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Zinc Protoporphyrin Regulates Cyclin D1 Expression
Independent of Heme Oxygenase Inhibition*
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Zinc protoporphyrin IX (ZnPP), an endogenous heme ana-
logue that inhibits heme oxygenase (HO) activity, represses
tumor growth. It can also translocate into the nucleus and up-
regulate heme oxygenase 1 (HMOX1) gene expression. Here, we
demonstrate that tumor cell proliferation was inhibited by
ZnPP, whereas tin protoporphyrin (SnPP), another equally
potent HO-1 inhibitor, had no effect. Microarray analysis on
128 tumorigenesis related genes showed that ZnPP suppressed
genes involved in cell proliferation and angiogenesis. Among
these genes, CYCLIN D1 (CCNDI) was specifically inhibited as
were its mRNA and protein levels. Additionally, ZnPP inhibited
CCND1 promoter activity through an Sp1 and Egr1 overlapping
binding site (S/E). We confirmed that ZnPP modulated the S/E
site, at least partially by associating with Sp1 and Egr1 proteins
rather than direct binding to DNA targets. Furthermore, admin-
istration of ZnPP significantly inhibited cyclin D1 expression
and progression of a B-cell leukemia/lymphoma 1 tumor in mice
by preferentially targeting tumor cells. These observations show
HO independent effects of ZnPP on cyclin D1 expression and
tumorigenesis.

Zinc protoporphyrin IX (ZnPP)? is a metabolite formed in
trace amounts during heme biosynthesis. In this process, the
final reaction is the chelation of zinc in the protoporphyrin ring,
whereas heme is formed by chelation of iron in the ring. During
periods of iron insufficiency or impaired iron utilization, ZnPP
formation is enhanced. Clinically, ZnPP quantification is a sen-
sitive and specific tool for measuring iron mineral status and
metabolism (1). In addition, ZnPP regulates heme catabolism
through competitively inhibiting the activity of heme oxygen-
ase (HO), the rate-limiting enzyme in the heme degradation
pathway that produces carbon monoxide and biliverdin. The
latter is rapidly reduced to bilirubin by biliverdin reductase.
Thus, ZnPP has potential therapeutic applications in control-
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ling exaggerated bilirubin formation leading to neonatal jaun-
dice (2). Moreover, because the by-products of the HO reac-
tion, carbon monoxide and bilirubin, are antioxidants, the
potential effects of ZnPP have been studied in numerous dis-
eases, including cancer, such as chronic myelogenous leukemia
(3-6).

Whereas ZnPP has been largely studied in relation to its inhi-
bition of HO activity, reports show that ZnPP could exert cel-
lular effects independent of HO activity (7, 8). In kinetic assays,
ZnPP inhibited the soluble guanylyl cyclase activity indepen-
dent of HO-1 (9). In vitro studies showed that ZnPP directly
interacts with human immunodeficiency virus type 1 reverse
transcriptase and modulates its activity (10). We showed that
ZnPP induces the expression of HMOX1 and TP53 genes and
localizes to the nucleus (11). Although the underling mecha-
nism is unknown, zinc mesoporphyrin, another analogue of
heme, has been shown to induce HMOX1 expression by accel-
erating Bach1 protein degradation (12). Heme itself can affect
gene expression by associating with transcription factors (13,
14). Therefore, we reasoned that ZnPP could potentially inter-
act with transcriptional regulators in the nucleus and directly
modulate gene expression. If this effect was targeted to genes
related to cell proliferation or apoptosis, this could further
explain the role of ZnPP in suppressing tumor formation.

In tumorigenesis, cyclin D1 is key to stimulate cell prolifera-
tion by enhancing G,/S transition in the cell cycle. Abundant
evidence demonstrates that cyclin D1 is overexpressed in mam-
mary, ovarian, and lung tumors among others (15-17). Cyclin
D1 expression is predominantly regulated at the transcriptional
level, although post-transcriptional mechanisms also exist (18,
19). The CCNDI promoter contains multiple cis-elements,
including binding sites for Spl and Egrl (20-23). The B-cell
leukemia/lymphoma 1 (BCL1) tumor is characterized by over-
expression of cyclin D1. In BCL1 tumor cells, the cyclin D1
locus is downstream of the Emu enhancer due to a chromo-
some translocation yet it contains the intact promoter (24).
Here, we show that ZnPP interacts with transcription factors
Egrl and Spl and modulates their binding to the CCNDI1 pro-
moter, thereby inhibiting cyclin D1 expression, cell prolifera-
tion, and BCL1 tumor progression in vivo.

EXPERIMENTAL PROCEDURES

Cell Lines and Tissue Culture—Human bone marrow K562
cells, isolated from a patient carrying chronic myelogenous leu-
kemia, were cultured in Iscove’s modified Dulbecco’s medium
supplemented with 10% (v/v) fetal calf serum, penicillin (100
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units/ml), streptomycin (100 pg/ml), and 1.5 g/liter of sodium
bicarbonate. Human hepatoma HepG, cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% (v/v) fetal
calf serum, penicillin (100 units/ml), and streptomycin (100
pg/ml). Both cell lines were cultured under 5% CO, at 37 °C.

To express Spl, cyclin D1, or Egrl, human cDNAs were
cloned in a myc-pMX-puro vector and further packaged as ret-
roviruses in human embryonic kidney 293T cells. The HepG2
cells were infected with these retroviruses and selected with 2
png/ml of puromycin for stably expressing Spl, cyclin D1, or
Egrl. To deplete endogenous Egrl expression, lentiviruses car-
rying control or shRNA targeting Egrl mRNA (shEgrl) were
produced as per the manufacturer’s instructions and used to
infect HepG2 cells (RHS4533-NM_001964, Thermo Fisher Sci-
entific Open Biosystems Products, Huntsville, AL).

Experimental Design—7ZnPP and SnPP (Frontier Scientific
Inc, Logan, UT) were prepared as previously described (11). For
controls, an equal amount of vehicle (0.5% ethanolamine, pH
7.5) was used.

Exponentially growing HepG2 or K562 cells were incubated
with vehicle, ZnPP or SnPP for 6 and 12 h, respectively, then
subjected to whole cell lysis as described (25) or nuclear extrac-
tion with the Pierce NE-PER® kit (78833, Pierce Biotechnology)
according to the manufacturer’s instructions.

To evaluate cell cycle progression, HepG2 cells were treated
with vehicle, ZnPP, or SnPP for 24, 48, or 72 h after 24 h of
serum starvation and analyzed by fluorescence-activated cell
sorting (FACS) following 70% ethanol fixation and propidium
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iodide staining. FACS data were
analyzed using FlowJo7 software

(Tree Star, Inc., Ashland, OR).
Determination of HO Enzymatic
Activity—This was measured by
detecting the amount of carbon
monoxide generated from cell
lysates, as previously described (26).
Profiling of Genes Affected by
ZnPP—HepG2 cells incubated with
ZnPP or vehicle were subjected to
an oligo array (GEArray System,
OHS-033, SuperArray Bioscience
Corporation, Frederick, MD) as per
the manufacturer’s protocol. The
array contains 128 genes. Three
independent experiments were con-
ducted. Data analysis was per-
* formed using the GEArray Expres-
* sion Analysis Suite according to the
manufacturer’s instructions (Super-
Array Bioscience Corp., Frederick,

MD).

Quantitative Real Time RT-PCR

Vehicle

FIGURE 1. ZnPP but not SnPP inhibits the proliferation of HepG2 and K562 cells. Cell counts from HepG2
incubated with 5 um SnPP or ZnPP are shown in A. In B, HepG2 cell counts after 0-5 um ZnPP incubations are
shown. In C, cell counts in K562 after incubation with vehicle, SnPP, or ZnPP are shown. In D, HO activity in
HepG2 cells treated with 5 um ZnPP or SnPP for 12 h are shown. *, p < 0.05 versus vehicle.

(qRT-PCR)—After treatment of
vehicle, SnPP, or ZnPP, total RNA
was isolated from HepG2 cells as
well as mouse spleen or liver using
the RNeasy kit (Qiagen Inc., Valen-
cia, CA). Reverse transcription was
performed with the Superscript™ 1II reverse transcriptase
(Invitrogen).

By using the TagMan Gene Expression Assay (Hs00277039_
ml, Hs02758991_gl, Mm00432359_ml, and Mm99999915_gl,
Applied Biosystems, Foster City, CA), the CCNDI mRNA level
was analyzed and further normalized to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA level.

Detection of Proteins Modified by ZnPP—Proteins were sep-
arated using SDS-PAGE, transferred to polyvinylidene difluo-
ride membranes (Millipore, Billerica, MA), and blotted with
appropriate primary antibodies against cyclin D1 (number
2922, Cell Signaling Technology, Inc., Danvers, MA), Sp1 (07-
645, Millipore), or Egr1l (number 4152, Cell Signaling Technol-
ogy Inc., Danvers, MA), followed by incubation with appropri-
ate horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The blotted
proteins were visualized with the enhanced chemilumines-
cence detection kit (GE Healthcare).

Measurement of CCNDI1 Promoter Activity—HepG2 cells
were seeded at a density of 1 X 10° cells per well in 24-well
plates. Using Lipofectamine™ 2000 (Invitrogen), cells were
transfected with CCND1 promoters driving the Firefly lucifer-
ase reporter gene, and phRL-TK (Promega, Madison, WI)
encoding Renilla luciferase was used as an internal control to
normalize Firefly luciferase activity. Twenty-four hours later,
cells were incubated with 5 um SnPP, 5 um ZnPP, or vehicle for
12 h, and then harvested for luciferase assays using the Dual-
Luciferase® Reporter (DLR™) Assay System (Promega) fol-

SnPP ZnPP
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TABLE 1
Genes inhibited by ZnPP in HepG2 cells
. A -Fold
UniGene RefSeq number Symbol Description inhibition
Hs.396530 NM_000601 HGF Hepatocyte growth factor 7.2
Hs.507621 NM_002019 FLT-1 Fms-related tyrosine kinase 1 (vascular endothelial growth 5.0
factor/vascular permeability factor receptor)

Hs.160562 NM_000618 IGF1 Insulin-like growth factor 1 4.2
Hs.369675 NM_001146 ANGPT1 Angiopoietin 1 4.1
Hs.132966 NM_000245 MET Met proto-oncogene (hepatocyte growth factor receptor) 3.7
Hs.239818 NM_006219 PIK3CB Phosphoinositide-3-kinase, catalytic, B polypeptide 3.5
Hs.523852 NM_053056 CCND1 Cyclin D1 29
Hs.533683 NM_000141 FGFR2 Fibroblast growth factor receptor 2 2.5

lowing the manufacturer’s protocol. Firefly and R. luciferase
activities were measured using a TR717 Microplate Luminom-
eter (EG&G Berthod Technologies, Oak Ridge, TN).

Determination of ZnPP-mediated Egrl and Spl Specific
Binding in Vivo—HepG2 cells were seeded at a density of 3 X
10° per 100-mm dish. Twenty-four hours later, cells were incu-
bated with 5 uMm SnPP, 5 uMm ZnPP or vehicle. After 6 h of
incubation, cells were collected for ChIP assay using a commer-
cially available kit (Millipore). Briefly, chromatin DNA was
cross-linked to protein with formaldehyde and sheared by
pulsed ultrasonication. Sheared DNA-protein complexes were
incubated overnight with anti-Sp1, anti-Egrl antibodies, or
rabbit IgG. Antibody-precipitated DNA-protein complexes
were reverse cross-linked and extracted with phenol/chloroform.
The precipitated DNA was used as template for PCR amplifi-
cation. Primers, 5'-GGGCGATTTGCATTTCTATG-3" and
5'-AAAGATCAAAGCCCGGCAGA-3', were used for generat-
ing PCR amplicons of the CCNDI promoter.

Evaluation of ZnPP Interaction with Protein or DNA—To
analyze the ability of ZnPP to associate with cellular proteins, vary-
ing amounts of nuclear proteins were extracted from HepG2 cells
incubated with 5 um ZnPP in NER buffer (78833C, Pierce Biotech-
nology, Inc., Rockford, IL). The ZnPP-protein complexes were
resolved on a0.7% agarose gel and visualized under UV light taking
advantage of the autofluorescent property of ZnPP.

To evaluate ZnPP binding to DNA, the DNA fragment pro-
duced from the ChIP assay (SE) was used, and another 123-bp
DNA fragment, extracted from the cyclin D1 promoter using
KpnI and Dpnl restriction enzymes served as a control (non-
SE). The fragments were incubated with 5 um ZnPP or vehicle
in binding buffer from the Gel Shift Assay System (Promega) for
20 min at room temperature followed by PAGE. Potential
ZnPP-DNA complexes were visualized under UV light because
of the autofluorescent properties of ZnPP. Afterward, the
PAGE gel was subjected to ethidium bromide staining to fur-
ther verify the potential binding of ZnPP to DNA by evaluating
ZnPP-supershifted DNA bands.

Assessment of ZnPP-mediated Tumor Growth Inhibition in
Vivo—As detailed previously (27), tumor cells were isolated
from spleens of BCL1-bearing animals, and infected with retro-
viruses expressing luciferase (LUC) and green fluorescent pro-
tein. Green fluorescent protein positive cells, referred to as
BCLI-gfp/luc, were sorted by FACS. Four-week-old BALB/c
female mice were intraperitoneally injected with 2 X 10® BCL-
gfp/luc cells. After 5 days, the mice were intraperitoneally
injected with O (sterile saline), 40 or 80 um/kg of ZnPP. Mice
were then injected with luciferin (150 mg/kg; BioSynth, Naper-
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ville, IL) and imaged daily using the /n Vivo Imaging System
(IVIS, Xenogen Corp. Alameda, CA). To monitor tumor
growth, photons emitted from BCL-gfp/luc cells were quanti-
fied using Living Image software (IgorPro, Xenogen Corp., Ala-
meda, CA). All mice were handled according to the appropriate
protocols approved by the Institutional Animal Care and Use
Committee of the Stokes Research Institute at the Children’s
Hospital of Philadelphia.

Statistical Analysis—Values represent the mean * S.D. of
three experiments unless otherwise indicated. For comparison
between treatment groups, the null hypothesis that there is no
difference between treatment means was tested by a single fac-
tor analysis of variance for multiple groups or unpaired ¢ test for
two groups (Intsat 3, GraphPad Software, Inc., San Diego, CA).
Statistical significance (¥, p < 0.05) between and within groups
was determined by means of the Fischer method of multiple
comparisons.

RESULTS

ZnPP Inhibits Cell Proliferation—ZnPP inhibits tumor
growth and accumulates in the liver after intraperitoneal adminis-
tration in vivo (2, 5), hence the use of HepG2 cells. Due to its
autofluorescent properties, ZnPP enhanced the reading of fluores-
cence or absorbance-based proliferation assays,® obviating their
use in this study, therefore, cell counting was used. Five um ZnPP
inhibited cell proliferation by 4.4-fold compared with vehicle,
whereas SnPP failed to do so (Fig. 14). The effect of ZnPP was
concentration dependent (Fig. 1B). Because ZnPP inhibits prolif-
eration of bone marrow cells (28), K562 cells were also used and
1-5 uM ZnPP significantly inhibited their proliferation (Fig. 1C).
At 10 uM, the number of trypan blue positive cells increased after
incubation with ZnPP suggesting toxicity.> Corroborating the
action of ZnPP on cell proliferation was not due to the inhibition of
HO activity, HO enzymatic suppression by ZnPP and SnPP was 58
and 42%, respectively (p = 0.145 ZnPP versus SnPP) (Fig. 1D).

ZnPP Inhibits the Expression of Cyclin DI—Because ZnPP
inhibits cell proliferation and localizes to the nucleus (11),
could it modulate the expression of key genes involved in cell
proliferation and consequently affect tumorigenesis? Among
128 cancer-related genes detected using a microarray, incuba-
tion with 5 um ZnPP for 6 h resulted in the decrease of 26, many
closely involved in cell proliferation, by more than 2-fold (Table
1). However, we did not see modulation of genes involved in
apoptosis,* arguing against cell death by incubation.

3 P. La, unpublished data.
4 C. J. Wright, unpublished data.
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FIGURE 2. ZnPP inhibits cyclin D1 expression. A representative Western blot of cyclin D1 in HepG2 cells after
12-h SnPP or ZnPP incubations is shown in A. Equal loading is demonstrated with the housekeeping gene
GAPDH. Representative qRT-PCR of cyclin D1 mRNA is shown in B. The GAPDH mRNA levels were used to
normalize the cyclin D1 signal. In C, constructs used in the luciferase reporter assays are shown. The promoter
activity was shown in D. *, p < 0.05 versus vehicle control.

Among the genes inhibited by
ZnPP, cyclin D1 is well documented
to enhance cell proliferation in
tumorigenesis (29-31). ZnPP de-
creased cyclin D1 protein levels at
both 1 and 5 um (Fig. 2A). This was
not due to generalized inhibition of
gene expression because ZnPP
increased HO-1 protein levels, con-
sistent with our previous data (11).
As shown by qRT-PCR, cyclin D1
mRNA levels were also suppressed
significantly by incubation with
ZnPP but not by SnPP (Fig. 2B)
although they both equally inhibited
HO activity (Fig. 1). Because ZnPP
decreases cyclin D1 protein and
mRNA levels, we predicted that it
would regulate cyclin D1 gene pro-
moter activity. The promoter region
of the CCNDI locus contains sev-
eral transcription factor binding
sites, including the Spl and Egrl
overlapping binding site (S/E) (23).
Previously, we showed that ZnPP
enhanced nuclear protein binding
to the Egrl targeting sequence, but
not to Spl or AP-1 consensus
sequences on the HMOXI gene
(11). We now speculate that ZnPP
could regulate the promoter activity
of CCNDI by modulating nuclear
protein targeting to the S/E site on
the cyclin D1 promoter. To this end,
a luciferase construct containing
the full-length CCNDI promoter
(D1pro-1095), deletion mutants
harboring the S/E site (D1pro-558),
and lacking the S/E site (D1pro-78)
were transfected into HepG2 cells
(Fig. 2C). As shown in Fig. 2D, ZnPP
decreased the promoter activities of
D1pro-1095 and D1pro-558, espe-
cially D1pro-1095 by more than
2-fold. In contrast, it did not alter
D1pro-78 activity. These data sug-
gest that ZnPP regulates cyclin D1
gene expression by modulating the
S/E site of the cyclin D1 promoter.
Furthermore, by using direct mu-
tagenesis, the S/E site in D1pro-558
was mutated (D1pro-S/Emut) and
introduced into HepG2 cells (Fig.
2C). The luciferase analysis showed
that contrary to D1pro-1095 and
D1pro-558, D1pro-S/Emut did not
demonstrate any inhibition of ZnPP
on CCNDI promoter activity (Fig.
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FIGURE 3. ZnPP enhances Egr1 but decreases Sp1 binding at the S/E site in the CCND1 promoter. In A, a
representative ChIP assay of ZnPP-mediated Sp1 and Egr1 binding to the cyclin D1 promoter is shown. HepG2
cells were treated with vehicle, 5 um SnPP or ZnPP for 6 h. The SE DNA fragment, generated from the CCND1
promoter and harboring the SE site, was PCR amplified with chromatin DNA precipitated by IgG or anti-Sp1 or
Egr1 antibodies. In B, quantitation was achieved by subtracting the IgG signal from the experimental value and
divided by the signal of the input. Empty bars represent samples incubated with anti-Egr1 antibodies; solid bars
represent samples incubated with anti-Sp1 antibodies. In C, a representative Western blot of Egr1 and Sp1
immunoreactive signals from the cells used for the ChIP assay is shown.
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FIGURE 4. ZnPP associates with transcription factors Sp1 and Egr1 but not DNA. In A, increasing amounts
of nuclear proteins extracted from HepG2 cells were incubated with 5 um ZnPP, and then separated on an
agarose gel. The protein complexes bound to ZnPP, shown as retention on the gel, were visualized under UV
light. Varying amounts of bovine serum albumin (BSA) or rabbit IgG incubated with ZnPP served as controls. In
B, the nuclear proteins were incubated with IgG, or anti-Sp1 and Egr1 antibodies and further incubated with
ZnPP. The ZnPP-protein complexes were separated on the agarose gel and visualized under UV light. In C, the
DNA fragments SE and non-SE were incubated with 5 um ZnPP or vehicle, respectively, and then separated
using PAGE. The ZnPP complex was visualized under UV light. In D, after the ZnPP bands shown in C were
photographed, the gel was further stained with ethidium bromide and visualized under UV light to evaluate
the migration of free DNA and DNA bound by ZnPP.

2D), suggesting that the S/E site is essential for ZnPP-mediated
suppression of cyclin D1 gene expression.

ZnPP Facilitates the Competition of Egrl with Sp1 in Target-
ing the S/E Site—Because ZnPP incubation was associated with
enhanced levels of nuclear proteins targeting the Egrl binding
site (11) and inhibited the promoter activity of CCNDI via the
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S/E site, we speculated that ZnPP
could associate with nuclear pro-
teins that target this site. Therefore,
we performed ChIP assays using a
fragment including the S/E site gen-
erated from the cyclin D1 locus
(referred as SE below). Incubation
with ZnPP increased binding of the
Egrl protein to the CCND1 locus by
12.5-fold, whereas it decreased the
binding of Spl to this region by
more than 2-fold. In contrast, incu-
bation with vehicle or SnPP showed
preferential Spl binding and incu-
bation with SnPP  minimally
increased Spl and Egrl protein
binding (Fig. 3, A and B). Despite
these observations, neither ZnPP
nor SnPP incubation altered Egr1 or
Sp1 protein levels (Fig. 3C), indicat-
ing that the effect of ZnPP on the
S/E site was not due to changes in
Egrl or Spl abundance.

ZnPP Interacts with SP1 and Egrl
Complexes Rather Than Modulate a
DNA Target—Others show that
ZnPP interacts with human immu-
nodeficiency virus type 1 reverse
transcriptase protein in vitro (10).
Because ZnPP preferentially en-
hanced Egrl but decreased Spl
binding at the S/E site, we specu-
lated that ZnPP inhibits cyclin D1
gene expression through direct
interaction with transcription fac-
tor complexes, specifically those
containing Egrl and/or Sp1l. There-
fore, increasing amounts of nuclear
proteins extracted from HepG2
cells were incubated with 5 um
ZnPP. The ZnPP-protein com-
plexes were separated on agarose
gels. Because ZnPP is autofluores-
cent, altered migration of nuclear
proteins with fluorescence can be
used as an index of ZnPP/protein
binding. As shown in Fig. 44, ZnPP
interacted with nuclear extracts
from HepG2 cells, but failed to show
any specific association with either
bovine serum albumin or IgG. Fur-
thermore, the interaction of protein

and ZnPP was enhanced with an increasing amount of nuclear
protein, indicating that ZnPP associates with nuclear proteins
in a dose-dependent manner.

To verify that transcription factors Egrl and Sp1 interacted
with ZnPP, the complexes were incubated with IgG, anti-Sp1,
or anti-Egrl antibody, separated on the agarose gel, and visual-
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FIGURE 5. Sp1 and Egr1 modify ZnPP-inhibited cell proliferation. HepG2 cells were infected with retrovi-
ruses expressing Sp1, Egr1, or empty vector as control, and analyzed with Western analysis of Sp1 and Egr1
protein (A). These cells were further subjected to a cell proliferation assay (B) and Western blot analysis (C) as
described in the legends to Figs. 1A and 3A.In D and E, HepG2 cells were infected with shRNA control or shEgr1
lentiviruses and selected with puromycin. Puromycin-resistant cells were subjected to Western analysis with
anti-Egr1 and anti-cyclin D1 antibodies (D), and cell proliferation was evaluated (E). Equal loading is demon-
strated with the housekeeping gene GAPDH. *, p < 0.05 versus vehicle. Clear bars, vehicle; gray bars, SnPP; and

black bars, ZnPP, at 5 um concentration.

ized under UV light. As shown, anti-Sp1 and anti-Egr1 antibod-
ies further retarded the migration of ZnPP-proteins complexes,
whereas incubation with IgG had no effect (Fig. 4B). These
results suggest that ZnPP interacts with the endogenous Spl
and Egr1 proteins. Of note, we used agarose gels in these exper-
iments because ZnPP-protein complexes were unable to
migrate out of the wells in polyacrylamide gels.®> Agarose gels
have large pores, which suggests that the ZnPP-protein com-
plexes are large and may involve multimers. This remains to be
determined systematically.

Previously, others have shown that protoporphyrin interacts
with DNA in vitro (32). Because ZnPP affects the ability of tran-
scription factors to bind to the S/E site of the CCND1 locus, we
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ple (Fig. 4D). This suggests that
ZnPP does not specifically interact
with DNA targets harboring S/E
sites.

Overexpression of Spl or Deple-
tion of Egrl Diminishes ZnPP-inhib-
ited Cell Proliferation—To further
explore the role of Egrl and Sp1 in
the function of ZnPP, we intro-
duced Egrl and Spl into HepG2
cells using a retroviral system (Fig.
5A). As shown in Fig. 5B, overex-
pression of Spl diminished ZnPP-
inhibited cell proliferation (p = 0.1
for ZnPP versus vehicle). On the
other hand, exogenous Egrl did not
enhance ZnPP-suppressed cell pro-
liferation compared with control.
Also, Spl overexpression damp-
ened the inhibition of cyclin D1 by
ZnPP, whereas this was not affected
by overexpression of Egrl (Fig. 5C).
This could be due to a high level of
endogenous Egrl already maximiz-
ing the effect of ZnPP. To address this issue, we further depleted
endogenous Egrl expression by using a shRNA lentiviral
model. Compared with shRNA control, shEgrl successfully
decreased the expression of Egrl, and compromised the inhibi-
tion of cyclin D1 mediated by ZnPP (Fig. 5D). Additionally, the
suppression of cell proliferation by ZnPP was diminished by
silencing Egrl (Fig. 5E; p = 0.1 for ZnPP versus vehicle). The
exogenous Spl or Egrl protein levels were not changed by
ZnPP incubation.” In summary, these data demonstrate that
Egrl and Sp1 play critical roles in the function of ZnPP.

> A.P.Fernando, unpublished data.
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FIGURE 6. Cyclin D1 overexpression alone does not block ZnPP-mediated
suppression of HepG2 cell proliferation. By using propidium iodide stain-
ing by FACS, HepG2 cells were analyzed for G, phase (empty bars) and G,
phase (solid bars) following serum starvation and incubation with 5 um ZnPP
for 2 or 3 days (A). In B, a representative Western blot of the cyclin D1 immu-
noreactive protein in control or cyclin D1 overexpressing cells is shown. In
C, cyclin D1-overexpressing and control HepG2 cells were subjected to cell
proliferation assays after incubation with 5 um ZnPP for 72 h.*, p < 0.05 versus
vehicle. Clear bars, vehicle; gray bars, SnPP; and black bars, ZnPP, at 5 um
concentration.

Cyclin D1 Overexpression Alone Does Not Block ZnPP-medi-
ated Inhibition of HepG2 Cell Proliferation—Because ZnPP sig-
nificantly suppresses the expression of cyclin D1, which pro-
motes cell cycle progression, we analyzed the cell cycle profile
upon ZnPP incubation. Cell cycle progression was not affected
after 24 h of ZnPP incubation.® However, 48 h of ZnPP incuba-
tion significantly increased the number of cells at the G, phase,
whereas a 72-h incubation resulted in accumulation of cells at
the G, phase, suggesting that ZnPP delays the cell cycle at the
G,/S and G,/M transitions (Fig. 6A). These data corroborate
the role of cyclin D1 as a major regulator of the G,/S transition
and the G,/M checkpoint (33). However, the possibility
remains that other ZnPP targets may impede the cell cycle as
well, particularly at the G,/M transition. Thus, cyclin D1 was
overexpressed in HepG2 cells using a retroviral system (Fig.
6B). This was expected to rescue ZnPP-repressed HepG2 cell
proliferation if cyclin D1 was the major target of ZnPP action.
However, ZnPP still inhibited cell proliferation as shown in the
vector control (p = 0.052 for ZnPP versus vehicle; Fig. 6C). This
indicates that cyclin D1 overexpression alone cannot fully res-
cue HepG2 cells from ZnPP-mediated inhibition, suggesting
that ZnPP may affect other targets involved in cell proliferation
as well as cyclin D1. Of note, the exogenous cyclin D1 protein
level was not affected by ZnPP in cells overexpressing cyclin
D1°

ZnPP Inhibits the Tumor Growth in Vivo—Although cyclin
D1 overexpression alone cannot restore HepG2 cell prolifera-
tion inhibited by ZnPP, we speculated that ZnPP may have an
inhibitory effect on tumors where cyclin D1 is the driving force
for the origin and progression of tumor. To this end, an in vivo
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BCL1 model was used (24). As described previously, BCL1 orig-
inated spontaneously from aged mice (27). In these cells, the
CCND1 locus is downstream of the Emu enhancer due to a
chromosome translocation yet it contains the intact promoter.
This results in constitutively high expression of cyclin D1 and
consequently leads to tumorigenesis (24). Following intrave-
nous injection, BCL1-gfp/luc cells were successfully engrafted
into the animals (Fig. 7A). By measuring the amount of light
emitted from the BCL1-gfp/luc cells, tumor growth was shown
to be exponential in the saline-injected controls but decreased
2-fold following injection with both 80 and 40 um/kg of ZnPP,
albeit at a lower efficiency with the 40 um/kg dose (Fig. 7B).
Collectively, these data demonstrate that ZnPP inhibits BCL1
tumor progression in a dose-dependent manner. In the spleen
where a majority of the tumor cells were engrafted, CCND1
expression was inhibited by more than 40-fold with both 40 and
80 um/kg of ZnPP as compared with control (Fig. 7C). Intrap-
eritoneal administration of ZnPP leads to its accumulation in
the liver (2). We therefore evaluated cyclin D1 gene expression
from the liver where the ZnPP concentration would be highest.
Surprisingly, ZnPP did not significantly affect cyclin D1 expres-
sion in the liver (1.1 * 0.33-fold for ZnPP versus control at 40
um/kg and 1.49 = 0.25-fold at 80 um/kg, n = 6 in each group).
This suggests that intraperitoneal injection of ZnPP specifically
targets tumor cells rather than normal cells. Overall, these data
demonstrate that ZnPP inhibits cyclin D1 expression and
growth in engrafted BCL1 tumor cells in vivo.

DISCUSSION

ZnPP is an endogenous metalloporphyrin formed under var-
ious clinical conditions (28, 34). The role of ZnPP in inhibiting
tumor progression has been ascribed to its ability to inhibit HO
activity (3—5). However, we show that ZnPP inhibits the prolif-
eration of hepatoma and leukemia cells and cyclin D1 expres-
sion. This could not be entirely explained by decreased HO
activity because another similarly potent metalloporphyrin,
SnPP, did not exert the same effect. Moreover, an S/E site on the
cyclin D1 promoter is responsible for ZnPP-mediated inhibi-
tion of cyclin D1 gene expression, and ZnPP interacts with tran-
scription factors Sp1 and Egrl to modulate their ability to bind
to the S/E site of CCNDI. Last, ZnPP administration signifi-
cantly inhibits cyclin D1 expression from engrafted BCL1-gfp/
luc cells but not normal cells, and further limits tumor progres-
sion of BCL1 in vivo.

In erythrocytes, ZnPP is normally present at a concentration
of 0.5 um with a ratio of 1:40,000 to heme. In pathological states,
such as anemia and leukemia, ZnPP concentrations can
increase to 5 um (34). A previous study showed that ZnPP fails
to stimulate the expression of globin genes in K562 cells,
whereas heme did (7), suggesting a role for ZnPP in modifying
cell differentiation in leukemia. In the current study, we showed
that 1 to 5 um doses of ZnPP suppress cell proliferation in K562
and HepG2 cells in part by inhibiting cyclin D1 expression.
Corroborating our findings, the overexpression of cyclin D1 is
known to play a role in hepatoma and leukemia development by
stimulating cell proliferation (35, 36). Additionally, we showed
that ZnPP significantly inhibited the expression of a number of
genes critically related to cell proliferation and angiogenesis
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FIGURE 7. ZnPP inhibits tumor growth and cyclin D1 expression in the BCL1 tumor in vivo. In A and
B,BCL1-gfp/lucrecipients were injected with 0 (saline), 40, or 80 um/kg of ZnPP followed by injection of luciferin
and daily imaging. In A, representative sequential images of mice are shown in each group. Mice are in the
lateral position with the left side up. In B, tumor growth was quantitated using light emission from BCL1-gfp/luc
tumor cells. Values are the mean = S.E. of six animals. In C, total RNA isolated from the spleen (left panel) or liver
(right panel) of mice after inoculation with ZnPP was evaluated by qRT-PCR. The cyclin D1 expression level was
normalized to GAPDH mRNA level. Values are the mean = S.E. of six animals.

The vascular endothelial growth
factor receptor (FLT1) plays a criti-
cal role in tumorigenesis and its
inhibitors have been used in cancer
therapy (38). Therefore, enhanced
ZnPP formation could be an endog-
enous self-defense system that is
important in pathological condi-
tions, such as leukemia. Nonethe-
less, there may be other important
ZnPP-targeted genes that we have
not yet explored.

In addition to enhanced ZnPP
production in leukemia, ZnPP in-
hibits tumor progression. In fact,
micelles of styrene maleic acid con-
taining 10 uM ZnPP damaged onco-
genic cells derived from patients
with chronic myelogenous leuke-
mia (6). Here, we confirm that ZnPP
clearly suppresses cyclin D1 expres-
sion in BCL1 tumor cells and limits
tumor progression. Perhaps the
effect of ZnPP antagonizes the influ-
ence of the Emu enhancer on the
cyclin D1 locus in BCL1 growth.
Cyclin D1 overexpression is an
essential hallmark of BCL1 patho-
genesis as described in the literature
(24). For instance, cyclin D1 is
expressed at high levels in almost all
cases of mantle cell leukemia/lym-
phoma and plays an important role
in the progression of cells through
the G, phase of the cell cycle and
thus serves as an important prog-
nostic factor (39). Herein, we used a
BCL1 tumor model to help eluci-
date the role of ZnPP on cyclin D1
expression and its effects on tumor
proliferation in vivo. On the other
hand, suppression of BCL1 tumor
progression would likely not be
solely controlled by the expression
of a single gene as with numerous
other types of cancers. However,
ZnPP significantly impacts cell pro-
liferation and nearly eradicates
CCNDI gene expression in this
model at two different doses, sug-
gesting that a correlation between
ZnPP-decreased cyclin D1 expres-
sion and retarded tumor growth
exists. Moreover, the possibility
remains that other ZnPP-targeted

(Table 1). Among them, hepatocyte growth factor receptor genes may also contribute to tumor suppression. Importantly,
(MET) is an protooncogene, and the hepatocyte growth factor/  despite accumulation of ZnPP in the liver of normal mice (2),
Met pathway is considered a novel target in cancer therapy (37).  intraperitoneal injection of ZnPP affected the expression of
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cyclin D1 predominantly in tumor cells found in spleen but not
in the normal cells of liver. This could be important for clinic
application.

Previously, we demonstrated that increased nuclear protein
binding to the EBS site on the HMOXI gene leads to enhanced
HO-1 expression in the presence of ZnPP (11). Others have
shown that enhanced Egrl binding to the EBS site without Sp1
competition elevates cyclin D1 promoter activity (23). How-
ever, this mechanism could not account for regulation of the
CCNDI gene by ZnPP in heptoma cell lines. Despite equal lev-
els of Spl and Egrl proteins, ZnPP preferentially facilitated
Egrl but interrupted Sp1 binding to the S/E site. This corrobo-
rates with the competitive nature of Egrl and Sp1 transcription
factors as to their binding to the S/E site. As previously shown,
the molecular mechanism guiding the interplay between Egrl
and Spl is mainly controlled by competing for binding to the
overlapping cis-acting S/E site (40—-43). Decreased Spl or
enhanced Egr1 binding could lead to either transcriptional acti-
vation or repression, respectively. For example, Egrl acts as a
negative regulator and represses Spl-mediated activation of
some genes including protein-tyrosine phosphatase 1B, Met,
Epstein-Barr virus C, and f3;-adrenergic receptor (40, 42, 44,
45). In another circumstance, Egrl competes with Sp1 protein
for an overlapping region in the promoter of platelet-derived
growth factor A and functions as a positive activator (46). By
altering the interplay between Sp1 and Egrl, ZnPP could pro-
vide a means to manipulate gene expression relevant to tumor-
igenesis. Consistent with this hypothesis, gene expression of
Met and Flt-1, all regulated by the interplay between Sp1l and
Egrl on the S/E site (40, 47), are also inhibited by ZnPP in this
study.

Porphyrins bind DNA directly at purine-rich regions. For
example, cationic porphyrins inhibit telomerase activity by
binding a G-rich telomeric DNA fragment. This suppresses
gene expression of c-myc and K-Ras by stabilizing a purine-rich
G-quadruplex DNA structure (48, 49). Although the S/E site of
cyclin D1 is GC-rich, ZnPP did not preferentially bind to this
region. However, we cannot exclude that ZnPP may associate
with the chromatin structure surrounding the S/E site, facilitat-
ing Egrl but interrupting Spl targeting on the S/E site. This
remains to be explored.

Heme is a cofactor for transcription factors Bachl and Rev-
erba, and heme in the Rev-erba complex can be displaced by its
analogues Ga(Ill)protoporphyrin IX chloride (GaPP) and
Fe(III) mesoporphyrin IX chloride (FePP), which are structur-
ally similar to ZnPP (13, 14). Increased ZnPP under certain
pathological circumstances might modulate the activity of
these transcription factors by replacing heme. Furthermore,
HO-1 protein, which can be dramatically up-regulated by
ZnPP, translocates into the nucleus and acts as a self-regulator
under oxidative stress (50, 51). Thus, ZnPP-enhanced HO-1
protein may also play a role in ZnPP-mediated transcriptional
regulation although preliminary observations do not yet con-
firm this.

In summary, we show that ZnPP inhibits tumor cell prolifer-
ation by suppressing cyclin D1 gene expression, at least in part.
Moreover, ZnPP directly interacts with transcription factor
complexes of Spl and/or Egrl and modulates their ability to
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target the CCNDI locus. We also demonstrate that ZnPP inhib-
its BCL1 tumor progression, very likely through inhibition of
cyclin D1 expression. We speculate that ZnPP plays arole in the
regulation of other SE containing genes in normal and patho-
logical states.
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