








Figure 8. MMP promoters recruit E2F1 and Rb. (A) Schematic representation of MMP9,
MMP14, and MMP15 promoters showing potential E2F binding sites as diamond/circle
symbols. The arrows represent the position of primers spanning E2F binding sites tested
in ChIP assays. (B) ChIP assays conducted on asynchronously growing A549 cells
using the indicated antibodies. Sonicated genomic DNA is used for input. The numbers
to the right indicate the position in the promoter, in respect to TSS, where a putative E2F
binding site was identified. C-Fos was used as a negative control, whereas DHFR, Cdc6,
and Cdc25a are used as positive controls. Irrelevant antibody was used (Ir Ab) as a
negative control for IP.
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MMP9, MMP14, and MMP15 promoters are responsive to
E2F1, Rb, and Raf-1

Experiments were done to assess whether these E2F binding sites were
functional. Towards this purpose, A549 cells were transiently transfected with
luciferase reporter constructs driven by MMP9, MMP14, and MMP15 promoters.
It was found that co-transfection of E2F1 led to a significant induction of all the
three promoters (Figure 9A); further, co-transfection of the large pocket region of
Rb (Rb-LP) or the full length Rb (Rb-FL) could repress the E2F1-mediated
induction. Consistent with previous studies on proliferative E2F-target genes (36,
38), over-expression of Raf-1 could relieve the repression mediated by Rb.
Taken together, these results suggest that the Rb-E2F pathway might regulate

MMP9, MMP14, and MMP15 expression.

Gelatin zymography was used to determine whether overexpression of
E2F1 enhances MMP9 gelatinase activity. Consistent with the transfection data,
MMP9 activity was increased 1.78 fold in A549 cells and 2.54 fold in H1650s
overexpressing E2F1 (Figure 9B-C). This suggests that the endogenous MMP9
promoter is responsive to E2F1 overexpression, leading to MMP9 secretion in

cell lines.
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Figure 9. E2F1 induces MMP levels (A) Transient transfection experiments in A549 and
H1650 cells showed that E2F1 could significantly (**, P<0.005; * P<0.05) induce MMP9,
14 and 15 promoters, and this was repressed by Rb large pocket or full length Rb; co-
transfection of Raf-1 could reverse Rb-mediated repression. Control lanes include
luciferase reporter and empty vector. (B). Western blot shows E2F1 overexpression in
E2F1 transfected cells compared to empty vector in A549 and H1650 cells. (C) A549
and H1650 cells transiently transfected with E2F1 have increased levels of MMP9 (A549
P=0.019*; H1650 P<0.001**) gelatinase activity as seen by Coomassie stained
zymography (inverted image).
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MMP9, MMP14, and MMP15 are induced by E2F1-5

Previous studies had demonstrated that proliferative promoters are induced
mainly by the transcriptionally active family members, E2F1-3. To determine if
MMP genes are also regulated exclusively by E2F1-3, ChIP assays were
performed on asynchronous A549 cells. While the proliferative dihydrofolate
reductase (DHFR) promoter recruited only E2Fs 1 and 3, E2Fs1-5 were recruited
to the promoters of both MMP9 and MMP15 (Figure 10A); E2Fsl-4 were
recruited to the MMP14 promoter. Consistent with the ChIP assay data, transient
transfection experiments on A549 cells showed that MMP promoters are
significantly induced by E2F1-5 whereas DHFR is significantly induced by E2F1-
3 (Figure 10B-E). This data suggests that MMPs may be a new class of E2F

target genes, which can positively respond to E2Fs 1-5.
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Figure 10. MMP9, MMP14, and MMP15-luc are responsive to E2F1-5. (A) ChIP assays
were carried out on asynchronously growing A549 cells. One binding site in each
promoter was analyzed: -1920 to -1904 in MMP9; -1667 to -1532 in MMP14; and -1625
to -1609 in MMP15. (B-E) Transient transfection experiments in A549 cells showed that
DHFR is significantly induced by E2F1-3 (***, P<0.001; **, P<0.005; * P<0.05) though no
significant difference with E2F4 (P=0.18) or E2F5 (P=0.47), whereas E2F1-5 could
significantly induce all MMP promoters.
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E2F1, E2F3, and E2F5 are required for MMP gene expression

Given that E2F1-5 could induce MMP9, MMP14 and MMP15 promoters in
transient transfections, attempts were made to assess whether E2Fs regulate the
expression of their endogenous promoters in NSCLC cells. Towards this
purpose, A549 and H1650 cells were transfected with 100 pMol of siRNAs to
E2F1-5, or a non-targeting control siRNA. Transfection with siRNA targeting
E2F1, E2F3, or E2F5 significantly reduced the expression of MMP9 and MMP14
MRNA as seen by quantitative RT-PCR, whereas E2F2 and E2F4 had no effect
(Figure 11A). Since we could not detect E2F5 on the MMP14 promoter with our
chip assay of site -1657, it is possible that the regulation by E2F5 is through a
different E2F binding site in the promoter. Surprisingly, MMP15 mRNA levels
were not changed when E2Fs were depleted in either A549 cells or H1650 cells
(Figure 11B). DHFR mRNA levels were significantly reduced when E2F1 or E2F3
were depleted, correlating with E2F1 and E2F3 preferentially binding to DHFR
promoter in ChlP assays (Figure 10). This suggests that E2F1, E2F3, and E2F5
are involved in transcriptional induction of MMP9 and MMP14 genes in NSCLC
cells, but they may play a lesser role in regulating the endogenous MMP15

promoter.
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Figure 11. E2F depletion inhibits MMP gene transcription (A-B) Transiently transfecting
100 pmol of E2F1, E2F3, and E2F5 siRNA reduced the expression of MMP9 and
MMP14 mRNA in A549 and H1650, and there was no significant difference with E2F2 or
E2F4 siRNA. DHFR mRNA levels were significantly reduced by E2F1 or E2F3 siRNA
(P<0.05). MMP15 mRNA levels were not affected significantly in A549 or H1650 cells.
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Depletion of E2Fs inhibits collagen degradation

Recent studies suggest that in certain tumor milieus, the ability of
fibroblasts to actively degrade extracellular collagen is a climacteric step that
allows cancer cells to escape the primary tumor site (465). Since we found that
NSCLC cells depleted of E2F1, E2F3, or E2F5 had less MMP9 and MMP14, we
next examined whether CCL-210 lung fibroblasts had an impaired ability to
degrade type | collagen, when depleted of E2F1-5. To this end, CCL-210 cells
were transfected with siRNA to E2F1-5 or a non-targeting control RNA and
plated on type | collagen. After four days, CCL-210 cells with depleted E2F1-5
had less collagen degradation as indicated by Coomassie staining of the residual
collagen, though the depletion of E2F1 or E2F3 had the most pronounced effect
(Figure 12). To determine whether siRNA had any effect of proliferation of CCL-
210 cells, cells were counted after being trypsinized off the collagen. There was
no significant difference in cell number with any siRNA suggesting that CCL-210
cells grown to confluency are not dependent of proliferation for collagen
degradation. Taken together, these results suggest that depletion of E2Fs in lung
cells significantly diminishes MMP gene transcription, and hinders resultant

biological processes such as collagen degradation.
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Figure 12. E2F depletion inhibits collagen degradation. CCL-210 lung fibroblast cells
depleted of E2F1-5 by siRNA have less collagen degradation compared to Control
siRNA. The results of three independent experiments are shown. The total cell number
on top of collagen was trypsinized, and counted at the termination of the experiment.
Depletion of E2F1-5 had no effect on growth of CCL-210 cells when plated as a
confluent monolayer. Images are one representative field of CCL-210 cells atop
collagen, taken at 100x total magnification with phase contrast microscopy.
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E2F1 overexpression can rescue MMP-luciferase activity when E2F3 is

depleted

To determine whether an alternate E2F family member could rescue MMP
activity when E2F1 is depleted, A549 cells were transiently transfected with
siRNA targeting E2F1, then transfected with MMP-luc constructs, with or without
E2F3 expression vector. E2F1 depletion lead to reduced MMP9 and MMP14-luc
activity, and overexpression of E2F3 could rescue MMP9 and MMP14-luciferase
activity. Similar results were obtained when E2F3 was depleted, followed by
overexpression of E2F1. MMP15-luciferase activity was not affected by E2F1 or
E2F3 depletion (Figure 13). This suggests that E2Fs might have functional

redundancy in regulating MMP promoters.
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Figure 13. E2Fs can rescue the effect of depleting a different family member. MMP9
and MMP14 luciferase activity is reduced by transiently transfecting E2F1 or E2F3
siRNA, followed by transfection of MMP-luc reporters. Co-transfection with the alternate
family member (E2F1 overexpression in E2F3 siRNA cells, E2F3 overexpression in
E2F1 siRNA cells) could rescue MMP-luciferase activity. Basal levels of MMP15 were
not affected, though both E2F1 and E2F3 overexpression could induce MMP15-
luciferase activity (*P<0.05).
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Depletion of E2F1 or E2F3 reduces cell migration independent of

proliferation

There is evidence that cell migration is accomplished in part through
cleavage of adherens junctions by MMPs (311). To determine whether E2F-
mediated modulation of MMP genes might affect migration of A549 cells, wound-
healing assays were conducted in vitro. To ensure that changes in migration
were independent of cell proliferation, asynchronous cells were pretreated with
10 pg/mL Mitomycin C, which arrests the cell cycle (Figure 14A). There was a
comparable amount of migration in Mitomycin C treated and untreated cells,
indicating that the observed migration was a direct result of motility into the
empty space and independent of proliferation (Figure 14B-C). Next, to determine
whether E2F depletion affected migration, cells were transfected with siRNA to
E2F1, E2F3, a combination thereof, or a non-targeting control siRNA. Serum
induced migration of cells transfected with the control, non-targeting siRNA into
the wound; but migration was significantly reduced in cells transfected with E2F1
and E2F3 siRNA (Figure 14D-E). This suggests that E2F1 and E2F3 contribute
to the migration of cells. This agrees with studies showing that E2F1(-/-) mice
have abnormal epidermal repair upon injury, and impaired cutaneous wound

healing (466).
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Figure 14. Depletion of E2F1 or E2F3 inhibits migration independent of proliferation (A)
A549 cells that have been treated with 10 ug/mL Mitomycin C have significantly reduced
BrdU incorporation compared to untreated A549 cells (*P<0.05). (B) Serum stimulated
A549 cells treated with 10 pg/mL Mitomycin C have similar migratory capacity as
untreated A549 cells (**P<0.005) 100x total magnification. (D) Depletion of E2F1, E2F3,
or E2F1 and E2F3 combined significantly hinders the ability to A549 cells to migrate in
response to serum (**P<0.005; ***P<0.001).
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Depletion of E2F1 or E2F3 reduces cell invasion

We next examined whether invasion was affected by depletion of E2F1 or
E2F3 using a Boyden Chamber assay. A549 cells were transfected with SiRNA
targeting E2F1, E2F3 or a combination thereof. As shown in Figure 15A, cells
which were depleted of E2F1 or E2F3 had completely lost the ability to invade
through collagen and matrigel coated transwell filters, while cells transfected with
a non-targeting control SiIRNA showed 1.8 + 0.4 fold invasion in serum stimulated
cells. This suggests that E2F1 or E2F3 are required for degradation of the ECM

components, through the modulation of genes involved in their degradation.
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Figure 15. Depletion of E2F1 or E2F3 inhibits invasion (A) Depletion of E2Fs
significantly reduced invasive properties, as seen in a Boyden Chamber assay
(***P<0.001). Images of films removed from transwell filters. Dark spots are cells that
have invaded through matrigel and collagen coated films to the other side of the filter.
Images are taken at 400X total magnification. (B) Quantification of five images in three
independent experiments. Data is plotted as fold change compared to serum-starved
controls.
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Rb-Raf-1 disruptor, RRD-251, inhibits invasion and migration in vitro

Previous work in our lab has demonstrated that the Raf-1 kinase interacts
with Rb, and phosphorylates Rb early in the cell cycle (36). A small molecule Rb-
Raf-1 disruptor, RRD-251, inhibited Rb phosphorylation, thereby keeping Rb
associated with E2F1, preventing cell proliferation and tumor growth (38, 39). We
hypothesized that RRD-251 would likely inhibit the migration of cancer cells as
well, given that depletion of E2Fs inhibited migration. Wound healing assays
conducted on MDA-MB-231, MDA-MB-435, A549, and H1650 cells showed that
treatment with RRD-251 significantly reduced the migration of cells (Figure 16A).
The ability of RRD-251 to inhibit invasion of cancer cells was also examined.
Given that the depletion of E2F1, E2F3, or the combination of the two
significantly inhibited invasion, we wanted to use RRD-251 to inhibit invasion in
vitro. A549-luc-C8 cells were rendered quiescent by serum starvation for 24
hours, and then stimulated with either serum alone, or serum and RRD-251 for
18 hours and invasion was measured by a Boyden Chamber assay. It was found
that RRD-251 could significantly abrogate the invasive capacity of A549-luc and

MDA-MB-231 cells (Fig. 16B-C).
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Figure 16. RRD-251 inhibits migration and invasion in vitro (A) MDA-MB-231, MDA-MB-
435, A549, and H1650 cells treated with RRD-251 show reduced migration compared to
serum. (B-C) A549-luc-C8 and MDA-MB-231 cells have significantly more invasion when
stimulated with serum (**P<0.005). This effect is significantly abrogated in both cell lines
when treated with RRD-251 (A549-luc, ***P<0.001; MDA-MB-231, **P<0.005).
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Rb-Raf-1 disruptor, RRD-251, inhibits MMP transcription and collagen
degradation

Since RRD-251 was effective at inhibiting migration and invasion in a
panel of invasive cancer cell lines, we next tested the ability of RRD-251 to inhibit
collagen degradation. Similarly, collagen degradation was also greatly inhibited
after CCL-210 cells were treated with RRD-251 (Figure 17A). Given that
invasion, migration, and collagen degradation were all inhibited by RRD-251, we
hypothesized that the mechanism was likely due to a down-regulation of key
MMP gene transcription. By blocking the Rb-Raf-1 interaction, Rb remains
hypophosphorylated and active, thereby inhibiting E2F-mediated transcription of
target genes. To determine if RRD-251 could prevent E2F-mediated transcription
of MMP genes, quiescent A549 cells were serum stimulated in the presence or
absence of 20 uM RRD-251. MMP mRNA levels decreased significantly after
treatment with RRD-251 (Figure 17B), comparable to the reduction in expression
when E2Fs were depleted. Collectively, these results suggest that RRD-251
inhibits the invasion and migration of cancer cells, and this correlates with the
repression of MMP genes. Taken with previous studies showing the efficacy of
RRD-251 at inhibiting human tumor xenograft growth, cell proliferation, and
angiogenesis (39), the Rb-Raf-1 interaction seems to play a crucial role in many

aspects of cancer development and progression.
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Figure 17. RRD-251 inhibits transcription of MMPs and collagen degradation (B) CCL-
210 cells treated with RRD-251 show reduced degradation of collagen. Images show
three independent experiments. (C) A549 cells treated with RRD-251 have significantly
reduced MMP9, MMP14, and MMP15 mRNA (*P<0.05).
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RRD-251 inhibits metastatic lung colonization in vivo

Given that RRD-251 could modulate MMP levels and inhibit
invasion and migration in vitro, we next investigated if RRD-251 could inhibit
metastasis in vivo. We injected A549-luc-C8 cells (5x10°) into the lateral tail vein
of 5-week-old female, SCID-beige mice. Mice were then randomized into either
the DMSO vehicle group, or the RRD-251 group, which received i.p. injection of
50 mg/kg everyday for four weeks. Colonization of lungs was monitored using the
Caliper-IVIS 200 system after administration of luciferin. Mice treated with RRD-
251 had significantly less metastasis to the lung and surrounding tissues (Figure
18A-B). Photon Flux in vehicle treated mice was 3.9 £ 0.6 fold higher than mice
treated with RRD-251. To confirm these observations seen in vivo, lung
bioluminescence was examined ex vivo. Mice treated with RRD-251 had 80%
less lung bioluminescence (Fig 18C-D), indicating less metastasis. H&E staining
indicates that few tumors were able to seed in the lungs of mice treated with
RRD-251 (Fig. 18E-F). It is difficult to differentiate between anti-proliferative
effects and anti-metastastic effects, however, as proliferation also contributes to
the growth of metastatic lesions. Ideally, drugs that can affect invasion and
proliferation would have the highest benefit as anti-tumor agents. RRD-251, by
its ability to inhibit these hallmarks of cancer and others, appears to have potent

therapeutic efficacy in vivo.
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Figure 18. RRD-251 inhibits lung metastasis in vivo (A) A549-luc-C8 cells were injected
into the lateral tail vein of SCID-beige mice, and animals were imaged once/week for 5
weeks. Daily administration of 50mg/kg RRD-251 significantly reduced lung colonization
(*P<0.05). Representative images are shown in (B). (C and D) At the completion of the
experiment, lungs were analyzed ex vivo and extent of colonization quantified. Mice
treated with RRD-251 had significantly less tumor burden (*P=0.015). (E and F) H & E
staining confirms the presence of numerous distinct metastatic colony formation in the
lungs of vehicle treated mice, shown by arrows, but few in mice treated with RRD-251.
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Discussion

It is well established that cyclin-dependent kinases phosphorylate and
inactivate Rb in the G1 phase of the cell cycle, releasing E2F transcription factors
from Rb (467). It was initially believed that the predominant function of E2Fs was
to activate genes required for the progression of the cell cycle through S-phase
(8, 468, 469). Later studies showed that E2F transcription factors could regulate
a diverse number of biological processes including cell differentiation,
development, apoptosis, DNA damage repair, and more recently, angiogenesis
(122, 175, 177, 470, 471). As mentioned earlier, our lab had shown that the
signaling kinase Raf-1 directly interacts with Rb early in the cell cycle; further,
Raf-1 could phosphorylate Rb (36). This phosphorylation of Rb by Raf-1 was
necessary for the subsequent complete inactivation of Rb by cyclin-dependent
kinases. Disrupting the Rb-Raf-1 interaction using RRD-251 could inhibit cell
proliferation, adherence independent growth, angiogenesis and prevent the
growth of lung cancer and melanomas in xenograft models (463). Studies
presented here show that disrupting the Rb-Raf-1 interaction could be a fruitful
way of combating metastatic colonization by cancer cells at distant organ sites;
this can likely be attributed to downregulation of MMP transcription in addition to
inhibition of proliferation. Therefore, inhibiting the Rb-Raf-1 interaction might be
a valid target for metastasis of primary tumors of any size, since there is no direct

correlation between the size and metastatic potential.

103



A considerable amount of research has been dedicated to identifying
novel E2F regulated genes by gene profiing arrays and chromatin
immunoprecipitation arrays (ChIP on chip) (127, 472-474). In these arrays,
various proteins and enzymes involved in the metastatic spread of tumor cells
were initial hits, though validation studies have been lacking. Arguably the most
crucial process for cancer cell invasion is the physical degradation of the ECM
(440) but a role for E2F transcription factors in this process had not been
identified. It is intriguing that, at least in lung cancer cell lines, E2Fs function as
transcriptional activators of MMP9, MMP14, and MMP15. Many MMP gene
promoters have multiple GC boxes, which can bind to Spl and Sp3, including
MMP9, MMP14, MMP15, and others (441). It is well established that Spl
proteins can work coordinately with E2F transcription factors to regulate gene

expression (475).

Cells utilize enzymes including serine-, thiol-, proteinases, heparanases,
and metalloproteinases to free them from the primary tumor locale. Though the
activity of matrix metalloproteinases and other metzincin family proteins are
important for metastasis, the most prognostically valuable are the Matrix
Metalloproteinase family (MMPs) (476). A relevant MMP signature is MMP2,
MMP9, and MMP14, which have been shown to correlate with advanced stage
breast cancer morbidity and late relapse in breast cancer patients (477, 478).

MMP14 and MMP2 have also been detected at high levels in NSCLC patient
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samples, whereas MMP14 and MMP15 RNA levels have been shown to
correlate with human glioma grade (479, 480). Therefore, it is a possibility that
E2Fs might indirectly regulate tumor metastasis as a consequence of

transcriptionally activating MMPs.

In addition to the crucial role for MMPs in degrading the extracellular
matrix during invasion, they also play a role in angiogenesis. Pro-angiogenic
factors like VEGF and bFGF are normally localized to the matrix, and cannot
engage receptors until freed through MMP9 cleavage (434, 481, 482). Since we
have previously shown that VEGF receptors, FLT-1 and KDR, are also E2F

regulated genes, it is likely that the role E2F has in angiogenesis is multi-faceted.

These observations raise the possibility that mutations that initiate the
oncogenic process by activating the E2F transcriptional regulatory pathway might
also contribute to subsequent steps of tumor progression and metastasis. There
is evidence that the Rb-E2F pathway might affect EMT as well, and this requires
additional investigation (483). Taken together, these studies link the Rb-E2F cell
cycle regulatory pathway to advanced stages of cancer development and
metastasis. The finding that disrupting the Rb-Raf-1 interaction could prevent cell
proliferation, angiogenesis, tumor growth and now metastatic colonization of
organs suggest that targeting the Rb-R2F pathway might be a fruitful avenue to

combat metastatic disease.
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Chapter 4: Differential regulation of MMP2 by E2F1 involves a p53-KAP1-

HDAC1-dependent mechanism

Abstract

Recent studies have shown a role for the Rb-E2F pathway in regulation of
certain matrix metalloproteinase genes involved in tumor invasion and
metastasis. Another MMP implicated in migration and invasion, MMP2, has
multiple E2F binding sites in its gene promoter and is differentially regulated by
the Rb-E2F pathway in lung cancer and breast cancer cell lines. Chromatin
immunoprecipitation assays showed the association of Rb and E2F1-5 with the
MMP2 promoter, and transient transfection experiments showed that MMP2-
luciferase construct is repressed by E2F1-5, and further by Rb, in NSCLC cells.
In contrast the MMP2-luc construct was induced by E2F1-5 in breast cancer
cells. Correspondingly, depletion of E2F family members by siRNA transfection
induced MMP2 transcription in NSCLC cell lines. Using a candidate approach,
we screened a panel of siRNAs targeting known transcriptional repressors and
cooperative transcription factors that had putative binding sites in the MMP2
promoter. This identified c-MYC and ID1 as potential mediators of E2F-mediated
repression, though there was no effect when Rb, BRG1, or other known
repressors were depleted. Deletion mutants of the MMP2 promoter revealed a

49-base pair region (-1649/-1600) required for E2F-mediated repression in
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NSCLC cells. This region contains a consensus p53-binding site that is known to
regulate MMP2 expression, in addition to an E2F binding site. Mutation analysis
showed that the p53 binding site and the E2F binding site are required for E2F-
mediated repression of MMP2, and the c-MYC binding element was dispensable
for E2F-mediated repression, suggesting that the effects of c-MYC and ID1 are
through an indirect mechanism. Further, KAP1 and HDAC1 could significantly
inhibit p53-mediated transactivation of MMP2, and depletion of KAP1 prevented
E2F1-mediated repression in NSCLC cells. Overexpression of p300 histone
acetyltransferase could rescue E2F-mediated repression, suggesting that
deacetylation of E2F1 or histones in the promoter region contribute to repression.
In breast cancer cells, the mechanism for E2F inducing MMP2 activity is due to a
mutation in p53, or low levels of HDAC-KAP1 binding as seen by
immunoprecipitation immunoblot, or double immunofluorescence studies. Taken
together, E2F1 represses MMP2 expression in NSCLC cells through p53-KAP1-
HDAC1-mediated deacetylation event, whereas c-MYC and ID1 regulate MMP2

through an unknown, indirect mechanism.

Introduction
The retinoblastoma tumor suppressor protein, Rb, together with the E2F
transcription factors are critical regulators of the cell cycle, apoptosis cascades,
differentiation, and DNA damage repair for normal cells and cancer cells alike
(53, 66, 449). In cancer, the Rb-E2F pathway is frequently altered (12). While Rb

is mutated in retinoblastoma, breast cancers, lung cancers, osteosarcomas and
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other cancers, numerous aberrations including overexpression, amplification, and
mutations of the E2F family members themselves are being discovered (12, 66,
461, 462). Recent studies found that the Raf-1-Rb-E2F signaling cascade could
directly regulate the expression of key angiogenesis and metastasis genes such
as FLT-1, KDR, Angiopoiten-2, MMP9, MMP14, and to a lesser extent MMP15,
linking early stage oncogenic events elicited by this pathway to later stage events
in cancer, namely metastasis (253, 448). In addition, the Rb-Raf-1 disruptor,
RRD-251, which prevents Rb phosphorylation and inhibits E2F1-mediated
transcription, inhibited metastasis in an in vivo experimental metastasis model,
and down-regulated the transcription of crucial MMP genes. RRD-251 inhibited
invasion, migration, and collagen degradation in a proliferation-independent
manner in vitro (448). However, the precise mechanism for the emergence of
disseminated metastases in patients is still poorly understood—despite being the

primary cause of mortality (266, 327).

The matrix metalloproteinases, or MMPs, are a family of 23 enzymes in
humans that can collectively degrade all components of the extracellular matrix
(374). A hallmark of invading tumor cells is their ability to degrade the
surrounding ECM, leading to tissue pore development that can aid in the escape
from the primary tumor. With most cancers, invasion is associated with an
increase in MMP activity (476). Most tumors and subsequently derived cell lines
express the type IV collagenases MMP2 and MMP9 at normal to high levels

(431). In gliomas MMP2 and MMP9 had highest expression in high-grade
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gliomas compared for low-grade astroglimoas and normal brain (484). Increased
expression of MMP2 in non-small cell lung cancer was associated with increased
tumor recurrence (p=0.001), decreased overall survival (p=0.0004), and
advanced stage disease (p=0.001) (485). Immunohistochemical analysis of
human non-small cell lung cancer samples also revealed that MMP2 levels
correlated with advanced tumor stage and the presence of distant metastasis
(p<0.05) (486). Another study showed that strong staining of MMP2 and MMP9
in the stromal cell compartment of NSCLC, patrticularly in fibroblasts could also
correlate with an increase in microvessel density, angiogenesis, and poor
prognosis (487). MMP2 was identified as part of a gene signature that imparted
breast cancer cells the ability to metastasize to the lung, (343). MMP2 was also
involved in the assembly of new tumor blood vessels, the release of tumor cells
into circulation, and tumor cell seeding into the pulmonary vasculature when

overexpressed with MMP1, COX2, and epiregulin (488).

The activity of MMP2 is regulated at a variety of levels: these include
transcriptional, proenzyme activation by tissue inhibitor of metalloproteinase-2
and membrane-type metalloproteinase complexes, and inhibition of catalytic
activity by TIMPs (311, 489). A search for promoter regions responsible for the
upregulation of MMP2 in cancer has yielded a well-characterized promoter with a
number of potential regulatory cis elements, including those responsible for the
constitutive activation of MMP2—AP-1, Ets-1, C/EBP, CREB, PEA3, Spl, and

AP-2 (489). Other studies have suggested that AP-2 can bind to a non-canonical
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enhancer region at -1635 (490), while other groups have shown that p53 can
bind to a 20 base pair sequence from -1649 to -1630, also in the enhancer
region, and directly regulate the expression of MMP2 (491). The nature of
constitutive expression of MMP2 versus expression during metastasis is unclear.
Given that E2Fs are deregulated or overexpressed in various cancers, and they
are responsible for regulation of other MMP genes, we performed studies to
determine if MMP2 was also regulated by E2Fs in both NSCLC cell lines, and
breast cancer cell lines. Surprisingly, the MMP2 promoter is repressed by E2Fs
in NSCLC cell lines by cooperative activity with the adjacent p53 binding site.
Together, E2F and p53 can tether a KAP1-HDAC1 complex to the promoter,
effectively shutting down transcription. The MMP2 promoter can also be
repressed by c-MYC in the same region, though independent of c-MYC binding;
this repression is relieved by ID1, possibly through direct de-repression by the
helix-loop-helix protein. In breast cancer cells, however, E2F1 is an activator of
the MMP2 promoter, where the mechanism for activation is either from a lack of
KAP1-HDAC interaction (MCF7 cells) or mutant p53 status (MDA-MB-231 cells).
In this scenario, E2F1 binding does not recruit a repressive complex, as not all
components are available. Taken together, the MMP2 gene is also a
transcriptional target of the Rb-E2F pathway, and can be either activated or
repressed depending on additional aberrations in the genetic landscape of the

tumor.
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Results

MMP2 promoter is transcriptionally regulated by E2F transcription factors

MMP2 is upregulated in a variety of metastatic cancers, and MMP9,
MMP14, and MMP15 are E2F target genes (448). To determine if MMP2 is also
an E2F target gene, we examined the promoter region 2 Kb upstream of the
transcriptional start site using the Matinspector (Genomatix) program. In this
region there were four putative E2F binding sites at -1616, -1077, -914, and -256.
To determine if these binding sites were functional, a ChIP assay was conducted
on asynchronously growing A549 cells. Antibodies against Rb, and E2F1-5
showed a significant amount of protein binding to chromatin (Figure 19A-B).
There was no DNA associated with an IP done with an irrelevant antibody,
further establishing the specificity of the assay. This suggested that there is at
least one functional element in the promoter that can actively recruit E2F family

members and Rb.

Since E2Fs were recruited to the MMP2 promoter, we next examined if
E2Fs could regulate the expression of the endogenous gene. Towards this
purpose, A549, H1650, H1975, and CCL-210 cells, all derived from the lung,
were transfected with 100 pmol of siRNA targeting E2F1, E2F3, or a non-
targeting control siRNA. Surprisingly, in all four cell lines, depletion of E2F1 or
E2F3 induced the MMP2 mRNA levels as indicated by qRT-PCR (Figure 19C).
This suggests that E2Fs might be acting as repressors of MMP2 expression in

lung cancer cell lines.
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To further study regulation of the MMP2 promoter by E2Fs, we utilized an
exogenous MMP2-luciferase reporter construct. When cotransfected with E2F1
or E2F3, the MMP2 promoter was indeed repressed (Figure 19D). Further,
cotransfection with the Rb construct could repress the MMP2 promoter even
more. We next asked if E2Fs 1-5 behaved similarly when overexpressed along
with the MMP2-luciferase construct. All E2F family members significantly repress
MMP2 In H1650 and A549 cells. Contrastingly, when MCF7 or MDA-MB-231
breast cancer cells are cotransfected with the MMP2-luciferase construct and
E2F 1-5, MMP2-luc is induced (Figure 19E-F). This is intriguing given that MMP2
levels were dramatically increased in a breast cancer to lung metastasis model
(343) and that E2F activity can also be increased in breast cancer through

mutation of Rb.
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Figure 19. MMP2 is transcriptionally regulated by the Rb-E2F pathway (A) Table of
putative E2F binding elements identified by Matinspector (Genomatix). (B) ChIP assay
conducted on asynchronously growing A549 cells using the indicated antibodies.
Sonicated genomic DNA was used for input. Primers span the -1616 to -1600 site. (C)
Transiently transfecting 100 pmol of E2F1 or E2F3 siRNA increased the expression of
MMP2 in four lung cancer cell lines. (D) Transient tranfections in A549 cells showed that
E2F1 and E2F3 could repress MMP2-luciferase activity, and further repression was
observed with the addition of Rb. (E-F) In A549 and H1650 cells, E2F1-E2F5 could
repress the MMP2-promoter, whereas E2F1-E2F5 activated the MMP2 construct in
breast cancer cell lines.
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E2F represses MMP2 independent of Rb, BRGL1 or other known
corepressors

Different types of E2F complexes are capable of inhibiting transcription of
target genes. For example, in quiescent cells, E2F4 and E2F5 preferentially bind
to Rb family members p107 and pl130, and recruit a variety of chromatin
modifiers to efficiently shut down transcription (8). Further, the E2F activators
have been observed repressing promoters directly in vivo as well through an
unknown mechanism (177). Since we also observed E2F1-5 could repress
exogenous MMP2 promoter when transfected into lung cancer cells, we first
explored the role of Rb. To this end, we transfected MMP2-luc alone, or MMP2-
luc with E2F1 or E2F3 into cells that were stably transfected with shRNA
targeting Rb, or a non-targeting control (39), (Figure 20A). In both cases, MMP2-
luc was repressed by the E2F transcription factors. This shows that although Rb
could repress MMP2-luc when overexpressed (Figure 19D), it was not essential
for repression. We next asked whether BRG1, a known repressor of E2F
proliferative genes (39), would also repress the MMP2 promoter through E2F.
We found that BRG1 overexpression is slightly activating, and had no affect on
E2F-mediated repression (Figure 20B). We next tested a panel of known E2F
transcriptional repressors by first transfecting siRNA targeting HP1ly (492), -
arrestinl (48), LSD-1, Prohibitin-1 (PHB-1) (492), YY1 (493), BRG1 (39), or
Sin3a (494), followed by transfection with the MMP2-luc construct alone, or with

E2F1 (Figure 20C). In all cases, E2F1 represses MMP2-luc compared to MMP2-
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luc control. Interestingly, BRG1 and Sin3a depletion results in less MMP2

luciferase activity, suggesting they are required for basal expression of MMP2.
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Figure 20. E2F1 represses MMP2 independent of Rb, BRG1, or other known
corepressors (A) A549 cells under puromycin selection to retain the shRNA vector
targeting Rb, or a non-targeting control vector were transiently transfected with MMP2-
luc alone, or with E2F1 or E2F3. Rb was not required for E2F-mediated repression. (B)
A549 cells were transfected with MMP2-luc alone, or with E2F1, BRG1, or a
combination of both. Although BRG1 activated the MMP2 promoter slightly, E2F still
repressed MMP2-luc. (C) A549 cells were first transfected with 100 pmol of siRNA
targeting indicated transcripts, followed by transfection with MMP2-luc alone, or with
E2F1. The loss of each corepressor had no effect on E2F-mediated repression of
MMP2.
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c-MYC and ID1 depletion enhances MMP2-luciferase activity

Since the depletion of various corepressor proteins had no effect on E2F-
mediated repression of MMP2, we next hypothesized that E2F could be
repressing the MMP2 promoter cooperatively with another transcription factor.
Previous studies had already identified several regulatory elements in the MMP2
promoter, including AP-1, AP-2a, Spl, PEA3, Ets-1, and CREB (489). We also
chose to examine the effects of ID1 and c-MYC. Both proteins can act as either
activators (346, 495) or repressors (496, 497) depending on promoter context,
and both have been shown to play a role in regulating metastasis (346, 498).
Firstly, A549 cells were transfected with an siRNA targeting either AP-2a, ID1,
Spl, c-MYC, ETS1 or a non-targeting control siRNA, followed by the MMP2-luc
construct with or without E2F1. When Spl was depleted, there was slightly less
basal promoter activity, consistent with previous reports done on gliomas cells
(489). However when AP-2a, ID1, c-MYC or ETS1 were depleted, the basal
levels of MMP2-luc were increased to varying degrees (Figure 21). Depletion of
ID1 induced MMP2-luc around 3-fold. Further, with E2F1 was cotransfected,
though still repressing MMP2-luc, the repression was reduced. This suggests
that ID1 might contribute to E2F-mediated repression. Similar results were
observed in the case of c-MYC. Depletion of c-MYC increases MMP2-luc levels

as well, and the effects of E2F1 are much less pronounced.
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Figure 21. ID1 and c-MYC depletion inhibits E2F-mediated repression of MMP2-
luciferase. A549 cells were first transfected with 100 pmol of siRNA targeting indicated
transcripts, followed by transfection with MMP2-luc alone, or with E2F1. The loss of Spl
resulted in a slightly reduced basal MMP2-luc activity, though the addition of E2F1 could
repress even further. Although AP2a, ID1, c-MYC, and ETS1 depletion increased the
basal level of MMP2-luc activity, only the loss of ID1 and c-MYC had any affect on E2F-
mediated repression.
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c-MYC directly binds and colocalizes with ID1

It has previously been reported that c-Myc can induce ID1, ID2, and ID3
(499-501). However it is also possible that since both ID proteins and c-MYC are
helix-loop helix proteins, they could also function through direct physical binding.
In this scenario, ID1 would bind to c-MYC, and free c-MYC from DNA. To
determine whether ID1 and c-MYC can colocalize in the cell, we utilized double
immunofluorescence experiments. Asynchronous A549, H1650, and MDA-MB-
231 cells were immunostained with ID1 and c-MYC to observe a direct
interaction. In both lung cancer cell lines, A549 and H1650, there is a strong
colocalization between ID1 and c-MYC (Figure 22A), whereas in MDA-MB-231
cells there is less colocalization. Upon quantification of the immunofluorescence
of both ID1 and c-MYC, it was confirmed that MDA-MB-231 cells had the lowest
levels of ID1-associated immunofluorescence (Figure 22B). To confirm these
observations, we performed immunoprecipitation and immunoblot analysis on the
three cell lines. In all cell lines, there was detectable interaction between
endogenous c-MYC and ID1 (Figure 22C). This binding should result in less c-
MYC associated with the MMP2-promoter, and if c-MYC is in fact a repressor,
this release would yield more MMP2-luc activity. Together these results suggest
that in addition to c-MYC transcriptionally regulating 1D1, there might be a
negative feedback loop, at least at the exogenous MMP2-luc promoter, where

ID1 can bind to c-MYC.
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Figure 22. c-MYC directly binds to ID1 in lung cancer cells. (A) Serum-starved A549 and
localization of ¢c-MYC and ID1 was analyzed by double-immunofluorescence staining
followed by confocal microscopy. The cells were counterstained with the nuclear marker,
4'6-diamidino-2-phenylindole (DAPI). Overlay of the images show yellow spots indicating
colocalization in the far right panel. (B) Both channels of immunofluorescence were
guantified. (C) The physical interaction of endogenous ¢c-MYC and ID1 was confirmed by
immunoprecipitation of ID1 followed by immunoblot analysis.
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Identification of the promoter region responsible for E2F and c-MYC
mediated repression of MMP2-luciferase

Given that Matinspector can generate hundreds of possible regulatory
elements for any given DNA sequence, experiments were done to first determine
the region of DNA responsible for E2F-mediated repression in the MMP2
promoter. We generated 5’ deletion mutants from the original wild type -1659
base pair MMP2-reporter construct (489, 491) including -1467, -945, -508, -221.
Each deletion was created to eliminate one putative E2F binding site per
mutation (Figure 23A). Each of these constructs was transiently transfected
alone, or with E2F1 in both A549 and H1650 cell lines. All data was normalized
to the full-length -1659 base pair promoter alone. The relative luciferase activity
from the first deletion mutant (-1467) was increased compared to the full length (-
1659) and E2F1 no longer could repress the transcription of MMP2-luc, but was
activating instead (Figure 23A). The RLA of the remaining luciferase constructs
was comparable to the first deletion construct (-1467). Interestingly, the sole c-
MYC binding element identified in Matinspector was not in the DNA region
required for E2F-mediated repression, although this region does have the
previously characterized p53 binding site (491). To further study this region of the
promoter, we transiently transfected A549 cells with the -1659 or -1467 promoter
along with E2F1, c-MYC, p53, or the combination of E2F1 with p53, or c-MYC
with p53 (Figure 23B). In agreement with prior studies (491), p53 was
transcriptionally activating the MMP2 promoter when transfected alone, although

cotransfection with either c-MYC or E2F1 resulted in repression of the -1659

121



MMP2 promoter. This suggests that both E2F and c-MYC could repress p53-
mediated transactivation of the MMP2-promoter. In the shorter fragment, E2F1,
c-MYC and p53 were all slightly activating, and there was no effect when p53
was cotransfected with either E2F1 or c-MYC. It is possible that E2F1 and c-
MYC can bind additional putative sites, and the effects seen with p53 in the
smaller fragment could be indirect; p53 may be upregulating an unknown gene

that results in upregulation of MMP2-luciferase.

122



+E2F1:

A \ m A549
OH1650

- |—[1m M n |
FL-1659 oseor MYCE2F E2F E2F

o 1 2 3 4 5 6 7

B "Fold Change in MMP2 RLA
;7A549

E6

§5

c4

g3

g

_=2

o

o 1

Co

+E2F1: - + - - 4 - - 4+ - -+ -
+Myc: - - + - - + - - + - - +
830 - - o+ o+ o+ T 5 -+ 4 %

FL-1659 A 1467

Figure 23. Ildentification of a repressor region in the MMP2 promoter (A) A549 and
H1650 cells were transfected with deletion mutants of MMP2-luc alone, or with E2F1.
The first deletion mutation increased RLA, and completely abolished E2F1-mediated
repression. (B) A549 cells were transfected with the full-length -1659-luc construct or the
-1467-luc construct along with E2F1, c-MYC, p53, or indicated combinations. Both E2F1
and c-MYC inhibited the p53-mediated activation of MMP2-luc in the full-length
construct, but not in the mutant construct.

123



Contribution of the p53, E2F, and c-MYC binding sites for the activity of the
MMP2 promoter

Given that the MMP2 promoter was repressed by E2F1 through the region
between -1659 and -1467, and that MMP2 RLA was induced by p53, we next
tested the requirement of the individual binding sites to mediate these effects.
We created promoter constructs with either a mutated p53, E2F or c-MYC
binding site using overlap-extension PCR, as described in materials and methods
(Figure 24 and 25A). We also created an additional deletion mutation yielding a
-1617 construct that lacks the p53 binding element, but still has the E2F binding
element intact. When transfected into A549 cells, the MMP2-promoter construct
harboring a mutation in the p53 binding site was no longer activated by p53
(Figure 24B; lane 3 and lane 9). This mutation also resulted in E2F1 activating
MMP2-luc, rather than repressing MMP2-luc. Similar results were observed when
the -1617 deletion mutant was transfected (Figure 25B). Together, these data
suggest that E2F1 requires the p53-binding site to repress the MMP2 promoter.
Next, we tested the requirement of the E2F binding site between -1616 and -
1600. Using the -1659 MMP2-luc construct with a mutant E2F binding site, E2F1
was no longer able to repress MMP2-luc (lane 2 with lane 11). Similar results
were seen when transfections were done in MCF7 cells, however E2F1 activated
the full length promoter (Figure 25C), consistent with the observation that lung
cancer and breast cancer cells are differentially regulated. To further investigate
the contribution of c-MYC, an MMP2-luc construct with a mutation in the c-MYC

binding site was used. When transfected in H1650 cells, with two different
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promoter clones, the mutation had no effect on c-MYC-mediated repression
(Figure 25D); further suggesting that c-MYC plays an indirect role in regulation of
the MMP2 promoter, or utilizes other cryptic sites on the promoter to repress

MMP2.
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p53 Binding Site Mutation E2F Binding Site Mutation

cacacccaccacACAA GeereaaCTT GrereanceceactaacaccearcecaeacacacTT I T CtacCreteateatca

l |

AcAAAATccTeaaATTTTCTG TCGATAGATGTGA

B
c-MYC Binding Site Mutation

CCTGAGAGGCCACATGGATTCTTG

|

ccreacaceccAGGresattette

Figure 24. Design of transcription factor binding site mutants. (A) The location of the
predicted p53-binding site is underlined, and the core binding sequences are shown in a
larger font. The nucleotides that were changed are highlighted with red font. This was
confirmed by DNA sequencing. The E2F binding site uses the TTT sequence, and the
conserved cytosine reside to mediate E2F binding. The indicated changes are in red. (B)
The CA residues in the center of the c-MYC binding element were changed to GG. The
indicated changes are in red font.
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Figure 25. p53 and E2F1 binding sites contribute to MMP2 promoter activity. (A)
Schematic representation of promoter constructs made. Red box with a star represents
where mutations were created. (B-C) A549 and MCF7 cells were cotransfected with
MMP2-luc constructs with indicated mutations or deletions, along with E2F1 or p53. Both
the p53 binding site and the E2F binding site were required for E2F-mediated repression
of MMP2-luc in A549 cells, and the E2F site was essential for activation in MCF7 cells
(D) H1650 cells were transfected with MMP2-luc constructs with a mutated c-MYC
binding element. There was no effect when the c-MYC site was mutated.
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A corepressor complex containing p53-KAP1-HDACL1 is responsible for
E2F-mediated repression of MMP2

We next wanted to identify the mechanism that E2F employs to shut down
p53-mediated activation. Previous studies have shown that nuclear corepressor
KAP1 could repress p53 by interacting with MDM2, and recruiting HDAC1 to p53
target genes. This results in the deacetylation of p53 protein (502). Another study
demonstrated that KAP1 can also tether HDAC1 to E2F1, and similarly
deacetylate the E2F1 protein (503). Since both of these proteins were
cooperating to repress MMP2, we sought to determine whether KAP1 plays a
role in repression. A549 cells were first transfected with siRNA targeting HDAC1,
KAP1, or p53, followed by transfection with the -1659 MMP2-luc construct alone,
or with E2F1. In all cases, depletion of these components resulted in less
repression by E2F1 (Figure 26A). To further characterize the contribution of
KAP1 in the repression of MMP2, we transfected A549 and H1650 cells with the
MMP2-luc construct, along with E2F1, KAP1, p53, or combinations of the three.
In A549 cells and H1650 cells, KAP1 inhibits p53-mediated activation when
cotransfected (Figure 26B). To determine if the repression of transcription is due
to KAP1-HDAC complex, we performed rescue experiments in both A549 and
H1650 cells. In both cell lines, the histone acetyltransferase p300 could rescue
E2F-mediated repression of MMP2 (Figure 26C). This suggests that the

repressive role of KAP1 is probably through deacetylation.
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Figure 26. A corepressor complex containing p53-E2F1-KAP1-HDAC1 is responsible for
repression of MMP2. (A) A549 cells were transfected with 100 pmol of siRNA targeting
HDAC1, KAP1, p53, or a non-targeting control, followed by transfection with MMP2-luc
alone or with E2F1. Depletion of these transcripts abrogated E2F-mediated repression.
(B) A549 and H1650 cells were transfected with MMP2-luc along with E2F1, KAP1, p53,
or combinations. In both cell lines, KAP1 completely inhibited p53 activation of MMP2
RLA. (C) A549 and H1650 cells were transfected with MMP2-luc along with E2F1, p300,
KAP1, or combinations. p300 overexpression could rescue the E2F-mediated
repression.
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KAP1 binding to HDACL1 is required for repression of MMP2

E2F-mediated repression of MMP2-luc activity was only observed in lung
cancer cells, whereas in breast cancer cell lines E2F was activating. MDA-MB-
231 cells express high levels of mutant p53 (504, 505), and mutant p53 can
interfere with wild type p53 through several mechanisms, including acting as a
dominant negative protein (506). Further, although mutant p53 is more stable
than wild type p53 (507, 508), it can be recruited to different promoters than wild
type, indicating that the DNA binding specificity might change (509, 510). This
could explain why MDA-MB-231 can use E2F1 to activate MMP2-luc, since p53
binding upstream is required for repression. Interestingly, MCF7 cells have wild
type p53, though E2F1 can still activate the MMP2 promoter in this cell line. To
try to understand the mechanism for activation in these breast cancer cell lines,
ChIP assays were conducted with antibodies against Rb, E2F1, HDAC1, p53,
MDM2, KAP1, and irrelevant antibody was used as a negative IP control. A549
and H1650 cells recruited each protein to the MMP2 promoter (Figure 27A). As
predicted, in MDA-MB-231 cells, there is no p53 recruitment. MCF7 cells
recruited each protein except HDAC1. Since HDAC1 activity is required for
repression of MMP2 by E2F1, we next performed immunoprecipitation
immunoblots to determine the level of HDAC1-KAP1 binding in these four cell
lines. A549, H1650, and MDA-MB-231 cells showed an interaction of
endogenous HDAC1 with KAP1, while MCF7 cells showed no detectable
interaction (Figure 27B-C). To confirm these observations, we utilized double

immunofluorescence experiments to further visualize the endogenous interaction
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between HDAC1 and KAPL1 in the four cell lines. Asynchronous A549, H1650,
MCF7 and MDA-MB-231 cells were immunostained with HDAC1 and KAP1 to
observe a direct interaction, then subjected to confocal microscopy.
Corresponding with the immunoprecipitation experiments, A549, H1650, and
MDA-MB-231 cells show a strong colocalization between HDAC1 and KAP1
(Figure 27D), whereas in MCF7 cells, there were high levels of KAP1, but low
levels of colocalization with HDAC1. Therefore, two separate mechanisms can
account for the activation of the MMP2-luciferase construct in breast cancer
cells—MDA-MB-231 cells, which have mutant p53, cannot recruit the repressor
complex, and MCF7 cells have insufficient KAP1 binding to HDAC1, which also

results in activation of MMP2-luc.
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Figure 27. KAP1-HDACL1 interaction is required for repression of MMP2. (A) ChIP
assays were performed on A549, H1650, MDA-MB-231, and MCF7 cell lines with
indicated antibodies. There is no binding of p53 in MDA-MB-231 cells, and no binding of
HDAC1 in MCF7 cells. (B-C) Immunoprecipitation of HDAC1 (B) or KAP1 (C) followed
by immunoblotting with the other protein shows interaction of the endogenous proteins in
A549, H1650, and MDA-MB-231 cells, but not MCF7 cells. (D) Double
immunofluorescence confocal microscopy on A549, H1650, MDA-MB-231, and MCF7
cells reveals that KAP1 does not colocalize with HDAC1 in MCF7 cells.
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(#)-Nutlin-3, the p53-MDM2 disruptor, activates the MMP2 promoter

(x)-Nutlin-3 is a small molecule inhibitor of the MDM2-p53 interaction,
which leads to p53 stabilization, activation of cell cycle arrest and apoptosis
(511). There are a number of clinical trials that employ the concept that selective
p53 activation by (x)-Nutlin-3 might represent an alternative to current cytotoxic
chemotherapy, in particular for pediatric tumors and hematological malignancies,
which retain a high percentage of wild type p53 (512). Prior studies have also
shown that MDM2 was required for KAP1 to recruit HDACL1 to p53, and mediate
deacetylation (502). To determine the effects of (x)-Nutlin-3 on MMP2-luciferase
activity, A549 and H1650 cells were transfected with the MMP2-luc construct,
then treated with increasing amounts of (£)-Nutlin-3 for 24 hours. By blocking the
p53-MDM2 interaction, and consequently inhibiting KAP1 recruitment of
corepressor HDAC1, the MMP2-luc activity was de-repressed in a dose-
dependent manner (Figure 28A). To determine if these same effects could be
observed on the endogenous MMP2 promoter, A549 cells were treated with (z)-
Nutlin-3 for 24 hours, then total RNA was collected and p53 target gene levels
were analyzed by gRT-PCR. As predicted, p21 levels were increased and
survivin levels were reduced, both representative of p53-dependent cell cycle
arrest. MMP2 levels were also induced by treatment with (£)-Nutlin-3 (Figure
28B), suggesting that blocking the MDM2-p53 interaction might result in a more

metastatic phenotype for cancer cells, despite stabilization of p53.
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Figure 28. The p53-MDM2 disruptor, (£)-Nutlin 3, activates the MMP2 promoter (A)
A549 and H1650 cells treated with increasing concentrations of (£)-Nutlin 3 have
increased MMP2 RLA. (B) Total RNA was collected from A549 cells treated with 10 pM

(2)-Nutlin 3 for 24 hours. gRT-PCR data shows that ()-Nutlin 3 treated cells had
increased levels of MMP2 and p21, and decreased levels of survivin.
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Discussion

The type IV collagenase, MMP2 or 72-kDa gelatinase A is one of the well-
studied family members in the large family of matrix metalloproteinases. The
enzyme is secreted as an inactive zymogen, and it requires further processing for
activation (513). This is usually achieved through proteolytic degradation. The
main substrates for MMP2 include type IV collagen and fibronectins, both main
components of the basement membrane, and it is overexpressed in a variety of
pathological conditions, particularly in cancer (374, 514-516). MMP2 regulation is
complex, being regulated on the transcriptional level, at level of zymogen
processing, and binding to tissue inhibitors of metalloproteinases (TIMPS). In
fact, the activation of MMP2 is largely dependent on TIMP2 tethering to the cell
surface associated MMP14 (517-520). Further, MMP2 activity can be
upregulated by a number of stimuli, including TGF-B1 (521), interferon,

transfection of Ras (522) or nicotine stimulation (523).

When the MMP2 5 upstream promoter region was cloned, it was
demonstrated that wild type p53 was a transcriptional activator in HT1080 cells
(491); however other groups found that in astroglioma cells the p53 response
element was not required for constitutive activation of MMP2. This suggests that
the regulatory mechanism of MMP?2 is cell type dependent. Further, studies have
demonstrated a role for ATF3 in antagonizing p53-dependent trans-activation of

the MMP2 promoter through the DNA element of -1659 to -1622, the same
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region that we have identified as important for E2F-mediated repression. In lung
cancer cell lines, although ATF3 could antagonize p53, it was not required by
E2F to mediate repression of MMP2 (data not shown). Prior studies have utilized
Matinspector (Genomatix) to identify potential mechanisms for the constitutive
expression of MMP2, and found a number of cis-elements including AP1, ETS-1,
C/EBP, CREB, PEAS, SP1, AP2, and a number of GC box regions assumed to
be for SP transcription factors (489). Given that MMP2 can be induced by a
number of stimuli in normal physiological processes or under pathological
conditions, efforts were made to identify additional promoter response elements
in the MMP2 promoter. Further sequence analysis has revealed that NFKB (441)
and E2F transcription factors were putative regulatory elements in the MMP2

promoter (448).

MMP2 deficient mice have reduced rates of tumor progression,
highlighting a role for MMP2 in the advancement of cancer (412). Importantly
there have been multiple studies aimed at using MMP2 as a biomarker for the
advancement of disease. In non-small cell lung cancer, MMP2 expression in the
stromal fibroblasts was shown to correlate with enhanced angiogenesis and poor
prognosis (487) however other studies show that MMP2 expression has a limited
informative value for NSCLC prognosis (524). Further, although MMP2 is
transcriptionally silenced through an unknown mechanism or posttranscriptional
inhibited in most breast cancer cells lines, multiple groups have demonstrated

high levels of MMP2 RNA and protein in more advanced stages of breast cancer

136



(525-528). Animal models have also shown that MMP2 is an essential protease
for metastasis of breast cancer to the lung (343) and brain (529). These
observations compliment studies showing that E2F1 is overexpressed in human

breast cancer (228).

Our studies show that by using 5’-deletion mutants of the MMP2 promoter
that the p53 element contributes to activation of MMP2 in both breast and lung
cancer cells. We show that in cells containing mutant p53, the MMP2 promoter is
activated by E2F1, likely due to the mutant p53 protein being unable to bind the
MMP2 promoter and aid in E2F-mediated repression. Other studies have also
demonstrated that mutant p53 could not induce the MMP2 promoter, which is
also the case with MDA-MB-231 cells (489, 491). In addition, we show that E2F1-
5 can physically bind, and inhibit the transactivation of MMP2 by p53 through a
corepressor complex with KAP1 and HDACL1. Given that the depletion of HDAC1
could only patrtially inhibit the repressive effects of E2F1, it is possible that other
HDAC family members might be compensating for the loss of HDACL1. Further,
KAP1 has been shown to physically recruit the Mi-2a subunit of the NuRD
chromatin-remodeling complex (530). The NuRD complex is comprised of six
core subunits, including HDAC1 and HDAC2 (531). Although we present
additional data showing that c-MYC and ID1 can also regulate MMP2 through the
same region, these results appear to be indirect. It is possible that part of the
actions observed when E2F is overexpressed could be due to upregulation of c-

MYC transcription, a known E2F target gene (532-534). Taken together, these
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studies further our understanding of the link between the Rb-E2F cell cycle

regulatory pathway to advanced stages of cancer development and metastasis.
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Chapter 5: Nicotine stimulates the nAChR-Rb-E2F pathway to induce MMP

transcription and metastasis in an orthotopic mouse model

Abstract

Cigarette smoking is strongly correlated with the onset of non-small cell
lung cancer (NSCLC). Nicotine, the addictive component of cigarettes, has been
found to induce proliferation, confer resistance to apoptosis, and induce EMT like
changes in breast, pancreatic, and lung cancer cell lines. In addition, nicotine
also induces morphological changes characteristic of a migratory, mesenchymal
phenotype in NSCLCs. At the same time, the exact molecular mechanism for this
acquired invasiveness in NSCLCs has not been fully elucidated. To determine
whether this increased invasion is due to up-regulation of matrix
metalloproteinases, we examined the mRNA levels of matrix metalloproteinase
genes after exposure to nicotine. MMP2, MMP9, MMP14, and MMP15 mRNA
levels were significantly induced by treatment with nicotine when compared to
serum starved A549 lung adenocarcinoma cells. Transient transfection
experiments in H1650, A549, and MDA-MB-231 cell lines also showed that
MMP-promoter luciferase reporters are all induced by treatment with nicotine.
Further, nicotine could induce a stronger binding of E2F1 along with less Rb as
seen in ChIP assays. Cells treated with nicotine and lacking E2F1 or E2F3

showed a lower capacity for invasion compared to control. CCL-210 lung
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fibroblasts had an increase in collagen degradation ability when treated with
nicotine, and this was decreased when cells were treated with nAChR subunit
inhibitors. In an orthotopic model of lung cancer metastasis, A549-luciferase cells
lacking either E2F1 or E2F3 had less primary tumor growth and a decreased
capacity for metastasis to the brain or liver after treatment with nicotine. Taken
together, MMP transcription is induced by nicotine treatment in lung cancer cell
lines through the Rb-E2F pathway, and this pathway is required for lung cancer

metastasis in an orthotopic mouse model.

Introduction

Lung cancer is the leading cause of cancer in both men and women
worldwide, and it is the most preventable type of cancer—the majority of lung
cancers are associated with smoking (535, 536). Despite growing evidence
showing a role for smoking with the initiation and progression of cancer, 30% of
smokers diagnosed with lung cancer continue to smoke. Tobacco smoke
contains multiple carcinogens such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and N'-nitrosonornicotine (NNN), which can cause DNA adduct
formation, mutation, and eventually oncogenesis (537). While nicotine is the
addictive component in cigarette smoke, it can’t initiate oncogenesis in humans
or most rodent models—it only initiates tumors in hamsters (538). On the
molecular level, it is becoming increasingly clear that signaling events associated
with smoking are contributing to the growth, progression and metastasis of a

variety of cancers.
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Nicotine exerts its cellular functions through nicotinic acetylcholine
receptors (NAChRS), which are present on both neurons and a variety of non-
neuronal cells as well (539). nAChRs are pentameric proteins consisting of nine
a subunits (a2—al10) and three B subunits (32—p34) in neuronal cells (540) and
form two groups including a heteromeric pentamer of a2—a6 and 32—34, and the
other being a homomeric pentamer of a7—a9 (541, 542). A third type, the non-
neuronal muscle type receptors are composed of either al, 1, & and y subunits
in the embryonic form, or as al, B1, & or € subunits in the adult form (543). The
finding that nAChRs are present on non-neuronal cells gave way to studies
showing that nicotine could induce the proliferation of endothelial cells (42) and
lung cancer cell lines (45). Nicotine can also act as a paracrine or autocrine
growth regulator through the secretion of growth factors such as bFGF, TGF-q,

VEGF, and PDGF (544).

The accepted dogma is that nicotine can exert its functions by initiating
cell signaling cascades through binding to a subunit of the nAChR pentamer,
particularly a7 (40). When nicotine binds to nAChRs, this leads to the recruitment
of B-arrestin-1 and Src to the nicotinic receptors, followed by the activation of
downstream signaling pathways such as the MAPK cascade and the Raf-1-Rb
pathway (37). Later studies identified the key players mediating the mitogenic
effects of nicotine to include B-arrestin-1 and the Src kinase, where both
components are indispensable for nicotine-mediated activation of cell

proliferation (48). This signaling event causes the recruitment of E2F1, Raf-1 and
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Rb on E2F responsive proliferative promoters including cdc6, cdc25a, TS, and

survivin.

While numerous studies suggest a role for nAChRs in tumor growth and
angiogenesis, there are fewer studies linking nAChRs to later stage tumor events
such as EMT and metastasis. We had previously shown that in a panel of cell
lines, nicotine exposure could induce EMT, invasion and migration in vitro (41).
Further, nicotine could induce the Src-c-MYC-ID1-ZPB89 pathway to induce
vimentin and fibronectin, conferring a more metastatic phenotype in lung cancer
cell lines (346). Nicotine could also promote the metastic growth and tumor
recurrence in an immunocompetent mouse model of lung cancer (51). Other
studies had linked the proangiogenic activity of nicotine to the upregulation of
MMP2 and MMP9 in retinal models of angiogenesis (523). These studies were
aimed to further explore the biology of nicotine-induced metastasis. Nicotine
could induce the expression of key invasion promoting genes, MMP2, MMP9,
MMP14, and MMP15. We found that the Rb-E2F pathway regulated these
genes. Further, E2F and subunits of nAChRs were required for nicotine induced
collagen degradation, invasion, and metastasis to the brain and liver in an
orthotopic model of NSCLC.

Results
Nicotine Induces MMP gene transcription in cell lines
To determine the effects of nicotine exposure on the expression of

MMP gene transcription, H1650, A549, and MDA-MB-231 cell lines were
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transfected with the exogenous MMP9-luciferase reporter along with the pRL
construct and empty vector for normalization of transfection. Twelve hours after
transfection, cells were treated with 1 uM nicotine for 24 - 48 hours, or placed in
serum-free media as control. In all three cell lines, MMP9-luc was induced by
treatment of nicotine alone (Figure 29A). To determine if the endogenous
promoters are also induced by nicotine, A549 cells were serum starved for 18
hours, and then kept in serum-free media, or in the presence of 1 uM nicotine for
24 to 48 hours before total RNA was collected from cells. qRT-PCR was
performed to analyze the effects of nicotine on the expression of MMP genes
required for metastatic events. MMP2, MMP9, MMP14, and MMP15 RNA levels

were all induced by treatment with nicotine (Figure 29B).
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Figure 29. MMP genes are induced by nicotine in multiple cell lines. (A) H1650, A549,
and MDA-MB-231 cells were transfected with MMP9-luciferase containing the MMP9 5’
promoter DNA, in addition to pRL containing the luciferase gene from Renilla reniformis
for quantification of relative luciferase. In all cases, the MMP9-luciferase construct was
induced by nicotine at 24 hours, but further by 48 hours. (B) A549 cells were made
guiescent by serum starvation for 18 hours, followed by treatment with nicotine for 24 or
48 hours. The mRNA levels of MMP2, MMP9, MMP14 and MMP15 were all induced at
both time points after treatment with nicotine.
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Nicotine induces MMP-luc activity and collagen degradation via nAChRs

We had previously shown that the a7 subunit of NAChRs were required for
proliferation in a panel of lung cancer cell lines and to mediate the induction of
ID1 (37, 346). To further understand the biological mechanism mediating the
induction of MMP-promoters, we wanted to examine the effects of inhibiting
various components of nAChRs. A549 cells were first transfected with MMP2,
MMP9, or MMP14 luciferase constructs along with pRL, and then treated with
either nicotine alone, or nicotine in the presence of indicated inhibitors. The
general NAChR antagonist hexamethonium bromide (HBR) and the a7 specific
inhibitor, alpha bungarotoxin (a-BT), inhibited the nicotine-mediated induction of
all three promoter constructs (Figure 30A). Contrasting to observations seen
with proliferation assays, using the a3p2 and a4f2-subunit inhibitor dihydro (3-
erythoidine (DHBE) and the muscarinic subunit inhibitor, atropine, could also
inhibit the induction of MMP-luciferase activity. Given that these inhibitors could
inhibit MMP RLA, we next performed collagen degradation assays to test if the
biological functions of MMPs were also affected. Using any of the subunit
inhibitors was effective at inhibiting nicotine-mediated collagen degradation
(Figure 30B). This suggests that MMP transcription and collagen degradation can
be induced by nicotine through multiple nAChR subunits, and might also be

induced through the closely related muscarinic acetylcholine receptors as well.
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Figure 30. Nicotine induces MMP-luc activity and collagen degradation via nAChRs. (A)
A549 cells were transfected with MMP2-luc, MMP9-luc, and MMP14-luc constructs,
each containing the 5 promoter DNA sequence for their respective genes. Eighteen
hours after transfection, cells were treated with nicotine alone, or nicotine along with the
indicated nAChR inhibitors. Using each inhibitor was able to repress MMP RLA. (B)
Collagen degradation assays were conducted on CCL-210 normal lung fibroblast cells.
The use of any nAChR inhibitor could abrogate collagen degradation.
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Nicotine induces MMP transcription and invasion through E2Fs

Previous studies had shown that nicotine could induce migration, invasion
and EMT in vitro (37, 41). The MMP family is responsible for the degradation of
the surrounding extracellular matrix, a crucial process for several stages of
metastasis. Further, we had demonstrated that the MMPs responsible for these
processes, MMP2, MMP9, MMP14, and MMP15 are E2F target genes (Chapter
4 and 448). We created A549 cells that stably express an shRNA targeting E2F1,
E2F3, or a non-targeting control ShRNA. Using these cells, we performed
invasion assays with 20% serum as chemoattractant. Cells that were depleted of
either E2F1 or E2F3 could not respond to nicotine for the induction of invasion in
vitro (Figure 31A). Next, we conducted ChIP assays on A549 cells that were
either serum starved or treated with nicotine for 48 hours (Figure 31B). Using
antibodies against Rb and E2F1, we observed that when A549 cells were treated
with nicotine, Rb was recruited to MMP9, MMP14, or MMP15 to a much lower
level than serum starved control cells. This suggests that Rb was phosphorylated
and inactivated upon nicotine stimulation, corresponding with previous studies on
proliferative promoters (37). On the MMP14 promoter, the loss of Rb was also
correlated with a stronger recruitment of E2F1, suggesting that this promoter is
also more active upon nicotine stimulation. The MMP2 promoter appeared to
have no change in Rb recruitment; however E2F levels were slightly decreased
(Figure 31B). Given that E2F1 appeared to be a repressor of MMP2, it is logical
that nicotine treatment would result in the dissociation of a repressor to yield an

activation of transcription.
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Since nicotine could not induce invasion in the absence of either E2F1, or
E2F3, and nicotine modulates Rb and E2F recruitment to MMP promoters, we
next examined the effects of nicotine treatment on transcription of MMPs when
E2Fs were depleted. Using two separate clones of A549 cells stably expressing
SshRNA targeting E2F3 or a non-targeting control vector, cells were made
gquiescent by serum starvation, then either kept in serum-free media or treated
with 1 uM nicotine for 24 or 48 hours before RNA was collected. gRT-PCR
results showed that when E2F3 was depleted, basal MMP2 mRNA levels were
induced (lane 1 compared to lane 4 and 7) (Figure 31C). In addition, compared to
the basal levels, there was no further induction of MMP2 mRNA after treatment
with nicotine (lane 4 compared to lane 5 and 6; lane 7 compared to 8 and 9). This
suggests that E2F3 was required for induction of MMP2 by nicotine. In A549 cells
expressing the non-targeting shRNA, MMP9, MMP14, and MMP15 levels were
all induced by nicotine as predicted (Figure 31D). Correlating with previous data
showing that E2F3 depletion by siRNA decreased mRNA levels of MMP9,
MMP14, and MMP15 (448), the A549 cells stably transfected with shRNA
targeting E2F3 also had less basal expression of MMP9, MMP14, and MMP15
(lane 1 compared to lane 4 and 7). In addition, compared to the basal levels,
there was no further induction of MMP9, MMP14, or MMP15 mRNA after
treatment with nicotine (lane 4 compared to lane 5 and 6; lane 7 compared to 8
and 9) (Figure 31D). This suggests that E2F3 was required for induction of

MMP9, MMP14, and MMP15 by nicotine as well.
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Figure 31. Nicotine induces MMP transcription and invasion through E2Fs. (A) A549
cells stably expressing shRNA targeting E2F1, E2F3 or a non-targeting control were
used for invasion assays. Cells lacking E2F1 or E2F3 did not respond to nicotine,
whereas control cells had 2-fold more invasion. (B) A549 cells were either serum
starved, or treated with nicotine for 48 hours, and then ChIP assays were preformed.
Nicotine promoted the dissociation of Rb from MMP9, MMP14, and MMP15 promoters,
with a slight enhanced binding of E2F1 on the MMP14 promoter, whereas the MMP2
promoter had less E2F1 binding after nicotine treatment. (C-D) qRT-PCR was used to
examine MMP2, MMP9, MMP14, and MMP15 RNA levels after treatment with nicotine.
E2F3 was required for nicotine-mediated induction of MMP gene transcription.
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Nicotine promotes growth of A549-luc cells in an E2F-dependent manner

Previous studies had shown that nicotine could promote growth,
metastasis, and tumor recurrence in an immunocompetent mouse model of lung
cancer (51). Given that the induction of MMP gene transcription, invasion, and
collagen degradation mediated by nicotine required E2Fs, we next studied the
effect of depleting E2F1 and E2F3 in an orthotopic model of lung cancer. SCID-
beige mice (Charles River Laboratory) were surgically implanted with 250,000
A549 cells stably expressing the firefly luciferase gene (A549-luc) (Caliper)
directly into the right lung. Six hours following surgery, animals were
randomized, and then implantation of the tumor in the lungs was monitored using
the Caliper-1VIS 200 system after administration of luciferin. Mice were imaged
once per week, and treated with 1 mg/Kg nicotine in 100 pL PBS, or the PBS
control thrice weekly. At the end of the experiment, animals underwent extensive
necropsy and vital organs were separately imaged to identify nodes of
metastasis (Figure 32) Nicotine treatment significantly enhanced the Ilung
bioluminescence (Figure 33B). Further, cells depleted of E2F1 or E2F3 had less
bioluminescence than the controls and did not respond to nicotine treatment
(Figure 33A-B). To confirm these observations seen in vivo, lung
bioluminescence was examined ex vivo. Mice treated with nicotine had more
lung bioluminescence (Figure 33C-D), indicating that the injection was localized
to the lungs, and not disseminated into the pleura. In addition, cells depleted of

E2F1 and E2F3 had less hioluminescence ex vivo as well.
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Figure 32. Schematic representation of an orthotopic model of lung cancer metastasis.
SCID-beige mice are given a 100 pL injection of 250,000 cells directly into the right lung.
Mice are randomized, then treated thrice weekly for five weeks either with PBS or 1
mg/Kg nicotine by intraperitoneal injection. At the completion of the study, mice were
anesthetized, and the brain, liver, and lungs were imaged ex vivo for the identification of
smaller regions of bioluminescence, being indicative of micrometastases. These signals
were quenched in vivo due to the bright primary tumor signal in the lung.
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Figure 33. Nicotine promotes growth of A549-luc cells in an E2F-dependent manner in
vivo. (A-B) A549-luc cells were implanted into the lung of SCID-beige mice, and mice
were imaged once per week for five weeks. Image of total lung bioluminescence at day
35. Data were quantified and P-values were calculated for Sh E2F1 (*P=0.013) and Sh
E2F3 (*P=0.014) groups treated with nicotine compared to Sh Control group treated with
nicotine. (C-D) Lungs were removed from animals during routine necropsy and imaged
ex vivo to ensure that observed signal in the mouse was due to efficient implantation of
cells into the lung rather than the pleural cavity. Mice treated with nicotine had an
increase in bioluminescence compared to the control. Cells lacking E2F1 or E2F3 could
not respond to nicotine.
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Nicotine promotes metastasis of A549-luc cells in an E2F-dependent
manner

To determine if nicotine promoted metastasis to other organs, we performed
routine necropsy of mice at the termination of the experiment. The brain, liver
and lungs of each mouse were imaged separately within fifteen minutes post
mortem using the Caliper-1VIS system. Organs were placed in 30 mg/Kg luciferin
in a 60 mm tissue culture dish, and then images were taken at 1 second
exposure. Animals implanted with the A549-luc cells with Sh control vector and
treated with nicotine had the highest number of overall metastases, having 5/6
mice with brain metastasis, and 6/6 mice with liver metastasis. The PBS treated
control mice had significantly less brain metastasis, 1/6, but still a fair amount of
liver metastasis at 50% (Figure 34A-B). This is interesting due to the temporal
regulation of metastasis in humans as well, where brain metastasis occurs after
long periods of latency (545). Further, the Sh E2F1 group that was treated with
PBS had more liver (4/6) and brain metastasis (2/6) than controls, however the
nicotine treated Sh E2F1 group did not have the induction of metastasis
observed in the nicotine treated Sh control group (5/10 liver; 1/10 brain). Mice
implanted with Sh E2F3 cells did not have any observable metastasis in the brain
in both groups, and the least amount of liver metastasis out of the three groups
(1/6 liver mets in PBS group; 2/6 liver mets in nicotine group). These data
suggest that E2Fs are required for the metastatic dissemination of lung cancer
cells in response to nicotine, and that E2F3 might play a major role in growth and

metastasis.
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Figure 34. Nicotine promotes metastasis of A549-luc cells in an E2F-dependent
manner. (A-B) Mice implanted with either Sh Control, Sh E2F1, or Sh E2F3 cells were
subjected to routine necropsy, then brains and livers were imaged ex vivo. Mice with Sh
Control tumors when treated with nicotine had many more brain metastases than the
PBS group. Further, mice lacking either E2F1 or E2F3 did not respond to nicotine, and
had far less brain metastasis than controls.
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Discussion

Given the significant role that MMPs play in pathological conditions, the
exact biological substrates for MMPs in the metastatic process are still poorly
understood. MMP2 and MMP9 are the traditional gelatinases, being able to
degrade gelatin and type IV collagen (314). These MMPs are both secreted into
the pericellular space, and can also function through the activation of latent
growth signals (546). This would further explain how nicotine could enhance
proliferation of cells orthotopically implanted, as well as affecting the metastatic
dissemination. Further, MMP14 is a type | collagenase, and is tethered to the cell
surface. Numerous studies have demonstrated that MMP14 is the most crucial
protease for metastasis (294, 324, 434). The biological functions of MMP15 are
still less clear, however it is structurally similar to MMP14, and had been shown
to impart an invasive phenotype in certain tumor types (547-549). MMP15 could
also make cells resistant to apoptosis, which indirectly promoted cells escaping

from the primary tumor and traveling to the distant site (550).

Prior work demonstrated that proliferative signaling via the nAChRs induced
the dissociation of Rb from E2F1 (37). The Rb-E2F pathway is deregulated in
about 90% of lung cancers, suggesting a critical role for these proteins in
maintaining a normal cell phenotype (551). Further, inactivation of Rb by gene
mutation or hyperphosphorylation caused it to dissociate from E2Fs. The free
E2Fs could then bind to specific E2F-binding sites on the promoters of

proliferative genes like cdc6, cdc25a, TS, and others, thereby stimulating
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transcription leading to S-phase entry (552). In addition, there is evidence that
E2F family members themselves have gene amplification, increased expression,
or mutation in a variety of cancers, including NSCLC (553-555). However a
correlation between E2F protein levels and advanced staged cancers has yet to

be made.

These studies show that cancer cells activate metastasis genes such as
MMP2, MMP9, MMP14, and MMP15 by utilizing similar mechanisms that control
proliferative gene expression in response to nicotine. Further, since multiple E2F
family members are known to regulate the basal expression of MMP genes
(448), it is possible that multiple E2F family members can also mediate the
effects of nicotine. Depletion of E2F1 or E2F3 had a significant effect on the
growth of primary tumors implanted into the lungs of mice, but it also completely
abrogated the effects of nicotine-induced metastasis. We had previously
demonstrated that (B-arrestin-1 is required to mediate the effects of nicotine at
proliferative promoters. In that study, B-arrestin-1 facilitated the acetylation of
histones in NSCLCs in response to nicotine, however the acetylation of key
transcription factors has not yet been tested. E2F1 can be acetylated, and the
acetylation of E2F1 can make it bind to DNA more strongly (556). It seems likely
that B-arrestin-1 might also regulate the expression of MMP genes in response to
nicotine, and might also regulate the acetylation of E2F1 at these promoters. Src
was also required for mediating the effects of the nicotine-B-arrestin-1 signaling

cascade. In addition, Src had been shown to elicit an NNK mediated protein
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kinase cascade as well, resulting in increased migration and invasion of human
lung cancer cells (557). The signaling events between nicotine binding to
nAChRs, and then E2Fs regulating MMP genes remain unclear, but may also

involve Src.

It is possible that E2F family members are regulating other genes involved
in metastasis. Previous studies in mouse models demonstrated that tumors
harvested from nicotine treated mice had lower levels of E-cadherin and ZO-1
throughout the tumor (51). Further, we had demonstrated in vitro that treatment
with nicotine can induce EMT changes such as a gain of vimentin expression and
loss of E-cadherin, invasion and migration in a panel of cell lines (41). Further, it
had been reported that the expression pattern of NAChR subunits are different in
tumors from smokers and non-smokers (558). Given the ability of nicotine to
promote MMP transcription and collagen degradation through multiple subunits
of NAChRs, it is possible that general antagonists of nAChR signaling might

prove beneficial in controlling metastasis of lung cancers as well.
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Summary and Conclusions

Nearly two decades after the discovery of a link between E2F activity and
cell cycle control, there is new evidence linking the Rb-E2F pathway to nearly all
hallmarks of tumorigenesis (264). It is believed that the strongest mechanism that
Rb utilizes to regulate the cell cycle is though its inhibitory interaction with E2F
transcription factors. As a cell moves through the cell cycle from G1 to S phase,
Rb is hyperphosphorylated by a variety of kinases, particularly cyclin D and cyclin
E-associated kinases, inactivating the Rb protein, and it is subsequently released
from E2F transcription factors. Rb does not work alone, however, and also
utilizes its pocket protein family members, p107 and p130, to stringently regulate
gene expression (8). The E2F family encodes ten transcription factors, and of
these members only E2F4 can interact with all the pocket proteins. Indeed, it is
the interaction between inhibitory E2F4 and E2F5 with p107 and p130 that keeps

cells in a quiescent state until mitogenic stimulation initiates the cell cycle.

Not surprisingly, the Rb-E2F pathway is a critical target in a variety of
cancer types (124, 449). At the level of growth factors and growth factor
receptors, a variety of mutations are observed in both solid tumors and
hematapoietic malignancies, including HER2 amplification in breast cancer and

the famous Philadelphia chromosome, BCR-ABL in chronic mylegenous
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leukemia (559, 560). At the front of the intracellular portion of growth factor
receptors, key kinases, such as K-Ras and Src are tethered into the hydrophobic
lipid bilayer and act as mediators of extracellular signals (561, 562). It is well-
known that these genes can also be mutated in cancers. Other downstream
molecules such as cyclins and Cdks are also mutated in cancer; famously, in
breast cancer cyclin D is overexpressed (563). All these mutations impact the
readout of the Rb-E2F pathway. Further, mutations of Rb are found in a variety of
cancers, and this has also been correlated with the overexpression of several
E2F family members in certain cancers; E2F transcription factors are

overexpressed in a portion of cancers with wild type Rb as well (66).

We had previously demonstrated that Rb can also be inactivated by an
additional, non cyclin-dependent kinases, Raf-1, or c-RAF (36). When this
interaction was inhibited in lung cancer, there was less proliferation,
angiogenesis, and tumor growth. We now show that the Rb-Raf-1 interaction is
also required for lung colonization in an in vivo model of metastasis. Further,
when E2Fs were depleted, collagen degradation, invasion, and migration were all
abrogated; MMPs are the essential regulators of all of these processes. These
processes were also inhibited when the Rb-Raf-1 interaction was inhibited with
RRD-251. Nicotine can stimulate the interaction of Raf-1 with Rb, leading to
eventual inactivation of Rb, and ungoverned E2F activity at target gene
promoters (38). Our findings show that the downstream effects of Rb and E2F at

MMP promoters require multiple subunits of nAChRs and multiple E2F family
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members. Future in vivo experiments could reveal whether blocking the Rb-Raf-1
interaction is also effective at inhibiting lung metastasis. These studies along with
other in vivo models could open the door to developing novel therapeutics for

treatment of NSCLC.

In the multi-step model of cancer, the development and progression of the
disease is similar to Darwinian evolution. Cancer cells require advantages
genotypes to promote survival and proliferation: where rare precursor cells (or
cancer stem cells) will eventually, after many clonal selections, give rise to a
virulent tumor cell population. In this model of selection, the propensity to
metastasize is a rare trait that is acquired later, possibly after the tumor has
reached critical mass. Given that metastasis is indeed a rare event, and that
even cells which have entered circulation do not have a high likelihood to survive,

this model begs the question: How can metastasis ever proceed?

Studies presented here suggest a differing model of metastasis, where the
same proteins that conferred a proliferative advantage in early stages of disease
also contribute to metastatic dissemination—the genetic abnormalities required
for early stages promote the later dissemination and growth. The decision for
cells to metastasize is not made until additional mutations are present or signals
are received that would aid cells in their journey to a new site. This suggests that
genes that are involved in oncogenesis might have overlapping functions in

promoting metastasis, making it difficult to compartmentalize genes as sole
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regulators of initiation or metastasis. Thus, growth promoting gene families, such
as the E2Fs, might be master regulators of every stage of progression. The E2F
family is known to regulate proliferation, angiogenesis, apoptosis, DNA damage
repair, differentiation, and now metastasis. This could also explain how small cell
populations can metastasize; for example small primary breast cancers can
display detectable cells in the bone marrow (564). Further, although elegant
microarray studies have identified genes that are different in metastatic
populations, what is lacking from these discussions is that aside from the handful
of genes identified, the remainder of the genotype is nearly identical between
primary tumors and metastatic tumors. In addition to the E2F family, other key
oncogenes with known roles in proliferation have also been shown to enable
metastatic spread, including cyclin D1, c-MYC and RAS (498, 565-571). Genes
which are required for normal cell division, and not considered oncogenes, have
also been implicated in metastasis such as EGR1 and Spl (572-574). Taken
together, although a large effort has been made to understand the differences
between primary tumors and metastasized tumors, targeting the similarities might
prove to be a more efficient strategy for treating cancer patients irrespective of
the stage of their disease. Further, we believe that a significant amount of
additional studies on the pathways that govern tumor initiation, progression and
metastasis would be necessary to develop therapeutic strategies that will combat

cancer effectively.
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