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INTRODUCTION:

TGF-beta is a family of pleiotropic growth factors with diverse functions (Massague, 1990). The
biological effect of TGF-beta is mediated through TGF-beta receptors and down stream transcription factors,
Smad molecules (Massague et al, 1992; Derynck and Feng, 1997). It has been well know for at least 10 years
that TGF-beta is a tumor suppressor in benign cells and at the early stage of carcinogenesis but it facilitates
tumor invasion and metastasis in advanced tumors (Barrack 1997; Wang 2001; Li et al, 2005; Jakowlew, 2006;
Pardali and Moustakas, 2007). However, the exact mechanism of this paradoxical action of TGF-beta between
benign and malignant cells remains incomplete. In the present proposal, we will address this paradigm with a
new perspective from the point of view of the status of ERK activation upon TGF-beta action.

The use of TGF-beta antibody for treating cancers has been reported in the past with mixed results
(Border et al, 1990; Shah et al, 1995a, b; McCormick et al, 1999). However, since the use of TGF-beta
antibody for treating cancer is now underway in a FDA approved clinical trial, many safety and efficacy
concerns associated with the use of this antibody must be resolved. (See NIH Controlled Trials Web site page:

hase | study of the safety and efficacy of GC1008: A human anti TGF Beta monoclonal antibody in
patients with advanced renal cell carcinoma or malignant melanoma ) Therefore, there is a heightened and
urgent need to re-investigate the use of TGF-beta antibody for treating cancers, especially, when our
knowledge on TGF-beta action has been increased through the years (Biswas et al, 2007). In addition, TGF-
beta antibody can not only be used as a therapeutic tool for treating cancers; but can also be used to elucidate
the mechanisms of action of TGF-beta in tumor progression and metastasis. Our recent discovery of the status
of ERK activation in TGF-beta action is exciting and the current proposal will address the most critical aspect
regarding the mechanism of tumor evasion of the immune surveillance and of down-regulation of TGF-beta
receptors, both of which will lead to tumor progression.

TGF-beta antibody can be considered as a double edged sword, when used for treating cancers. If
tumors are sensitive to TGF-beta, there is a possibility that a sub-optimal depletion of TGF-beta within the
tumor microenvironment may facilitate tumor progression. Our animal studies showed that a high dose of TGF-
beta antibody was necessary to control tumor growth (Liu et al, 2007; Perry et al, 2008). However, at the same
time, a high dose of TGF-beta antibody may pose a safety risk to the recipient. In view of recent approval by
the FDA for Phase I clinical trials for cancer patients, the trial called for the use of the lowest possible dose for
cancer patients. In any clinical trial, the safety and efficacy of using TGF-beta antibody for treating cancer must
be carefully evaluated. Although the literature has not recorded any noticeable side effects when TGF-beta
antibody is used (Ruzek et al, 2003; Prud'homme, 2007), possible end organ hyperplasia (such as in the
prostate and the stomach) has not been ruled out (Bhowmick et al, 2004).

In general, TGF-beta is growth suppressive. A characteristic feature of cancer cells is a loss of sensitivity
to TGF-beta, resulting in a loss of growth suppression (Diaz-Chavez et al, 2008). The loss of sensitivity to
TGF-beta in cancer cells is mainly due to down-regulation of TGF-beta receptors. Prostate cancer is no
exception. We found more than 10 years ago that there is a universal down-regulation in TGF-beta receptors in
prostate cancer (Kim et al, 1996) and the degree of this down-regulation is correlated with disease progression
and clinical outcome (Kim et al, 1998). This observation was confirmed by others (Cardillo et al, 2000; Zeng et
al, 2004). However, the mechanism of this down-regulation of expression of TGF-beta receptors in prostate
cancer remains to be elucidated. Recently, we have observed that down-regulation in TGF-beta receptors in
prostate cancer is mainly due to promoter hypermethylation (Zhang et al, 2005). Further, results of our recent
study suggested that TGF-beta induced ERK activation could be a possible mechanism for down-regulation of
TGF-beta receptors in prostate cancer through promoter hyper-methylation (see below).

Promoter hypermethylation of a host of genes has been reported in prostate cancer patients and has
been linked to poor prognosis (Rosenbaum et al, 2005). However, the mechanism of such wide spread
promoter hypermethylation in cancer remains unclear. ERK can be activated by TGF-beta in cancer cells
(Ellenrieder et al, 2001; Huo et al, 2007). Since activated ERK is a potent inducer for DNA
methylatransferases (Oelke and Richardson, 2004; Lu Q et al, 2005; Lu R et al, 2007), we speculate that TGF-
beta signaling can modulate the status of promoter methylation of many key genes in cancer progression,
including TGF-beta receptors. Results of our preliminary study revealed that TGF-beta can differentially
activate ERK in benign and cancerous epithelial cells. In our preliminary study, we found that, in prostate
cancer cells, ERK can be activated through TGF-beta signaling.



The above discussion has allowed us to propose the following hypothesis to address the mechanism of
down-regulation of TGF-beta receptors in prostate cancer cells. We hypothesize that prostate cancer cells, in
response to TGF-beta stimulation, will down-regulate the expression of TGF-beta receptors through ERK
activation, which in term induces the expression of DNA methyltransferases leading to promoter hyper-
methylation of the TGF-beta receptor genes and down-regulation of expression of TGF-beta receptors. Since
epigenetic events can be reversed, we will determine if the use of TGF-beta antibody can reverse this down-
regulation of TGF-beta receptors in prostate cancer cells. Many advanced tumors are immunosuppressive due,
at least in part, to their ability to secrete large amounts of TGF-beta (Letterio and Roberts, 1998; Wojtowicz-
Praga, 1997, 2003; Pinkas and Teicher, 2006). Since TGF-beta is a potent immunosuppressant, a gradient of
TGF-beta surrounding the tumor site renders the host immune surveillance system ineffective against tumor
cells (de Visser and Kast, 1999). However, despite intense investigation on this topic, the mechanism of TGF-
beta in immune suppression remains unclear. The recent recognition that CD4+CD25+ T regulatory cells can
suppress anti-tumor immunity has offered a mechanism for tumor evasion of host immune surveillance
(Sakaguchi et al, 1995; Shimizu et al, 1999; Sasada et al, 2003). We have demonstrated the generation of
CD4+CD25+ T regulatory cells in the tumor parenchyma through tumor-derived TGF-beta (Liu et al, 2007).
Others have confirmed our results in different tumor systems (Jarnicki et al, 2007; Selvaraj and Geiger, 2007).
This discovery is exciting as it explains at least in part the role of TGF-beta in evasion of host immune
surveillance program by the tumor cells. Most recently, we have further discovered that Foxp3 expression (a
marker for T regulatory cells) is mediated through TGF-beta induced ERK inactivation (Luo X et al, 2008).
These discoveries describe a new paradigm in TGF-beta action in evasion of the host immune surveillance by
tumor cells; and, in the present proposal, we propose to test if ERK inactivation actually mediates promoter de-
methylation in the Foxp3 gene.

Our recent discoveries indicated that tumor derived TGF-beta was responsible for the generation of
CD4+CD25+ T regulatory cells from CD4+CD25- T cells (Liu et al, 2007) and that TGF-beta inactivates ERK in
T cells which led to the expression of Foxp3, a marker for T regulatory cells (Luo X et al, 2008). These findings
are exciting and allow us to postulate the hypothesis that tumor-derived TGF-beta leads to ERK inactivation
and to promoter de-methylation in the Foxp3 gene of T cells. The use of TGF-beta antibody will reverse this
process. This hypothesis is proposed with the understanding that activated ERK is a potent inducer of DNA
methyltransferases (Oelke and Richardson, 2004; Lu Q et al, 2005; Lu R et al, 2007). Using neutralizing TGF-
beta antibody for treating cancer is a plausible approach, as it alters the tumor micro-environment. In light of
the current on-going Phase | clinical trial, the safety and efficacy of using TGF-beta antibody must be carefully
evaluated in a pre-clinical setting. The use of TGF-beta antibody may actually pose a risk of promoting certain
cancers, when the particular cancer is sensitive to TGF-beta and low doses are administered. Using TGF-beta
antibody can also allow us to elucidate mechanisms of TGF-beta action. The status of TGF-beta mediated
ERK activation in tumor cells as well as in T cells plays a critical role in tumor progression and metastasis. A
successful conclusion of this research will not only allow us to gain new insights into the role of TGF-beta
mediated ERK activation in prostate cancer progression but also will pave the way for a clinical trial in prostate
cancer patients using the humanized TGF-beta antibody (GC1008; Genzyme Corporation).

At the time of this report, we have completed studies described in Aim 1, Aim 2 and most of Aim 3.
Currently, studies described in Aim 3 are underway. Briefly, the progress can be summarized by our paper
published recently (Zhang et al, 2011). In the past year, we reported that anti-Transforming growth factor-Beta
antibody 1D11 suppresses the invasion of human prostate cancer cells. Furthermore, the differential response
to TGF-beta in malignant cells will lead to an up-regulation of DNMT, which will result in a down-regulation of
TGF-beta type Il receptor in malignant cells. Final, the recruitment of PP2A by TGF-B receptors mediates the
response to TGF-B-induced activation of ERK in prostate cancer.



KEY RESEARCH ACCOMPLISHMENTS (2011-2012):

Our new data for Specific Aim 3 demonstrated that neutralizing TGF-beta antibody (1D11) can prevent
human prostate cancer metastasis, mainly through the prevention of Erk activation, which subsequently
presented DNA hypermethylation in the target cells. TGF-§ induced, r mediated expression of DNMTs is
associated with biochemical recurrence in prostate cancer patients after radical prostatectomy. The recognition
of TGF-beta mediated DNA hypermethylation is indeed exciting and novel. Meanwhile, we found the
recruitment of PP2A by TGF-B receptors mediates the response to T  -B-induced activation of ERK in
prostate cancer. (Zhang Q et al. 2011 AACR). We will devote the remainder of the funding period to investigate
the mechanism of regulation of DNMT expression by Erk activation in response to TGF-beta in cancer cells.

BODY OF REPORT (2011-2012):
We have completed all the approved SOW In Specific Aim 1 and Specific Aim 2, and submitted the
progress reports. The tasks accomplished in Year 3 are focused on Specific Aim 3.

Specific Aim 3: Up-regulation of TGF-beta receptors by TGF-beta antibody in prostate cancer cells.

We discovered that, in cancer cells, the status of ERK activation dictates their response to TGF-beta.
Again, it known that tumor cells have a reduced sensitivity to TGF-beta, which is associated with an aggressive
phenotype (Kim et al, 1996, 1998). Although we knew that promoter hypermethylation was the cause of this
event (Zhang et al, 2005a), the reason for this promoter methylation is unclear. Recently, we found that
treatment of cancer cells, not benign cells, with TGF-beta resulted in activation of ERK. This discovery allows
us to propose the hypothesis that cancer cells, in response to TGF-beta, will activate ERK, which will down-
regulate the expression of TGF-beta receptors through promoter methylation and that treatment with TGF-beta
antibody can reverse this process. The summary of progress listed as following:

* The most significant finding of the current study has been that tumor derived TGF-8 could induce the
expression of DNMTs which subsequently results in the hyper-methylation of its own receptors and insensitivity
to growth inhibition. Treating these cancer cells with TGF-beta antibody could reverse TGF-beta receptor
expression.

* In light of a recent publication in Nature Genetics (Hansen et al, 2011), our recognition of TGF-beta
mediated DNA hypermethylation has created an opportunity for additional investigation. Our study (2011-2012)
focused on mechanisms of regulation of DNMT expression by Erk activation in response to TGF-beta in cancer
cells. Here we report the new findings (2011-2012) in this Specific aims.

Anti-Transforming growth factor-Beta antibody 1D11 suppresses the invasion of human prostate cancer cells.
(Zhang Q et al. 2011 AUA)

Metastases are responsible for disease specific mortality in men with prostate cancer (CaP). Previously, we
reported that TGF- 3 induced vimentin expression is associated with the epithelial-to-mesenchymal transition (EMT)
which is correlated with migration of CaP cells and a worse prognosis in clinical specimens obtained at
prostatectomy. In this study, we explored whether a specific neutralizing anti-TGF- B antibody 1D11 inhibits the
migratory and invasive potential of CaP cells. In this study, cell invasion assays were performed using the human
CaP cell lines DU145 and PC-3 in a 24-well matrigel transwell chamber (8-um pore size; CytoSelectTM; Cell
Biolabs). Four different treatment groups were assigned to each cell line: Group 1- no treatment (control); Group 2-
treatment with TGF- 3 (10ng/mL) for 24 hours; Group 3- treatment with anti-TGF- 3 (1, -2, -3) neutralizing mAb
clone 1D11 (5ug/mL) for 24 hours; and Group 4- treatment with ERK inhibitor U0126 5uM. After 24 hours of
invasion, the invaded cells were counted with a light microscope under high magnification objective (x100) and were
then lysed and measured at OD 560nm in a plate reader after treatment with the extraction solution. Furthermore,
Western blot analyses were performed to evaluate the expression of vimentin in each treatment group. We found an
average of 82 cells/field were found to invade in the control group. In Group 2, there was a significant increase in the
number of invaded cells (139.33/field) with TGF- 8 treatment.Invasion of PC3 cells was significantly inhibited by
treatment of 1D11, (only 7.67 cells/field). The ERK inhibitor, U0126, was also associated with a significant decrease
in the number of invasive cells (14.67 cells/field; Group 4). Consistent with the results of the migration assay,
Western blot analyses showed that after treatment with TGF-[3, the expression of vimentin increased by 2-2.5 folds.
In contrast, with the treatment of 1D11 and U0126, the expression of vimentin was suppressed 70% and 40%
respectively. Furthermore, treatment of 1D11 resulted in the 50% inhibition of p-ERK, which indicated that 1D11
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may inhibit TGF- 3 induced vimentin through a p-ERK pathway. The present findings indicate that neutralization of
tumor secreted TGF- 3 by 1D11 may inhibit TGF- and ERK induced expression of vimentin. Phenotypically this
results in the suppression of CaP migration. Our results suggest potential targets for the future development of
effective anti-tumor therapeutic strategies.

DNMTs expression is mediated through a phosphorylated-ERK dependent pathway. (Zhang Q, et al 2011,
PloS. One). In this study, as we found first, the benign BPH-1 and RPWE-1 cells express significantly higher
baseline levels of p-ERK than the PC-3 cells. There is a time dependent positive correlation between treatment
with TGF-B1 and the expression of p-ERK in PC-3 cells. The levels of p-ERK continue to increase during all
subsequent time points up to 30 minutes after TGF-B1 addition. In contrast, the expression of p-ERK is rapidly
(<5 minutes) inhibited after TGF-B1 exposure in benign cells in a fashion that is independent of the total R
protein expression. Second, Immuno-fluorescence reveals that only cells (this is PC3 for example) expressing
p-ERK exhibit DNMT expression. In contrast, when PC-3 cells are rendered insensitive to TGF- 1 by TBRIIDN,
levels of both p-ERK and DNMT are significantly reduced (magnification: 10x20). Third, we performed real
time PCR to better quantify the relationship between TGF-B1, p-ERK and DNMTs. Exposure to TGF-31
significantly increased the expression of all three DNMTs in PC-3 cells. Treatment with 1D11, or MEK inhibitor,
UO126 is associated with the down-regulation of all DNMT mRNA expression. Final, there was a significant
increase in cell motility through a Matrigel-coated polycarbonate membrane under the treatment of TGF-1 (1
ng/mL). The invasion of all CaP cells could be inhibited by blocking the TGF-f signal by 1D11 or using a p-
ERK inhibitor UO126, or DNMT inhibitor 5-Aza separately. The inhibition of invasion by UO126 can't be
reverted by TGF-f treatment. pper right panel orresponding numbers of invasive cells. ottom right panel
absorbance values. This result indicates p-ERK mediated TGF-B-induced DNMT potentiates the invasive
ability of prostate cancer cell lines.

In vivo validation of the effects of TGF-B on R activation, DNMT expression, and prostate cancer growth.

To validate whether TGF-f3 is responsible for the activation of R and up-regulation of DNMTs which may
be involved in tumor progression in vivo, we conducted experiments using a mouse xenograft CaP model
which involved the injection of CaP tumor cells (TRAMP-C2 cells stably transfected with a HSV1-tk-GFP-
luciferase reporter, 5x10%each mouse). Tumor growth was followed using luciferase imaging. We used three
groups of mice to better understand the effects of TGF-f on R activation and DNMT expression  roup 1
mice (n = 10) received regular injections of the TGF-B neutrali ing antibody, 1D11. roup mice (n = 10)
received the isotype control antibody, 13C4, at the same regular intervals as Group 1. Group 3: received no
treatment after xenograft injection as a control. We found that tumor growth was significantly inhibited with anti-
TGF-B 1D11 antibody, treatment (Group 1) compared with the other two groups. In fact, at the end of the 45-
day treatment period, one of the ten mice (10%) in this group was free of tumor. In the remaining 9 mice, the
average tumor weight and volume was 5.3 g and 6.85 cm?®, respectively. In comparison, tumors were found in
all mice in Groups 2 and 3. The average weight and volume of tumors in the 10 animals treated with the control
antibody (Group 2) or no treatment (Group 3) was significantly greater. There were no metastases in all the
groups as assessed by bioluminescence imaging. Immunohistochemical analyses of the primary tumors
revealed that the expression of p-ERK and DNMTs in animals in Group 1 were significantly lower than those of
the other two groups.

The recruitment of PP2A by TGF-B receptors mediates the response to T -B-induced activation of ERK in
prostate cancer. (Zhang Q et al. 2011 AACR)

More recently demonstrated that TGF- mediated phosphorylation of extra-cellular signal-regulated
kinase (ERK) activation results in the prostate cancer (CaP) progression and metastasis. Serine/threonine
protein phosphatases 2, PP2A (including subunit -A, -B and -C) are well known to be involved in the
dephosphorylation and inactivation of ERK. In this study, we determined the association between the
recruitment of PP2A by TGF-f receptors (TBRI and TBRII) and activation of RK under the treatment of TGF-
B. In this study, the human CaP cell lines PC-3 with different capability of aggressive (PC-3, PC-3M, PC-3M-
Pro and PC-3M-LN4), and benign prostate epithelial cell line BPH-1 were used for these studies. Cells were
treated with TGF-B (1 ngm ) for  minutes. The expression of phospho-ERK (p-ERK), total-ERK (t-ERK),
TBRs was evaluated by uantitative western blot analyses. The conjugation of PP2A (-A, -B and - ) and TBRI
and TBRII were elucidated using western blot following immunoprecipitation (I , ierce rosslin it) with TRRI
and TBRII as the precipitant respectively. riefly, precleared lysate was immunopreciptated by the crosslinked
TBRI or TBRII antibody (  g) and agarose mixture for overnight on . ontrol agarose resin in the it was
used as a negative control when western-blot for was conducted. The recruitment of by TBRs was
correlated with the expression of p- R and TBRs. We found TGF-R3 treatment resulted in an increase in p-Erk
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expression (4-fold) in all PC-3 cell lines in a time dependent manner post TGF-3 exposure. In addition, the
expressions of TRBRI and TRRII were suppressed by 46% and 29% respectively. IP studies revealed
recruitment of PP2A conjugated with TRRI and TRRII. In contrast, the expression of p-Erk was dramatically
inhibited in BPH-1 by TGF-3 exposure. Although there is no significant change on the expression of TRRs, the
ratio of PP2A versus TRRIl was significantly increased from 2.08 to 3.12, which suggests that the recruitment
of PP2A was relatively increased in BPH-1 cells under the treatment of TGF-R3. Finally, there was a reverse
correlation between recruited PP2A and activation of p-ERK in both PC-3 cell lines, and BPH-1 cells.

Disscusion: In summary, our findings indicate that DNMTs expression levels are correlated with invasive
capabilities in cultured human CaP cell lines. Additionally, we found that tumor-derived TGF- and ERK are
involved in the regulation of DNMTs in these cell lines. Inhibition of TGF-f3 in vivo results in the corresponding
inhibition of DNMTs, and appears to significantly decrease tumor growth. In addition, we confirmed that the
expression levels of TGF-B, R and DNMTs in tissue specimens obtained at the time of prostatectomy
mimicked our findings in cell culture. Furthermore, our results suggest that TGF-f3 suppresses the recruitment
of PP2A by TGF-3 receptors in a cells in contrast to benign prostate cells, which results in relatively
increased activation of ERK and the subsequent tumor progression. The identification of the recruitment of

by TBRs represents a new focus to elucidate in part how T -B plays a different, or even a contrary role
in CaP and benign cell respectively. PP2A may be a potential new target for CaP therapies. Neutralization of
tumor secreted TGF- 3 by 1D11 may inhibit TGF- and ERK induced expression of vimentin. Phenotypically this
results in the suppression of CaP migration. Our results suggest potential targets for the future development of
effective anti-tumor therapeutic strategies.

REPORTABLE OUTCOMES:
As a result of this research funded by the Department of Defense, we have completed two manuscripts (see
appendix).

CONCLUSIONS: Our findings indicate that tumor cell-derived TGF-beta may induce the insensitivity to
growth inhibition by this cytokine. There is a feedback loop appears to regulate the expression of TGF-beta
Receptors through both ERK activation and DNMTs expression and appears to impact on the invasive
potential of prostate cancer cells. In addition, this pathway appears to have clinical utility as both a therapeutic
option and a prognostic tool. Inhibition of TGF-beta in vivo appears to significantly decrease tumor growth and
the number of cancer cells which express either TGF-, p-ERK, and DNMT. Finally, high levels of TGF-beta-
induced expression of DNMT1 may potentially be used to reliably predict biochemical recurrence in patients
following radical prostatectomy. TGF-f3 suppresses the recruitment of by T -Breceptorsin a cellsin
contrast to benign prostate cells, which results in relatively increased activation of ERK and the subsequent
tumor progression. The identification of the recruitment of by TBRs represents a new focus to elucidate
in part how TGF-B plays a different, or even a contrary role in a and benign cell respectively. may be
a potential new target for CaP therapies.
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