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p53is an Important Regulator of CCL2 Gene Expression
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Abstract

The p53 protein is a sequence-specific DNA-binding factor that regulates inflammatory genes
such as CCL2/MCP-1 that may play a role in various diseases. A recent study has indicated that
the knockdown of human p53 leads to a strong negative regulation of CCL2 induction. We are
therefore interested in how p53 regulates CCL2 gene expression. In the following study, our
findings indicate that UV-induced p53 accumulation in mouse macrophages significantly
decreases LPS-induced CCL2 production, and that p53 binds to CCL2 5’UTR in the region
(16-35). We also found that a p53 domain (p53pep170) mimics full length p53 to down-regulate
CCL2 promoter activity. Treatment of p53-deficient mouse primary macrophages with synthetic
p53pepl70 was found to decrease LPS-induced production of CCL2 without association with
cellular endogenous p53. CCL2 production induced by lentiCLG in human monocytes or mouse
primary macrophages was blocked in the presence of p53pep170. Overall, these results
demonstrate that p53 or its derived peptide (p53pep170) is an important regulator of CCL2 gene
expression viaits binding activity, and acts as a novel model for future studies linking p53 and its
short peptide to pave the way to possible pharmaceutical intervention of CCL2-mediated
inflammatory and cancer diseases.
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INTRODUCTION

It is well known that p53 regulates apoptotic signaling pathways. Isoforms of human p53
with alternative translation initiation sites have been studied [1-3]. Aberrant expression of
these isoforms occurs in a variety of tumors [4-6]. A mouse expressing an N-terminal
deletion mutant of p53 (A122p53) has been recently used to /n vivo explore the functions of
p53 isoform for tumor development and has been found to be involved in the increased
serum concentrations of interleukin-6 and other proinflammatory cytokines and lymphocyte
aggregates in the lung and liver, as well as other pathologies [7]. Besides its role as a tumor
suppressor, deficiency or mutation of p53 has also been linked to autoimmune disorders [8,
9] as well as lung inflammation [10]. As certain cancers are caused by chronic
inflammation, regulation of inflammation may ultimately lead to tumor suppression [11, 12].
However, the potential role of p53 in the regulation of inflammatory genes of chronic lung
disease [10, 13, 14] needs to be investigated further.
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It is well known that chemokines and chemokine receptors are involved in a variety of
inflammatory disorders [15-17]. CCL2 (also known as MCP-1) has been suggested as a
potential therapeutic target in inflammatory diseases due to the gene’s several-fold
production increase in the peripheral blood, synovial fluid, and synovial tissue of patients
[18]. CCL2 is also suggested to be a potent mediator of monocytes/macrophages as these
cells have been shown to be directly involved in the induction and perpetuation of synovitis
and subsequent joint destruction in rheumatoid arthritis [19, 20]. Macrophages/monocytes
modulated by the CCL2/CCR2 axis have been recently found to be key players in the
pathology of many human glomerular and tubulointerstitial diseases [21]. CCL2 has been
found to be a regulated gene at the protein level and elevated in cancer cells [22]. Inhibition
of CCL2 during tumor development resulted in decreased tumor volume in tumor-bearing
mice [23]. Thus, the inhibition of elevated CCL2 production may provide a new therapeutic
intervention in CCL2-induced inflammatory and cancer diseases [24]. Additionally, the
transcriptional mechanisms of the CCL2 gene have been studied. The binding of
transcription factors such as SP1 and NF B in the proximal region regulate basal CCL2 gene
transcription in response to LPS stimulation [25-30].

We have previously shown that p53 is involved in inflammatory gene expression via
regulation of its promoter activity [31, 32]. Additionally, a recent study has indicated that
the knockdown of human p53 leads to a strong negative regulation of CCL2 induction [33].
Therefore, we are interested in the involvement of p53 in CCL2 gene expression.

In the present study, we found that UV-induced p53 accumulation in mouse macrophages
significantly decreased LPS-induced CCL2 production, and that p53 naturally occurs in a
cell by way of protein-DNA interaction with CCL2 5’UTR&promoter. In order to further
investigate whether p53 is involved in CCL2 transcriptional activity, we analyzed CCL2
5’UTR& promoter, along with its derived DNA constructs. We found that the specific
binding site for p53-CCL2 interaction is located in the region of CCL2 5’UTR& promoter
(16-35), and that a p53 domain (aa 162-170: KSQHMTEVYV, named p53pepl170) mimics
full length p53 to down-regulate CCL2 promoter activity. Treatment of mouse primary
macrophages with synthetic p53pep170 was found to decrease LPS-induced production of
CCL2 and cytokines such as TNF-a and IL-15. Using macrophages (p537") from p53-
deficient mice, we found that p53pep170 played an essential role in the inhibition of CCL2
production without association of cellular endogenous p53. In the presence of synthetic
p53pepl70, infection of lentiviral CCL2 (LentiCLG) was significantly blocked in human
monocytes and mouse primary macrophages. These results suggest that p53, or its derived
p53pepl70 peptide, is an important regulator of CCL2 gene expression. This study may
pave the way for future studies linking p53 and its short peptide to possible pharmaceutical
intervention of inflammatory diseases and cancer mediated by CCL2.

MATERIALS AND METHODS

Cell Culture

All bacterial cloning constructs used Escherichia coli strain Top10 (Invitrogen). U20S
(Human osteosarcoma) cells from American Type Culture Collection (ATCC, Manassas,
VA) and A549 (Human lung cancer cells from ATCC) were grown in DMEM with 10%
fetal bovine serum (FBS) and maintained in a 37°C humidified atmosphere containing 5%
CO,. Mouse primary macrophages elicited by i.p. thioglycollate were obtained from
C57BL/6 mice (The Jackson Laboratory) or p53-deficient mice (bred by our lab) and
purified by conventional methods [34]. The human monocytes were purchased from
Advanced Biotechnologies Inc (ABI, Columbia, MD). Both mouse primary macrophages
and human monocytes were grown in RPMI medium 1640 supplemented with 10% FBS and
maintained in a humidified atmosphere of 5% CO, at 37°C.
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Breeding p53-Deficient Mice

Mice with p53 heterozygous type (129S2-Trp53tm1TYj/J, The Jackson Laboratory, Bar
Harbor, ME) were bred to generate a number of wild-type as control, or homozygous p53-
deficient mice following BU IACUC instructions (Protocol number: AN-15138).

Establishment of a Stable Cell Line

1x108 A549 cells were infected with MOI:2 of LentiCLG (as described below in Section 3,
DNA constructs) for 3 days. A single cell containing CCL2 5’UTR&promoter/CCL2/
luciferase/GFP was screened and transferred into a new plate until enough cells (About
10-100 cells) were grown. The stable lung cancer cell line with biological markers
(luciferase and GFP, driven by CCL2 5’UTR&promoter enhance element) was confirmed
by luciferase assay, microscopy-based observation, and PCR. Cells were collected and
named A5CLG. Cells were grown in DMEM with 10% FBS and maintained in a 37°C
humidified atmosphere containing 5% CO,.

DNA Constructs

Primer pairs used for PCR of DNA constructs are shown below (Table 1) and all cloned
DNA were confirmed by DNA sequencing. 1. The clone mp53wt, which contains a full-
length mouse p53 gene (aa 1-391) was provided by OpenBiosystems. A series of mouse p53
wild type or deletions was generated by PCR. For A-ALONE, B-ALONE or C-ALONE,
they were added with one methionine (M) for initiation and one stop codon at the end. For
mp53-dB, mp53-dC or mp53-muB, the first and second PCR-generated DNA fragments
were diluted to 1ng per reaction and re-amplified by PCR with the primer pairs 5’-
atgactgccatggaggagtc-3’ and 5’-tcagtctgagtcaggeccca-3’. A full-length mouse CCL2 gene
(BC145867) was generated by PCR with 1ng of mouse cDNA (Provided by
OpenBiosystems) as template. Finally, all PCR fragments above were inserted into
pcDNA3HA [35]. 2. A series of truncated mouse CCL2 5’UTR&promoter DNAs
(GQ917241) and IL-1p 5’UTR DNA fragment (X04964) was generated by PCR with mouse
genomic DNA (Clontech) as template and appropriate primer pairs, as shown in the
following table. All PCR products of reporter DNAs (CCL2 5’UTR&promoter or IL-1B
5’UTR) were purified and inserted into pGL3-basic vectors.

3. Recombinant lentivirus. A mouse CCL2 5’UTR& promoter DNA (GQ917241) as
template with the primer pairs: 5’-ggatcccaacttccactttccatcac-3’ and 5’-ctcgaggg
tggtggaggaagagagag-3’, a mouse CCL2 in-frame DNA (BC145867) as template with primer
pairs: 5-CTCGAGATGCAGGTCCCTGTCAT-3’ and 5’-
AAGCTTCTAGTTCACTGTCACACTG-3’, or a luciferase in-frame DNA (pGL3-basic
plasmid, Promega) with primer pairs: 5’-AAGCTTATGGAAGACGCCAAAAAC-3’ and
5’-GGGCCCTTACACGGCGATCTTTCC-3’ (The underlined sequences are tagged
enzymes: BamHI, Xhol, Hindlll or Apal) were generated by PCR. The PCR-amplified DNA
fragments were digested with enzymes (BamH]I, Xhol, Hindlll, or Apal) and ligated with T4
ligase. The ligated DNA fragment was recovered and inserted into pLenti6.3/\V5-TOPO
vectors (Invitrogen). The real cloned DNA with the right size and right orientation was
screened and confirmed by DNA sequencing. The cloned DNA (CCL2 5’UTR&promoter/
CCL2/luciferase/GFP) was co-transfected with ViraPower Packaging Mix (Invitrogen) into
293FT producer cells by using Lipofectamine 2000 (Invitrogen) and cultured at 37°C, 5%
CO,, for 2-5 days. The viral pellet from its supernatant was harvested and suspended in an
appropriate volume of PBS. The titer (1x108pfu) of viral particles (Named lentiCLG) was
measured following manufacturer’s instructions. 4. Control lentivirus. pLenti6.3/\VV5-TOPO
as backbone DNA without CCL2 insert fragment was co-transfected with ViraPower
Packaging Mix into 293FT producer cells by using Lipofectamine 2000 and cultured at
37°C, 5% CO,, for 2-5 days. The viral pellet from its supernatant was harvested and
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suspended in an appropriate volume of PBS as described above. The titer (1x108pfu) of viral
particles (named Lenti6.3virus) was measured following manufacturer’s instructions.

Luciferase Assay

ELISA

Overnight precultured or freshly splitting cells were used for luciferase assay with a
commercial kit (Cat#: E1500, luciferase reporter assay system, Promega) according to the
protocol provided by the manufacturer.

Medium from cells was analyzed by ELISA with the commercial Kits (Cat#KMC0012 for
IL-1B or Cat#KMC 1011 for CCL2, Invitrogen) following manufacturer’s instructions.

Bio-Plex Cytokine Assay

Mouse primary macrophages (1 x 106) were treated with 0.1 pg/ml £, coli LPS, 100 ug/ml
SCpep, 10 pg/ml p53pep170, or 100 pg/ml p53pepl70. Cells were then incubated overnight
in RPMI 1640 supplemented with 10% FBS at 37°C and 5% CO,. Culture supernatants
were harvested and centrifuged at 1,500 x g to remove cell debris. Concentrations of several
cytokines and chemokine (CCL2) were measured for both the treated and untreated cell
condition. The immunoreactivity was quantified by Bio-Plex 200 System (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions (MPXMCYTO-70K, Millipore)
and then graphed.

IP-p53 Constructions

U20S cells (1 x 10%) were respectively transfected with individual p53 construction DNA
using Lipofect-amine 2000 (Invitrogen) for 3 hrs, washed with PBS, and cultured overnight.
The protein from treated cells was extracted with lysis buffer (Promega) and immuno-
precipitated (IP) with HA plus IgG and a Protein A/G Plus-Agarose (sc-2003, Santa Cruz
Biotechnology) following the manufacturer’s instructions. The IP protein from each
concentration was used for EMSA.

Western Blot Analysis

DNA Probes

EMSA

Cell lysate from each experimental group was detected by Western blotting with antibodies
against actin (C-11, Santa Cruz) or p53 (FL-393-G, Santa Cruz). Protein band intensity was
analyzed using VersaDoc Imaging System model 4000MP with Quantity One Quantitation
Software version 4.6.3 (Bio-Rad).

A double stranded nucleotide of cl2/p53oligo (5’-ggaggaaggccagceccagcea-3’) or SColigo, the
control with scrambled DNA sequences (5’-gtctcaaagatggtgca gacgca cgag-3’) was
synthesized and then radiolabeled with [y32P]JATP using T4 polynucleotide kinase
(Promega) following the manufacturer’s instructions. The labeled double-stranded DNA was
purified using G-50 Sephadex columns (Boehringer, Ingelheim, Germany) and precipitated
with ethanol. After centrifugation, the DNA was suspended in 10 yL water, measured for
cpm/L and used as probes for electrophoretic mobility shift assay (EMSA), as described
below.

A commercial kit, Gel Shift Assay System (Promega), was used. IP-proteins used for EMSA
were prepared as described above. The protein level of each IP-protein was confirmed by
Western blot. A reaction mixture for EMSA contained 1 x 10° cpm/uL of radiolabeled
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double-stranded DNA probe (cl2/p53oligo or SColigo), 1ImM DTT, 1 pg of each IP-protein
(omitted from control), 2 pL of 5X binding buffer (Promega), and nuclease-free water to
achieve a final volume of 10 pL. Mixtures were incubated at room temperature for 20 min,
followed by electrophor-esis on nondenaturing 6% polyacrylamide gels in Tris-borate-
EDTA buffer [90 mmol/L Tris-borate/2 mmol/L EDTA HEPES (pH 8)]. To evaluate the
specificity of p53-CCL2 interactions, supershift was performed. 1ug anti-body (antiHA,
sc-805, Santa Cruz) was mixed with IP-protein in binding buffer without probe for 30 min at
room temperature, and then 32p-labeled probe was added with or without 1 pmol of cold
competitor, and incubated for 30 min. The reaction was electrophoresed on 6% polyacryl-
amide gels. The gel was dried and exposed to a SynGene BIO Imaging system (Frederick,
MD). The signal was further improved by Photoshop (Adobe).

Isolation of Chromosomal DNA

DNA was isolated from A5CLG cells, or A549 cells as control, using a commercial kit
(QuickGene DNA tissue kit, Fujifilm) based on the manufacturer’s instructions.

Chromatin Immunoprecipitation (ChlP)

Assay was performed with some modifications using a commercial kit (Cat#: 53009, ChlP-
IT Express Enzymatic, Active Motif). 1x108 ASCLG cells or A549 cells as control were
transfected with 1ug of p53 DNA overnight. The 10 pg nuclear extracts (NE) as input from
the cross-linked cells were immunoprecipitated (IP) with 1ug p53 antibody (FL-393-G,
Santa Cruz) or 1ug normal 1gG as control at 4°C for 4 hrs. DNA from each experimental
group (Input or IP) was isolated by elution, reverse cross-linking and Proteinase K treatment
according to the manufacturer’s instructions. The DNA was then used as a template to
perform PCR with primer pairs, primerA+primerB (Fig. 4A) for amplification of a 210bp
DNA fragment of CCL2 5’UTR&promoter or primerA+primerD for amplification of a
410bp DNA fragment of CCL2 5’UTR&promoter+ cDNA or GAPDH primer pairs
(Invitrogen) as control.

RNA-Immunoprecipitation (RNA-IP)

Peptides

Assay was performed with some modifications. 1x108 ASCLG cells or A549 cells as control
were exposed to UV radiation (15mJ/cm?) and harvested 2 hrs after UV exposure. To avoid
potential DNA contamination, the lysate as input from the cross-linked cells was treated
with RNase-free DNase for 30min, washed three times with PBS, and then
immunoprecipitated with 1ug p53 antibody (FL-393-G, Santa Cruz) or 1ug normal IgG as
control at 4°C for 4 hrs. RNAs from each experimental group (input or IP) were isolated by
elution, reverse cross-linked, treated with Proteinase K, and reverse transcribed into cDNA
using iScript (Bio-Rad). The cDNA was then used as a template to perform PCR with a
primer pair (5’-ccttggcaccaagcac-3’ + 5’-ctggtgcetggtgetgg-3”) for amplification of a 120bp
DNA fragment of CCL2 5’UTR& promoter and a GAPDH primer pair (Invitrogen) for a
control.

Synthetic peptides were supplied by Biosynthesis, Inc. (Lewisville, TX). The non-FITC-
labeled or FITC labeled peptide, named p53pep170 or FITC-p53pepl70, consisted of the
p53 sequence KSQHMTEVYV and located in the region (aa 162-170), was synthesized. The
synthetic peptide, named SCpep, consisted of a randomly scrambled sequence
VSKMVQTHE (Medusa Random Sample Generator Software, Randombots.com). The
synthetic peptide, named C-motif, consisted of the p53 sequence RRCPHHERCSDGD and
located in the region from aa 171 to 183. The synthetic peptide, named A-motif, consisted of
the p53 sequence RAMAIYK and served as a negative control peptide and located in the
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region (aa 155-161). For luciferase assay, the synthetic peptides were solubilized in DMSO
and respectively added into U20S cell cultures (5-100ug peptide/3x10° cells/ml) without a
reagent after transfection with CCL2 reporter DNA by Lipofectamine 2000 for 3 hrs. Cells
were incubated overnight and their pellets were collected and assessed. For ELISA, 1x10°
macrophage cells were treated with LPS (0.1ug/ml) for 2 hrs, washed and added fresh
medium, then the synthetic peptides (5-100ug peptide/ml) were added without a reagent and
cells were incubated overnight. The supernatant from each treated cell group was collected
and measured by CCL2/MCP-1 ELISA kit (Invitrogen) following the manufacturer’s
instruction.

Statistical Analysis

RESULTS

All experiments were repeated at least three times. All the data were normally distributed. In
case of multiple mean comparisons, data were analyzed by analysis of variance (ANOVA).
In case of single mean comparison, data were analyzed by Student’s £test. In case of time-
course study, data were analyzed by two-way repeated measure ANOVA, and P values less
than 0.05 were regarded as significant.

Involvement of p53 in CCL2 Production

In order to investigate whether endogenous p53 affects CCL2 gene expression, LPS-treated
mouse primary macrophages were exposed to ultraviolet (UV) radiation according to the
conventional method [36]. As shown in Fig. (1), UV-induced p53 accumulation in wild-type
macrophages was not involved in LPS-induced IL-1-$ gene expression (Fig. 1A, dotted
bars) compared to the control (Fig. 1A), downward diagonal striped bars)). However, UV-
induced p53 accumulation in the same cells from time point 0.5 to 2 hrs significantly
decreased LPS-induced CCL2 production (Fig. 1B, dotted bars) to 42% at 0.5 hr, 44% at
1hr, and 47% at 2hrs compared to the control (Fig. 1B, downward diagonal striped bars).
The analysis of protein from each experimental group of wild-type macrophages by Western
blot (top panel) indicated that cells harvested 0.5 to 2 hours after the UV exposure exhibited
about 3-fold increase in accumulation of endogenous p53 compared to untreated control
cells. To examine if the cellular endogenous p53 protein specifically regulates CCL2 gene
expression, the same dosage exam was performed using p53-deficient macrophages. As
shown in Fig. (1C), treatment of p53-deficient cells with UV radiation (dotted bars) did not
decrease LPS-induced CCL2 production compared to the control (downward diagonal
striped bars). We therefore hypothesized that CCL2 is regulated via p53 binding activity. To
address our hypothesis, U20S cells were co-transfected overnight with IL-1-3-p (mouse
IL-1-B promoter DNA) as negative control or with mcl2pwt (mouse CCL2
5’UTR&promoter DNA) and/or different concentration of mp53WT or mp53-muB as
control (mp53-muB is a p53 mutant that has been shown not to interact with CCL2 5’UTR
in this study, Figs. 3, 5D). mcl2pwt proteins and controls were then analyzed by luciferase
assay. As shown in Fig. (1D), transfection of increasing concentrations of mp53WT from
0.1to 1 pg caused a concomitant decrease in mcl2pwt-mediated luciferase activity
compared to controls, suggesting that overexpression of p53 down-regulates CCL2 promoter
activity.

Determination of p53-CCL2 Binding Site and Binding Domain

To determine which region of CCL2 5’UTR&promoter acts as a binding site for p53,
mcl2pwt (full length 5’UTR&promoter shown in Fig. (2A) and its derived deletions
(mcl2p715, mcl2p515, mcl2p315, mcl2p115 or mel2p53m) were subcloned into pGL3-basic
vector (Fig. 2B). These cloned DNAs were transiently transfected into U20S cells to
confirm their enhancement of luciferase production. The luciferase activity for mcl2pwt was
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assigned a value of 100% as the baseline, and the relative luciferase activities for the others
were: 87.5% for mcl2p715, 93.1% for mcl2p515, 71.5% for mcl2p315, 81.8% for
mcl2p115, and 69% for mcl2p53m. Next, U20S cells were co-transfected with these clones
plus mp53WT or pcDNAS3 (control) overnight and their proteins were assessed by luciferase
assay. As shown in Fig. (2C), the site of CCL2 5’UTR&promoter for p53 binding activity
was located in the region from -115 to 85 because luciferase activity induced by mcl2p115
was significantly down-regulated by p53 overexpression. In addition to the data above, we
located the putative p53 binding site in the region of 16-35 of CCL2 5’UTR (Fig. 2A). In
order to confirm this binding site, U20S cells were transfected with mcl2p53m (site
mutation) alone and/or with mp53WT. As shown in Fig. (2C), no suppression of mcl2p53m-
induced luciferase activity was observed in cells treated with mp53WT compared to the
control, suggesting that this region is specific to p53 binding. To further determine the
binding domain on p53, a series of mouse p53 constructs were created as shown (Fig. 3A)
and respectively transfected into U20S cells. The fusion protein from each group of cells
was immunoprecipitated and used for EMSA as shown in Fig. (3B-E). The [32P]ATP-
labeled double-stranded nucleotide (cl2/p530ligo) was treated with IP-p53 fusion proteins to
test their specific binding activities. The shifted DNA bands as indicated by arrows (Fig.
3B), p53 deletion 7, 8, 13 or wild-type clone 15) showed that cl2/p53oligo binds to IP-
mp53-FB, IP-mp53-FC, IP-mp53-dC or IP-mp53WT. In contrast, mixtures of cl2/p53oligo
with IP-mp53-d1 d5, IP-mp53-FA, IP-mp53-dB or IP-mp53-muB (deletion 1, 2, 3, 4, 5, 6,
12, or 14) did not generate a shifted band, suggesting the lack of a region (aa 162-170). The
specificity of binding was further confirmed by supershift assay. As shown in Fig. (3C), the
signal intensity of the band shift induced by DNA-protein complex due to the interaction of
cl2/p53oligo with IP-mp53-FB, IP-mp53-FC, IP-mp53-dC or IP-mp53WT from deletion 7,
8, 13, or wild-type clone 15 was strongly reduced by adding unlabeled competitor or
antibody, suggesting that the addition of an excess amount of cold probe and antibody
supershifts or blocks CCL2-p53 complex. Additionally, no interaction of DNA probe with
IP-A-, B-, or C-ALONE (Fig. 3D), deletion 9, 10, 11, lane 2, 6, or 10)) could be observed,
perhaps due to the difficulty of detecting protein-DNA interaction with such small molecule
fusion proteins by regular assay. Thus, a modified supershift assay was employed using
them as a competitor of IP-mp53WT as shown (Fig. 3D). The band shift was still observed
after a mixture of IP-mp53WT and IP-A-ALONE (deletion 9, lane 3) or IP-C-ALONE
(deletion 11, lane 11). However, the mixture of IP-B-ALONE (deletion 10, lane 7) with IP-
mp53WT significantly reduced the band shift. This suggests that IP-B-ALONE indeed binds
to the DNA probe and competes IP-mp53WT away from protein-DNA interaction because
IP-B-ALONE is a small molecule and about 40 fold of IP-mp53WT in assay mixture when
they are the same concentration (1 g fusion protein). To further test the specificity of cl2/
p53oligo, EMSA was performed with IP-p53 fusion protein from wild-type clone 15 plus
SColigo DNA probe or cl2/p53oligo probe as the positive control. No band shift was
observed (Fig. 3E, lane 5) compared to the positive control (lane 2). These findings above
suggest that, 1) the site 16-35 of CCL2 5’UTR&promoter is specific to p53 interaction and
2) p53 protein region (aa 162-170) is an important binding domain for p53 binding activity.

Analysis of Interaction of p53 and CCL2 5’UTR& promoter in Cells

To further analyze DNA-protein interaction of CCL2 5’UTR&promoter and p53 in cells, we
have established a stable cell line (named A5CLG) containing the CCL2 promoter-enhanced
cDNAs of a full length CCL2, a full length luciferase and GFP in its chromosome (Fig. 4A).
These integrated DNAs were confirmed by PCR as shown in Fig. (4B). A CCL2
5’UTR&promoter DNA fragment (210bp, No. 2), a CCL2 DNA fragment (200bp, No. 6),
CCL2 5’UTR&promoter plus its cDNA (397bp, No. 4), or a partial-length of luciferase
cDNA (513bp, No. 8) was detected compared to the controls (Nos.1, 3, 5 or 7). A5SCLG or
control cells (A549) were cultured under normal conditions without any stimulation
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overnight. Their cell lysate was then assessed by luciferase assay. As shown in Fig. (4C), a
high concentration of luciferase production in ASCLG cells was detected compared to
control cells, suggesting that ASCLG cells contain the integrated gene in chromosomes and
these artificial genes can be strongly enhanced by CCL2 promoter. Thus, A5SCLG cells were
used to analyze DNA-protein interaction of CCL2 promoter and p53 using chromatin
immunoprecipitation (ChIP). As shown in Fig. (4D), the PCR-amplified DNA fragment of
CCL2 5’UTR&promoter (210bp) was detected in both ASCLG and control cells, suggesting
that p53 occurs in a cell through interaction with CCL2 promoter. To further determine
whether there is any possibility that p53 binds to transcribed CCL2 mRNA, RNA-IP was
performed. As shown in Fig. (4E), no reverse transcription (RT)-PCR-amplified DNA
fragment (120bp) was detected in immunoprecipitation of ASCLG or control cells,
suggesting that p53 does not interact with CCL2 mRNA.

Analysis of Endogenous p53-CCL2 Binding Activity

In order to assess the effect of endogenous p53 on regulation of CCL2 promoter activity
seen above, ASCLG and control cells were exposed to ultraviolet (UV) radiation. The lysate
was collected at different times and used for luciferase assay, Western blot and ChIP. As
shown in Fig. (5A), the luciferase activity of cells harvested immediately after UV exposure
was detected as the control and assigned to the baseline of 100%, the luciferase activity from
A5CLG cells at each time after UV exposure was decreased to 42.8% at 0.5hr, 45.2% at 1hr,
or 47.6% at 2 hrs. The analysis of protein from each UV exposed group of cells by Western
blot (Fig. 5B) indicated that the cells harvested 0.5 to 2 hours after the UV exposure
exhibited about a 3-fold increase in accumulation of endogenous p53 compared to the
baseline. The further ChIP assay showed that UV-induced endogenous p53 occurs in both
A5CLG and control cells through 4- to 5-fold increased interaction with CCL2 promoter
(Fig. 5C) compared to the control. Taken together, the data suggests that increasing
accumulation of p53 decreases CCL2 promoter activity. To further confirm p53 binding
domain and its function, U20S cells were co-transfected with DNAs of mcl2p115 (as a
CCL2 reporter system), and various p53 constructs and extract from each experimental
group were assessed by luciferase assay (Fig. 5D). The promoter activity of mcl2p115 alone
(No. 0) was assigned the value of 100% as the positive control. The CCL2 promoter activity
was nearly maintained by the overexpression of mp53-d1, mp53-d2, mp53-d3, md53-d4,
mp53-d5, and mp53-FA (Nos. 1-6) because their regions are upstream of aa 161. After the
transient transfection of mp53-FB, mp53-FC, mp53-dC or mp53WT, CCL2 promoter
activity was reduced to 30% (No. 7), 32% (No. 8), 48% (No. 13), or 10.8% (No. 15) since
they all contain a region with aa 162-170. Furthermore, B-ALONE containing only 9 amino
acids in the region (aa 162-170) still reduced the value of promoter activity to 34% (No. 10).
However, A-ALONE (No. 9), C-ALONE (No. 11), mp53-dB (No. 12) and mp53-muB (No.
14) were unable to inhibit CCL2 promoter activity because the amino acids 162-170 were
either lacking or mutated (Fig. 3A). This suggests that aa 162-170 plays an important role in
both the binding activity, as well as the inhibition of CCL2 promoter activity. Thus, a short
peptide (Named p53pep170 corresponding to the region aa 162-170 of mp53WT) and a
control peptide (SCpep consisting of randomly scrambled sequence of p53pep170) were
synthesized (Bio Synthesis, Inc.), and the effects of peptide treatments in human or mouse
monocytes on CCL2 production were analyzed.

Analysis of p53pep170-Mediated Cytokine and Chemokine Gene Expression in Response
to LPS Stimulation

To examine whether p53pep170 treatment is involved in LPS-induced cytokine or
chemokine production, Bio-Plex cytokine assay (BioRad) was performed. As shown in Fig.
(6A, B), LPS-induced cytokines (PDGF, IL-15, IL-10, and TNF-a) and chemokine (CCL2)
were significantly reduced by p53pep170 administration (No. 8) relative to the LPS alone as
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the positive control (No. 2). This regulation of cytokines or CCL2 was specific since no
effect of SCpep on LPS-induced gene expression (No. 6) could be observed. Additionally,
no evidence was found on toxicity of peptide treatment in macrophage cells since there was
no significant effect on cell death induced by peptide treatment compared to controls (Fig.
6A). To examine if the p53pep170 is associated with cellular endogenous p53 protein to
regulation of CCL2 gene expression, a dose course test was performed. As shown in Fig.
(6C), the treatment of p53pep170 in mouse primary macrophages from wild-type (White
bars) or p53-deficient mice (Grey bars) caused a decrease (61% for wild-type mice or 54.5%
for p53-deficient mice) in LPS-induced CCL2 production as compared to the controls,
which cements our hypothesis that the p53pep170 is not associated with cellular endogenous
p53 to play an essential role in the inhibition of CCL2 production. To further examine
whether p53pepl70 treatment is involved in suppression of CCL2 gene expression via
down-regulation of its promoter activity, human monocytes (Fig. 6D, panels A-H) or mouse
macrophages (Panels 1-P) were infected with lentiCLG (Panels A-P). The analysis of
fluorescent signals showed that lentiCLG-induced GFP production was significantly
inhibited with addition of 100pug/ml p53pep170 (Panels H&P) compared to the controls
(Panels E, F, M, N). In order to test the effect of p53pep170 on general lentiviral infection,
human monocytes (Panels Q&R) or mouse macrophages (Panels S&T) were treated with
Lenti6.3virus plus 100pg/ml p53pepl70. As no reduction in GFP signal was observed, this
indicates that p53pep170 does not interfere with it.

DISCUSSION

CCL2 is implicated in a wide range of diseases, playing an important role in inflammatory
responses as well as cancer and HIV-related disorders. Patients with autoimmune conditions
[37] and rheumatoid arthritis [38] are found to have elevated levels of CCL2, and studies
have demonstrated that CCL2 is involved in atherosclerotic plague formation [39],
pulmonary hypertension [40], insulin resistance [16, 17, 41] and allergic asthma [42].
Furthermore, CCL2 is linked to the development of carcinomas such as in prostate,
colorectal and breast cancer, as well as metastasis and tumor recurrence [43-46]. In addition,
CCL2 has been found to be involved in HIV-mediated diseases [47, 48]. As CCL2 is
associated with a variety of disorders, several regulatory factors have been found to affect its
production, such as enhancers AP-1, AP-2beta, STAT6, NFKB [49-51], TNF-a [52], Tat
[53], LPS [54], S1P [55], and Nef [56]. There are also a numbers of suppressors, such as
RS102895 [57], p38 or SB203580 [58], HDL [38], and Smad3 [59]. In one study, p53 was
found to be involved in the regulation of CCL2 production in HPV-positive cells [60].
However, there are several areas that need further investigation, such as how p53 regulates
CCL2, what domain of p53 is involved in this regulation, and whether this function is valid
in human monocytes or mouse primary macrophages.

We are interested in the mechanism by which these specific domains regulate the targeted
gene transcription via binding activity. We report that the specific protein/peptide in the
region of p53 aa 162-170, expressed by DNA clones (Fig. 3A, B-ALONE), specifically
interacts with CCL2 5’UTR and causes a significant reduction of its promoter activity (Fig.
5C, No. 10). All other p53 deletions either lacking or containing mutations in amino acid
sequence 162-170 do not affect CCL2 promoter activity. Synthetic peptide for this sequence,
named p53pepl70, is able to reduce CCL2 production in mouse macrophages while peptides
derived from upstream and downstream sequences do not affect CCL2. It is known that
tetramerization of p53 protein contributes to its activation and high binding affinity to DNA
and protein [61-63]. Studies have shown that the tetramerization domain on p53 C-terminal
is important in protein-protein interaction [64, 65]. However, it was found that p53 mutants
lacking the C-terminal still bound to DNA and maintained significant transactivation and
growth suppressor activity [66-69]. In this study, we have observed a similar result that,
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without its C-terminal, a short peptide of p53 alone is able to suppress the CCL2 gene
expression via its binding activity. These results bring forth the possibility of future
investigations looking to uncover the mechanism behind the observed binding and
suppression.

In addition, the comparison of human p53 peptide (p53pep164 [31], with the mouse p53
peptide (p53pepl70) in this study indicates that both peptides are located in the same region
(Sequence-specific DNA-binding site) and are almost homologous in their amino acid
sequences: KQSQHMT for human and KSQHMTVV for mouse. It suggests that this peptide
from either human or mouse p53 plays a major role in the regulation of inflammatory genes.
This finding provides the potential for utilizing an animal model to confirm the /in vivo
effect of p53pep170 prior to its application in a clinical trial.

The various agents used for delivery of small molecules or compounds into cells have been
widely studied [70-72]. But most agents used for molecule delivery into cells or animals will
consequently induce some toxicity or side effects. Thus, delivery of molecule without agents
is an expected method. We have most recently found that the synthetic p53 peptide is easily
taken up by both human THP-1 cells /n vitro and mouse organs in vivo without any
transfection agents even though the mechanism of peptide delivery into the plasma and
nuclear membranes of cells is under investigation [32].

In summary, we found that UV-induced p53 accumulation in mouse macrophages
significantly decreased LPS-induced CCL2 production. We /in vitro have confirmed the role
of p53 as the regulator to promoter activities of CCL2. We have also identified the nine
amino acid residue p53pep170 to be the active site for this regulation. As p53pep170 is
found to reduce LPS-induced CCL2 production in mouse primary macrophages of p53-
deficient mice, it suggests that p53 or its derived peptide (p53pep170) is an important
regulator of CCL2 gene expression.
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Fig. (1).

(s)

Regulation of LPS-induced CCL2 production by the accumulation of endogenous p53.
Mouse primary macrophage cells from wild-type mice (A, B) or p53-deficient mice (C)
were untreated as control (white bar) or treated with LPS (downward diagonal striped bar)
or LPS plus UV radiation (dotted bar). Cells were then cultured. The medium from each
group of treated cells were harvested at different times (0, 0.5, 1, 2, 4, 8 or 16 hrs) and
assessed for IL-1-B production as control (A) or CCL2 production (B, C) by ELISA (n=3).
The concentration of CCL2 secreted from LPS-treated cells was assigned a value of 100%
as the baseline, and the relative CCL2 concentration from co-treated cells by LPS plus UV
was calculated (boxed ratio). Values were normalized with respect to protein concentrations.
Data are presented as mean £ SEM. In order to detect p53 accumulation, the lysate from
cells at each time point was purified and analyzed by Western blot with the antibody against
p53 or actin as control (Top panel of A-C). D. Regulation of CCL2 promoter activity by
overexpression of p53. U20S cells were transfected with reporter DNA (mcl2pwt alone or
mouse IL-1fB promoter alone, white bar, control group) or co-transfected with mcl2pwt DNA
and different concentrations (0, 0.1, 0.25, 0.5, or 1ug) of p53 DNA (grey bar for mp53WT
or black bar for mp53-muB as control, experimental group 1-5). Cells were cultured
overnight. The lysate from cells at each group was assessed by luciferase assay (/7= 3). Data

are presented as mean + SEM.
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-555 actcagacag ttcatatcaa tgtcacaaag cttcottagtg ctgcaaaata tctggtaace
-495 accaagtgga gagaatgctg tattcaacaa ggoctgataa coaaggactc agocgactta
-435 ctgggggtcce tttoccagct goaaggttcc ttgagocagy ggoaagotag gotgtgtttco
=375 paagoatctt cttoctaady actttaggtt cottggocac ttocttttat ttcagtgaaa
=315 goagagocac tocattcocaca cttgtggtosa cagtagtacsa attactgococa attottooct
-255 gtttoccocc coccccccoct actcocctgog cagottoatt tgotcoccagg agtggotaga
-195 amaataccaa attccaaccc acagtttctc tcottocactt cotggaaaca ccogagggot
-135 ctgcacttac tcagcggatt caacttccac tttocatcac ttatccaggg tgatgotact

=75 cottggoace aagcacccty coctgactcca Cccccctgygc ttacaataaa aggotgectc
-15 agagcagcca gaagtgoaga gagccagacy gygaggaagyc cagcccagoca cocagcaccad

Transcriptional Putative pS3 binding site (+16 ~ +35). The underlined sequence

start (+1) was used as DMA Probe for EMSA (named cl2/pS3oligo).
46 ccaactctca ctgaagccag ctotcoctottc ctocaccacce atgeag
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Fig. (2).
Analysis of p53 binding site in CCL2 5’UTR&promoter. A. Mouse CCL2 5’UTR&promoter
sequence from -949 to +85. BLAST-search of the sequence showed that it was identical to
mouse genomic DNA (AL713839) and it ended before the start codon of CCL2. The
putative binding sites for p53 in CCL2 5’UTR&promoter were analyzed by PROMO
version 3.0.2 (UPC) and bolded. The binding sites for other potential transcription factors
have not been analyzed. The oligonucleotide including p53 binding site (Underlined
sequence, named cl2/p53oligo) and its complementary oligo were synthesized. Both
synthetic oligonucleotides were annealed and labeled with [32P]JATP as a double strand
DNA probe for EMSA. B. Diagram of mouse CCL2 5’UTR&promoter DNA constructs and
its promoter activity. Different lengths of CCL2 5’UTR&promoter DNA were truncated and
inserted into the pGL3-basic vector. Gray box. region representing full length of CCL2
5’UTR&promoter (mcl2pwt). White boxes. region representing CCL2 5’UTR&promoter
deletions from 85 to -715 (mcl2p715), 85 to -515 (mcl2p515), 85 to -315 (mcl2p315), 85 to
-115 (mcl2p115) or 85 to -115 with deletion of 16-35 (mcl2p53m). Their DNA deletions
were confirmed by sequencing. The relative promoter activity from each construct was
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shown. C. Determination of p53 binding site in CCL2 5’UTR&promoter. U20S cells were
transfected with pcDNA3 alone or mp53WT alone without reporter gene as controls, or with
various reporter genes alone (white bars): mcl2pwt, mcl2p715, mcl2p515, mcl2p315,
mcl2p115 and mcl2p53m, or co-transfected with reporter genes plus 0.5pug pcDNAS3 (gray
bars) or plus 0.5pg mp53WT (black bars) overnight. The lysate from each experimental
group was assessed by luciferase assay (7= 3). Values were normalized with respect to
protein concentrations. Data are presented as mean = SEM.
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Diagram of mouse p53 deletions and their effects on the CCL2 promoter activity. A.
Different lengths of p53 DNA were truncated and inserted into pcDNA3HA vector. Gray
box:. full length of p53. White boxes. deletions. The region representing amino acids of each
cloned DNA was shown in boxes. Their DNA deletions were confirmed by sequencing. B.
EMSA.. A probe consisting of [32p]ATP-labeled cl2/p53oligo was added to each reaction
buffer. Probe was alone (lane 1) or mixed with 1 pg of anti-HA immunoprecipitation (I1P-
p53 fusion protein of deletion 1, 2, 3, 4, 5, 6, 7, 8, 12, 13, 14 or wild-type clone 15, lane
2-13). The band shifts are indicated by arrows. C. Supershift assay 1. 32p-cl2/p53oligo
probe was added to each reaction buffer and mixed with 1 pg of IP-p53 fusion protein
(deletion 6, 7, 8, 13 or wild-type clone 15 in lane 1, 4, 7, 10, or 13) plus 1 pmol unlabeled
competitor (lane 2, 5, 8, 11, or 14) or plus 1ug of HA antibody (lane 3, 6, 9, 12, or 15). The
band shifts are indicated by arrows. D. Supershift assay 2. 32p-cl2/p53oligo probe was
added to reaction buffer including 1 pg of IP-p53 fusion protein of deletion 9 (lanes 2-5),
deletion 10 (lanes 6-9), or deletion 11 (lanes 10-13). The reaction buffer was then added
with 1 pg of IP-p53 fusion protein of wild-type clone 15 (lanes 3-5, 7-9, and 11-13). The
mixture was further added with 1 pmol unlabeled competitor (lane 4, 8, and 12) or 1ug HA
antibody (lane 5, 9, and 13). The band shifts are indicated by arrows. E. EMSA. 32p-cl2/
p53oligo probe (lanes 1-3) or 32p-SColigo probe as control (lanes 4-6) was added to each
reaction buffer and mixed with 1 pg of IP-p53 fusion protein of wild-type clone 15 (lanes 2,
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3, 5, or 6) plus 1 pmol unlabeled competitor (lane 3 or 6). The shifted bands are indicated by
arrows.
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Fig. (4).

Confirmation of a stable cell line integrated with a cloned DNA (mcl2p115/mCCL2wt/Luc).
A. Schematic diagram of the cloned DNA (mcl2p115/mCCL2wt/Luc) integrated into
chromosome of A549 cells (Named A5CLG). The arrows indicate the location and size of
primers (Named primers A-F) used in PCR amplification of coding regions. These primer
pairs were used for PCR and ChIP as described (Panels B&D). B. Detection of the cloned
DNA by PCR. Chromosomal DNA isolated from A5CLG cells or A549 cells and mCCL2wt
plasmid DNA as positive control were used as template for PCR with primer pairs (Bottom).
The PCR-amplified specific DNAs with molecular weight of about 210bp, 200bp, 397bp or
513bp were run in a 1.5% agarose gel and imaged. C. Luciferase assay. Cell lysate from
1x10% ASCLG cells or A549 cells as control was assessed by luciferase assay (7= 3).
Values were normalized with respect to protein concentrations. D. ChlP-detection of
protein-DNA interaction between p53 and CCL2 5’UTR&promoter. The PCR-amplified
specific DNA fragments were indicated with arrows. E. Analysis of protein-mRNA
interaction between p53 and CCL2 by RNA-IP. cDNA of A5CLG cells or A549 cells and
mCCL2wt plasmid DNA as positive control were used as template for PCR with primer
pairs (attached to bottom). RT-PCR-amplified DNA fragments are indicated with arrows.
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Fig. (5).

The effect of p53 accumulation on luciferase gene expression via regulation of CCL2
promoter activity. The freshly splitting ASCLG cells or A549 cells as control were exposed
to UV radiation and cells were harvested at different times (0 hr, 0.5 hr, 1 hr, 2 hr or 16 hr).
The proteins and nuclear extracts from each experimental group were respectively purified
and assessed (/7= 3) for luciferase assay (A), Western blot (B), or ChlIP (C). Values of
luciferase assay were normalized with the relative ratio of ChlIP assay. Western blot was
performed with antibodies against p53 and actin as control and their values were normalized
with respect to the corresponding actin bands. For ChIP assay, the nuclear extracts were
further immunoprecipitated with p53 antibody and used as template for PCR with primer
pairs (primerA&B). The PCR-amplified DNA fragments are indicated with arrows. Intensity
of DNA band detected at 0 hr of UV exposure was assigned to a base value (100%).
Intensity of other bands was calculated relative to this base value and their ratio is attached
under the corresponding DNA band. D. Proteins from each group of cells co-transfected
with mcl2p115 (No. 0-15) and p53 constructs (No. 1-15) or untreated as control were
measured by luciferase assay (/7= 3). Data are presented as mean + SEM.
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Fig. (6).

Effect of p53pep170 on gene expression in cells. A. Treatment for Bio-Plex and cell survival
rate is described in the table. B. Bio-Plex assay. The cultured medium from each treated
mouse primary macrophage cells group (table) was used and the major measurements were
quantified (n=3) by Bio-Plex 200 System (Bio-Rad). Data are presented as mean + SEM.
Values were normalized with respect to the cell survival rate and protein concentrations. C.
ELISA assay. Mouse primary macrophages (1 x 10%) from wild-type (white bars) or p53-
deficient mice (grey bars) were stimulated with 0.1 pg/ml £. coli LPS alone, LPS plus
different dosages of p53pepl170 (5 pg/ml, 50 pg/ml or 100 pg/ml), and LPS with SCpep
(100 pg/ml) as control. Their cultured media were used for ELISA (n=3). Data are presented
as mean + SEM. Values were normalized with respect to the cell survival rate and protein
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concentrations. D. Down-regulation of lentiCLG-induced CCL2 production by p53pep170
in both human primary monocytes and mouse primary macrophages. The human monocytes
(Panels A-H) and mouse macrophages (I-P) were infected with LentiCLG (MOI=2) plus
DMSO alone (A&E or 1&M) or 10ug/ml p53pep170 (C&G or K&O) or 100ug/ml
p53pepl70 (D&H or L&P) or 100ug/ml Scpep (B&F or J&N) as the control. To test
whether p53pep170 has an effect on suppression in lentivirus infection, human monocytes
(Q&R) and mouse macrophages (S&T) were infected with Lenti6.3virus (MOI=2) plus
100ug/ml p53pep170. Cells were incubated for 37°C, 5% CO», for 5 days. The phase
contrast panels (A&E, B&F, C&G, D&H, 1&M, J&N, K&O, L&P, Q&R, or S&T) were the
pair of sections. The treated cells were exposed to visible light (A-D, I-L, Q&S) and to
fluorescent light (E-H, M-P, R&T) using an Olympus BX40 microscope at 1000x
magnification. The GFP-induced fluorescent signal in human primary monocytes (E-H, R)
or in mouse primary macrophages (M-P, T) was observed. The images were taken with
MicroFIRE camera under uniform exposure time: 30 msec for visible light (A-D, I-L, Q&S)
and 1 sec for fluorescent light (E-H, M-P, R&T). The data analysis was processed by the
program Image-Pro plus 5.0. Multiple tests have been done with similar results.
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