several minor transcription initiation sites were observed (small
arrow). We set the major transcription initiation sites as +1.
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FIGURE 1. Comparison of ILT promoter gene structures. A, Alignment
of nucleotides of the genomic sequence between the ATG initiation codon
and ~800 bp upstream is shown. Exon structures are boxed with bold lines,
transcription initiation sites are set as +1, and putative transcription factor
binding sites are indicated in italics. B, Primer extension analysis of ILTs.
Total RNA from THP-1 (lanes 1), U937 (lanes 2), CIR (lane 3), and
721.221 (lane 4) were used for extension. The major and minor extension
products are shown by large and small arrows, respectively. The DNA
sequence of each ILT is on the left.

Cis-elements in ILT2 and ILT4 promoters

To identify regulatory elements, we performed luciferase assays
with sets of ILT2 and ILT4 promoter-containing constructs. As
shown in Fig. 24, the ~1-kb 5'-flanking region of ILT2/4 dem-
onstrated significant transcriptional activities in the myeloid cell
line THP-1, exhibiting 50- to 150-fold activities compared with the
promoterless Basic. In contrast, the epithelial cell line 293 and the
T cell line Jurkat conferred very little or no transcriptional activity.
A deletion up to position — 160 resulted in no significant alteration;
however, truncation up to —100 led to a drastic reduction of pro-
moter activities in THP-1 (Fig. 2, A and B). These findings indicate
that the proximal ~160 bp is the core promoter for ILT2/4.
According to our database search (http://www.cbrc.jp/research/
db/TFSEARCHI.htm!l and http://tfbind.ims.u-tokyo.ac.jp), there
are several transcription factor binding sites in the core promoter
region of ILT2/4 (Fig. 1A). Position 1 is a GC-box known to in-
teract with Spl family proteins, positions 2 and 3 have MZF-1-
binding motifs, and position 4 has a GATA family-binding motif.
To identify the cis-elements precisely, site-directed mutants of
each position as well as 5’-deletion mutants were generated and
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FIGURE 2. Promoter analysis of ILT2 and IL.T4. A, Reporter assays on
5'-upstream regions of IL.T2 and ILT4. THP-1, Jurkat, and 293 cells were
transfected with a series of luciferase reporter constructs containing the
5’-flanking DNA of ILT2 and ILT4 genes. The relative light units (RLU)
are shown after normalization against activity of the pRL-TK internal con-
trol vector. The RLU of promoterless pGL3-Basic are shown ((7]). The
mean * SD from quadruplicates are indicated. B, Analysis of minimal
regions of ILT2 and ILT4 promoters. THP-1, U937, and K562 cells were
transfected with reporter constructs of 5'-deletion or substituted mutants as
illustrated, and luciferase activities were measured (RLU *+ SD).

tested in three myeloid cell lines (Fig. 2B). Although the effects of
mutations varied in the cell lines tested, mutation or complete de-
letion of position 2 consistently led to a large reduction in tran-
scriptional activities of both ILT2 and ILT4 down to almost the
basal level. ILT2 position 1 was as influential as position 2 in
K562, whereas it was less effective in THP-1 and U937. Position
1 of ILT4 had no effect or only minor effects on transcriptional
activities in THP-1 and U937. In K562, abrogation of position 1
caused a >50% decrease in IL'T4 transcriptional activity, although
it was less effective than position 2. Mutation of either position 3
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or 4 had no consistent or significant effect on promoter activities.
Taken together, these data suggest that position 2 is the essential
cis-element for the basal transcription of TLT2/4 genes, whereas
position 1 has less effect, especially in ILT2.

Nuclear factors involved in ILT2/4 trans-activation

ILT2/4 position 2, the most important cis-element, is thought to
interact with MZF-1, which is present as two splice variants,
MZF-1A and MZF-1B (14). However, even using overexpressed
nuclear extracts, we failed to detect binding of MZF-1 to position
2 (data not shown). Because position 2 also has an ets family
transcription factor-binding motif, GGA(A/T) (Fig. 14), we per-
formed supershift EMSA with anti-Ets family Abs (Fig. 34). In
THP-1 and U937, nuclear proteins formed large complexes with
the position 2 probe, but not with a mutant probe (Mu2). Most
complexes were supershifted by anti-PU.1 (lane 4). Nuclear ex-
tracts from Jurkat formed few bands, which were weakly super-
shifted by anti-Ets1/2 (lane 2). Next, to examine the proteins bind-
ing to ILT2/4 position I, EMSA was peirformed using THP-1
nuclear extracts (Fig. 3B). II.T2 position 1 nucleotides formed sev-
eral bands, and high m.w. bands were supershifted by anti-Sp1 and
-Sp3 (left columns, lanes 2 and 3), and most bands were totally
eliminated by adding anti-Sp1 and -Sp3 together (lane 4) or in the
presence of an excess amount of Spl consensus oligos (lane 5).
ILT4 position 1 nucleotides showed similar binding specificities,
although they were less clear (right columns, lanes 1-6). Consid-
ering that the sequence of position ! was slightly different in ILT2
and ILT4 (Fig. 1A4), and position 1 of ILT2 was more influential
than the same position in ILT4 (Fig. 2B), some differences in bind-
ing properties must exist. For this reason we further tested com-
petition and supershift EMSA using the ILT2 position 1 probe with
a 100-fold excess of cold ILT4 position 1 nucleotides and vice
versa (Fig. 3B, lanes 7-12). Despite competition with excessive
ILT4 position 1 nucleotides, significant amounts of Spl family
proteins were still bound to the ILT2 position 1 probe, as shown by
supershifts with anti-Sp1, anti-Sp3, or both (left columns, lanes
8-10) and competition with Spl consensus oligos (lane 11). In
contrast, ILT4 position 1 probe did not show any binding of Spl
family proteins in competition with ILT2 position 1 nucleotides
(right columns, lanes 7-12). These findings suggest that the affinity
of ILT2 position 1 to Spl family proteins was much higher than
that of ILT4 position 1.

Next, cotransfection studies were conducted. When PU.1 was
introduced into PU.1-negative Jurkat cells, a large trans-activation
of ILT2/4 promoters was observed (except for mutants at position
2 (Mu2); Fig. 3, C and D). MZF-1 and Spl essentially failed to
trans-activate the II'T4 promoter (Fig. 3C), whereas Spl cotrans-
fection induced a slight increase in ILT2 promoter activity and had
additive effects to PU.1 on trans-activation in Jurkat (Fig. 3D, left
panel). Cotransfection of Spl was as effective as PU.1 in THP1
cells, which possess endogenous PU.1 (Fig. 3D, right panel). To-
gether the data show that PU.1 functioned as a potent zrans-acti-
vator of ILT2/4 genes, but Spl had a weak and selective role. To
further confirm the importance of the former, PU.1 dominant-neg-
ative mutants (PU.1-DN) were transfected into THP-1 cells (Fig.
3E). PU.1-DN caused a large reduction of ILT2/4 promoter activ-
ity by competition with endogenous PU.1.

Promoter analysis of ILT1

Transcription of ILT1 is injtiated at the corresponding first intronic
region of ILT2/4, whereas the 5'-upstream region of ILT1 has a
sequence highly homologous to exon 1 of ILT2/4 (Fig. 14). It is
noteworthy that the genomic sequence of ILT1 distal from —525
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is completely different. As shown in Fig. 44, a series of constructs
with the 5'-flanking region of ILT1 truncated up to ~73 demon-
strated significant transcriptional activity in THP-1, but very little
in 293 and Jurkat. Moreover, constructs containing —663 to —484
or —763 to —484 corresponding to ILT2/4 promoter regions had
no promoter activity, corroborating the evidence that ILT1 does
not have a 5'-untranslated exon. Thus, the ILT! core promoter
exists within the proximal ~73 bp located at the intronic region of
ILT2/4. According to a database search, there are three putative
transcription factor binding sites, which we designated positions 5,
6, and 7 (Fig. 14). They were predicted to interact with the Ets,
Runx, and HSF families of transcription factors, respectively. Lu-
ciferase assays were performed with 5'-deletion and site-directed
mutants introduced into the ILT1 core promoter (Fig. 4B). In all
cell lines tested, mutation or deletion of position 5 caused profound
defects in promoter activity. Mutation of position 6, adjacent to
position 5, also led to a large decrease. In contrast, mutation of
position 7 led to a 50% reduction in THP-1 and K562, but no
reduction in U937. These findings indicate that positions 5 and 6
are the essential cis-elements in the ILT1 promoter, whereas po-
sition 7 functions only in certain cells.

Transcription factors that activate the ILT1 promoter

EMSA was conducted to identify transcription factors acting in
ILT1. Because positions 5 + 6 are in close proximity, oligonucle-
otides consisting of both positions were used as a probe (Fig. 5A,
lanes 1-4). A large amount of nuclear proteins formed complexes
with the position 5+6 probe and were supershifted by anti-PU.1 or
anti-Runx1 (small arrow, lanes 2 and 3). Relatively low m.w.
bands were all shifted and disappeared by adding anti-PU.1 (lanes
1 and 2), whereas Runx!-containing complexes were adsorbed in
the high density bands and could not be detected before the su-
pershift (lanes I and 3). To confirm the Runx! binding to position
6, probes with a mutation at position 5 (MuS+6) or containing
only position 6 were generated to eliminate position 5 binding
proteins and were then subjected to supershift assays. Relatively
high m.w. bands were clearly erased and supershifted by anti-
Runx1 (lanes 5~ 8). It must also be noted that by adding anti-PU.1
and anti-Runx1 together to the position 5+6 probe, most binding
complexes were further supershifted to the highest position (large
arrow, lane 4), suggesting that the majority of PU.1 and Runx1
formed complexes with one another.

Position 7 is a heat shock element with an NGAAN motif (Fig.
1A4). EMSA revealed that a high m.w. complex was formed with
the position 7 probe in a heat shock-dependent manner (Fig. 5B).
In NIH-3T3 cells, complexes were totally supershifted with anti-
HSF1 and partially supershifted with anti-HSF2 (lanes 3, 6, 8, and
9). In contrast, in THP-1, the HSF2-containing complex already
formed, albeit in small amounts, with nuclear extracts from non-
heat-shocked samples (small arrow, lane 13). This may explain the
results of luciferase assays indicating that mutation of position 7
halved the promoter activity without heat shock treatment of
THP-1 (Fig. 4B). After heat shock, a large amount of heat-respond-
ing proteins, recognized by anti-HSF1 Ab and competed agaiast by
specific competitor oligonucleotides, overwhelmed and replaced
the HSF2-containing complex (Fig. 5B, lanes 14-17).

To define the significance of these transcription factors, we per-
formed cotransfection and heat shock experiments. Cotransfection
of PU.1 or Runx! separately with the ILT1 —73 reporter plasmid
resulted in a small increase {~1.3-fold) over background activity,
but double transfection of PU.1 and Runx1 together had a marked
effect (Fig. 5C). In addition, expression of PU.1-DN induced a
remarkable decrease in luciferase activity. Cotransfection did not
modulate the activity of the mutant at position 5 (Mu5) or of Basic.
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FIGURE 3. A, EMSA of ILT2/4 position 2. ILT2/4 position 2 and mutant (Mu?2) probes were labeled and incubated with nuclear extracts from THP-1,
U937, and Jurkat cells. Anti-Ets1/2 (lanes 2 and 6), anti-Elk (lanes 3 and 7), and anti-PU.1(lanes 4 and 8) were used for supershift assays. Reactions were
separated on gels for 90 min (THP-1, U937) or 70 min (Jurkat). B, EMSA of ILT?2 position 1 and ILT4 position 1. Nuclear extracts of THP-1 were used.
Anti-Spl (lanes 2 and 8), anti-Sp3 (lanes 3 and 9), or both (lanes 4 and 10) were added for supershift, and Spl consensus (lanes 5 and 11) or mutant
oligonucleotides (lanes 6 and 12) were added for competition. In addition, a 100-fold excess of cold ILT4 position 1 oligonucleotides was mixed with the
labeled ILT2 position 1 probe for competition and vice versa (lanes 7-12). Gels were run for 70 min. C, Trans-acting candidates -PU.1, Spl, MZF-14,
and MZF-1B were cotransfected into Jurkat with ILT4 reporter constructs. The relative light units (RLU) of transfectants with reporter plasmids and
backbone vectors was set at 1, and fold increases in transcription factor transfectants are shown (mean * SD). D, Reporter assays of ILT2 with transcription
factors. Spl, PU.1, or both were cotransfected into Jurkat (left panel) and THP-1 (right panel) with ILT2 constructs. The fold increase in RLU against
backbone vector transfectants is shown. E, Effect of PU.1 dominant negative forms. PU.1AAD and PU.1-Ets were generated and used for cotransfection

assay. RLU with only reporter plasmids was set at 1, and relative activities of cotransfectants are shown (mean * SD).
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FIGURE 4. Promoter analysis of ILT1. A, Reporter assays on the 5'-
upstream region of ILTL. In the same manner as described in Fig. 24,
THP-1, Jurkat, and 293 cells were transfected with a series of constructs
containing the 5'-upstream region of ILT1. —663 to —484 and ~763 to
—484, corresponding to promoter regions of ILT2/4, are shown as light
gray bars. Results are expressed as relative light units (RLU) * SD of
quadruplicate determinations. B, Core promoter analysis of ILT1. THP-1,
U937, and K562 cells were transfected with 5'-deletion or substituted mu-
tants of the ILT1 minimal promoter as illustrated, and luciferase activities
were measured (RLU * SD).

Together with EMSA analysis, these results suggested that PU.1
and Runx1 functioned cooperatively to trans-activate the ILT1
promoter. Immediately after heat shock, luciferase activities were
reduced to one-third because protein synthesis was shut off (Fig.
5D, upper panel). However, luciferase activity of ILT1 —73 rose
and reached a maximum after 2 h recovery at 37°C, showing a
1.5-fold increase compared with the untreated control. This rapid
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increase was not observed in the position 7 mutant (Mu7), We also
investigated the effect of heat shock by quantitative, real-time PCR
(Fig. 5D, lower panel). After 1-h heat shock treatment and 2-h
recovery, only ILT1 increased significantly by ~3-fold in the mes-
sage level.

Chromatin modification involved in ILT transcription

Because cis- and trans-interaction in the core promoter is not the
sole element controlling gene expression, the B cell lines C1R and
721.221 did not express ILT4 despite possessing endogenous PU.1
(Fig. 6A, upper panel). Even after overexpression of PU.1 by
transfection, ILT4 was still negative in C1R and Jurkat (lower
panel). The discrepancy between reporter gene assays and endog-
enous transcription of ILT4 suggested that transcriptional activa-
tion was controlied by a higher order chromatin structure. Eukary-
otic gene activation is dependent on chromatin modifications that
facilitate access of rrans-factors to cognate DNA binding sites. The
amino-terminal tails of core histones are subjected to a large num-
ber of covalent modifications, including phosphorylation, acetyla-
tion, methylation, and ubiquitination. Histone acetylation, the best-
described of these modifications, is positively correlated with
transcriptional activation. In genomic DNA, the most relevant
modification is cytosine methylation at CpG dinucleotides. Meth-
ylation of the promoter region CpG islands is associated with tran-
scriptional silencing of imprinted genes. To examine the involve-
ment of chromatin remodeling in ILT gene expression, THP-1 and
CIR cells were treated with AZA (which promotes demethylation
of CpG sites) or TSA (which inhibits histone deacetylases) and
then subjected to RT-PCR analysis. As shown in Fig. 6B, a slight
increase in ILT3 expression was observed in THP-1 after AZA
treatment, but significant effects of AZA on the expression of the
other IL'Ts were not observed, and ILT4 was still negative in C1R.
In contrast, the IILT4 mRNA was markedly elevated after TSA
stimulation in THP-1, although the message level of ILT1 to -3 did
not increase greatly in either cell line (Fig. 6C). Surprisingly, after
TSA treatment C1R now did express ILT4, albeit at very low
levels (Fig. 6C, lower panel). To confirm that histone acetylation
controls chromatin accessibility and transcription of ILT4, chro-
matin immunoprecipitation experiments were performed (Fig.
6D). After immunoprecipitation with anti-PU.1, -AcH3, and
-AcH4, purified DNA was amplified by PCR to detect the core
promoter regions of [LT2 (—159 to —10) and ILT4 (— 161 to — 10)
and also the upstream regions of the core promoter in ILT2 (—688
to —493) and ILT4 (—671 to —497). The ILT2 core promoter
locus (—159 to —10) was amplified comparably from precipitates
of all four cell lines. In contrast, the IL'T4 core promoter locus
(—161 to —10) was markedly amplified in precipitates from the
myeloid cell lines THP-1 and U937, but very little or not at all in
the B cell lines CIR and 721.221. These results demonstrated that
high levels of histone acetylation and chromatin opening at the
ILT?2 core promoter locus were present in both myeloid and B cell
lines, but at the IL'T4 core promoter locus these were largely lim-
ited to myeloid cell lines. In contrast, when immediate upstream
regions of the core promoter locus were amplified from anti-AcH4
precipitates, no major differences were observed between myeloid
cell lines and B cell lines or between ILT2 (—688 to —493) and
ILT4 (—671 to —497). Thus, the ILT4 core promoter locus was
hypoacetylated in nonmyeloid cell lines, but the lower levels of
acetylation were not present across the entire ILT4 locus. Taken
together, these findings indicate that ILT4 transcription is strictly
regulated by histone acetylation that facilitates chromatin accessi-
bility of the core promoter locus.
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FIGURE 5. A, EMSA of ILT1 position 5 and position 6. THP-1 nuclear extracts were incubated with a probe of ILT1 positions 5+6 (lanes 1-4), Mu5+6
(substituted mutation at position 5; lanes 5 and 6), or position 6 (lanes 7 and 8). Supershift EMSA was performed using anti-PU.1 (lanes 2 and 4) and
anti-Runx1 (lanes 3, 4, 6, and 8). Gels were run for 90 min. B, EMSA of ILT1 position 7. NIH-3T3 and THP-1 cells were heat-shocked for the indicated
period, and nuclear extracts were subjected to EMSA. Anti-HSF1 (lanes 2, 5, 8, 12, and 16) and anti-HSF2 (lanes 3, 6, 9, 13, and 17) were used for
supershift, and oligonucleotide binding to HSF were used for competition (lanes 17 and 15). Samples were separated on gels for 70 min (NTH-3T3) and
240 min (THP-1), respectively. C, Expression vectors of PU.1, Runx1, and PU.1-DN were cotransfected into THP-1 cells with reporter plasmids. Relative
activities of cotransfectants against backbone vector transfectants are shown (mean * SD). D, One day after transfection with ILT1 reporter constructs,
THP-1 cells either were heat-shocked for 1 h, followed by recovery at 37°C in the time course, or were not heat-shocked. The relative light units (RL.U)
of untreated samples was set at 1, and the relative activity of heat-shocked samples is shown (mean = SD; upper panel). After 2-h recovery from heat shock,
RNA was extracted from THP-1, and quantitative, real-time PCR was performed. The quantity of specific gene product was normalized to GAPDH, and
the differences are expressed as fold increases over untreated samples (lower panel).

HCMV strongly trans-activates ILT2 and ILT4 expression less, if any. To clarify the mechanism of HCMV-induced up-reg-
ulation of ILTs, we performed luciferase assays with cotransfec-
tion of HCMV IE expression vectors (Fig. 6F). IE1 alone slightly

up-regulated all promoter activities, whereas IE2 alone did so less

It was recently reported that increased cvoression of ILT2 was
evident in patients who developed HCMV disease after lung trans-
plantation. This elevation was observed several weeks before virus

DNA could be detected in serum and might be an early identifi-
cation of HCMV disease (11). In addition, it was demonstrated that
murine Ig superfamily gp49B inhibitory receptors, homologues of
KIR, were up-regulated on NK cells after murine CMV infection
(15). HCMV IE proteins, IE1 and IE2, either independently or
synergistically, are reported to activate the transcription of many
cellular genes by direct binding to DNA or interaction with tran-
scription factors such as Sp1, TBP, p300, c-Jun, and PU.1 (16-20).
Therefore, the expression of ILTs could also be modulated by
HCMYV infection through IE-mediated trans-activation. As previ-
ously reported, THP-1 and U937 could not be productively in-
fected, but successfully expressed IE genes 48 h after virus expo-
sure (Fig. 6E). After infection, significantly higher levels of ILT2
and ILT4 expression were observed. At the same time, the effect of
HCMYV infection on ILT1, ILT3, or B-actin expression was far

effectively. However, IE1 and IE2 synergistically frans-activated
ILT2 and ILT4 promoters to a significant degree, but this was not
observed in ILT1. These results were compatible with RT-PCR
analysis, supporting the evidence that HCMV largely enhanced
transcriptional activity of ILT2 and ILT4 genes through IE
expression.

Discussion

In the present study we have demonstrated the importance of PU.1
in trans-activating all ILT promoters investigated. PU.1 (also
termed Spi-1) is a hemopoietic-specific ets family transcription
factor required for the development of both myeloid and lymphoid
lineages (21-25). PU.1 expression is detectable even in multipo-
tent hemopoietic stem cells and is up-regulated during myeloid and
B cell differentiation. Considering that there are a number of genes
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FIGURE 6. Other factors that modulate ILT transcription. A, RT-PCR analysis. ILT2, ILT4, and PU.1 were amplified from cDNA of THP-1 (lane 1),
U937 (lane 2), CIR (lane 3), and 721.221 (lane 4). Amplified B-actin is shown as a control (upper panel). CIR and Jurkat transfected with PU.1 were also
subjected to RT-PCR (lower panel). B, THP-1 and C1R cells were incubated in the presence of 0, 1, or 5 uM AZA for 48 h, and RT-PCR analysis was
performed. ILT1 to -4 genes were amplified from synthesized cDNA that was serially diluted. C, THP-1 and CIR cells were either treated with TSA (100
ng/ml) for 15 h or left untreated, followed by RT-PCR analysis. D, ChIP assay. Abs to PU.1, AcH3, and AcH4 were used for chromatin immunoprecipitation
from THP-1, U937, CIR, and 721.221. PCR was performed to amplify the core promoter regions of ILT2 (—159 to —10) and IL'T4 (—161 to —10) and
their upstream regions in ILT2 (—688 to —493) and ILT4 (—671 to —497) from serially diluted samples. Input corresponded (Figure legend continues)



