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Abstract

Signal transducer and activator of transcription 3 (Stat3) is constitutively activated in a number of

human cancers and cancer cell lines. Via its Src homology 2 (SH2) domain, Stat3 is recruited to

phosphotyrosine residues on intracellular domains of cytokine and growth factor receptors,

whereupon it is phosphorylated on Tyr705, dimerizes, translocates to the nucleus and is reported

to participate in the expression of genes related to angiogenesis, metastasis, growth and survival.

To block this process, we are developing cell-permeable, phosphatase-stable phosphopeptide

mimics, targeted to the SH2 domain of Stat3, that inhibit the phosphorylation of Tyr705 of Stat3

in cultured tumor cells (Mandal et al., J. Med. Chem. 54, 3549–5463, 2011). At concentrations

that inhibit tyrosine phosphorylation, these materials were not cytotoxic, similar to recent reports

on JAK inhibitors. At higher concentrations, cytotoxicity was accompanied by off-target effects.

We report that treatment of MDA-MB-468 human breast cancer xenografts in mice with

peptidomimetic PM-73G significantly inhibited tumor growth, which was accompanied by

reduction in VEGF production and microvessel density. No evidence of apoptosis or changes in

the expression of the canonical genes cyclin D1 or survivin were observed. Thus selective

inhibition of Stat3 Tyr705 phosphorylation may be a novel anti-angiogenesis strategy for the

treatment of cancer.

INTRODUCTION

Signal transducer and activator of transcription 3 (Stat3) has received considerable attention

due to reports that it is constitutively activated in a number of human cancers and cancer cell

lines (reviewed in 1–4). Stat3 was originally described as the acute phase response factor in

the innate immune response, mediating signals from interleukin-6 (IL-6) and its receptor (5).

Subsequently it was reported to transmit signals from growth factor receptors such as those
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of epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), as well as

other IL-6-famly cytokines (reviewed in 2, 3). In the canonical mechanism, cytokine or

growth factor binding leads to tyrosine phosphorylation on the intracellular regions of the

corresponding receptor and Stat3 is recruited to these sites via its Src homology 2 (SH2)

domain. Associated Janus kinases (JAK), Src kinase, or the kinase activity of the receptor

phosphorylates Stat3 on Tyr705 (pStat3), termed activation. pStat3 dimerizes via reciprocal

SH2 domain-pTyr705 interactions and is translocated to the nucleus where it participates in

the transcription of a variety of genes. Antisense, dominant negative, siRNA, and decoy

oligonucleotides targeting Stat3 have been reported to induce apoptosis in tumor cell lines.

Taken together, these results support the hypothesis that Tyr705 phosphorylation of Stat3

plays a major role in proliferation, cell cycling, angiogenesis, and survival of cancer cells.

Recent reports, however, have described alternative activities of Stat3. Unphosphorylated

Stat3 (U-Stat3) complexes with unphosphorylated NF-κB resulting in the transcription of

κB-dependent genes.(6) In non-transcriptional roles, Ser727-phosphorylated Stat3 has been

found in electron transport complexes in mitochondria (7) and in this capacity supports the

growth of Ras transformed cells by sustaining glycolytic and oxidative phosphorylation (8).

Thus, the reported cytotoxicity cited above and alterations in gene transcription ensuing

from Stat3 knockdown and dominant-negative over-expression may, in part, be due to

mechanisms not related to pTyr705-driven transcription. Highly potent and selective

inhibitors of Stat3 Tyr705 phosphorylation are needed both to better understand the role(s)

of Tyr705 phosphorylation in cancer cell growth and as leads for drug development. Our

strategy is to develop phosphopeptide mimetics targeting the SH2 domain to block

recruitment to receptors, thereby preventing phosphorylation and subsequent transcriptional

activity.

SH2 domains recognize pTyr and the first 2–5 residues to its C-terminus and are involved in

protein complexes that transmit signals from growth factors, cytokines, and integrins

(reviewed in 9). SH2 domains are involved in several dysregulated signaling pathways that

contribute to the cancer phenotype including the PI3K/Akt axis, Bcr-Abl and its downstream

effectors, as well as the JAK (or Src)-STAT pathways. Since the discovery of this target in

the early 1990’s research groups from industry, academia, and government laboratories have

developed phosphotyrosyl peptide-based inhibitors of a variety of SH2 domains (reviewed

in 10–16). Due to the difficulties in delivering compounds with the required high negative

charge density of a phosphate to cells and tissues, the pharmaceutical industry abandoned

this supposedly undruggable target.

We and others (17–30) have been developing phosphopeptide mimetics targeting the SH2

domain of Stat3 with the goal of blocking recruitment to cytokine or growth factor receptors

which would lead to inhibition of Tyr705 phosphorylation and subsequent Stat3

dimerization, nuclear translocation and transcriptional activity. Starting with Ac-pTyr-Leu-

Pro-Gln-Thr-Val-NH2, which contains the Tyr-Xaa-Yaa-Gln Stat3 recognition motif (31,

32), we have studied peptide-protein interactions with both structure-affinity relationship

(33–37) and molecular modeling approaches (38–40). This work has led to the development

of phosphatase-stable, cell-permeable prodrugs that inhibit both constitutive and IL-6-

stimulated Tyr705 phosphorylation in a variety of tumor cell lines (41, 42). We recently
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reported the design and synthesis of a highly selective and potent phosphopeptidomimetic

prodrug, PM-73G (Figure 1) (41). In this inhibitor, glutamine was replaced with Apa (4-

aminopentamide), Leu-Pro was substituted with the tricyclic mimic Haic ((2S,5S)-5-

amino-1,2,4,5,6,7-hexahydro-4-oxo-azepino[3,2,1-hi]indole-2-carboxylic acid), and

phosphotyrosine was replaced with 4-phosphoryldifluoromethyl-β-methyl cinnamate. The

phosphonodifluoromethyl group was employed to prevent cleavage of the phosphate by

phosphatases. To block the negative charges of the phosphonate oxygens which prevent cell

penetration (41), esterase-labile pivaloyloxymethyl (POM) groups were added. As we

reported (41) in MDA-MB-468 breast cancer cells in vitro, PM-73G inhibited constitutive

phosphorylation of Stat3 with an IC50 of 100–500 nM. As a measure of selectivity, at 5 μM,

the prodrug did not inhibit the constitutive phosphorylation of Akt or Tyr861 of focal

adhesion kinase (FAK), or EGF-stimulated phosphorylation of Stat5, processes that rely on

the SH2 domains of p85, Src, and Stat5, respectively. Of note, at this concentration PM-73G

was not cytotoxic to either MDA-MB-468 (breast), HCC-827 (lung), or SKOV3-ip (ovarian)

cells, which all harbor constitutively active pStat3. However, at the higher concentration of

25 μM, cytotoxicity was noted with concomitant reduction in Akt and FAK phosphorylation,

suggesting off-target effects. These results call into question the role of Stat3

phosphorylation in tumor cell viability both in vitro and in vivo.

In this communication, we demonstrate that treatment with PM-73G, as a single agent,

inhibits the growth of orthotopic MDA-MB-468 human breast tumor xenografts in nude

mice. Inhibition of Stat3 phosphorylation and VEGF expression were observed, along with

reductions in CD31/microvessel density. However, no inhibition of either cyclin D1 or

survivin was noted and no apoptosis was observed, suggesting that these are indeed not

down-stream targets regulated by pStat3.

RESULTS

PM-73G inhibits Stat3 phosphorylation in breast tumor xenografts in nude mice

To initially asses the ability of the prodrug to inhibit phosphorylation of Stat3 in vivo,

established orthotopic MDA-MB-468 breast tumor xenografts (~100 mm3) in female nude

mice were treated intratumorally (i.t.) with 100 microliters of PM-73G, formulated in 20%

hydroxypropyl-β-cyclodextrin (Trappsol) in PBS to facilitate solubility. Pilot studies had

demonstrated that pStat3 levels were quenched following i.t. injections of 5 mM PM-73G,

its highest level of aqueous solubility (data not shown). To establish a context for

subsequent systemic administration of PM-73G, we employed a dose-de-escalating

approach with i.t. administration to determine whether lower tumor tissue levels that might

be achievable systemically were also effective. Concentrations of PM-73G in the injectate

ranged from 5 mM to as low as 0.3 μM. Tumors were harvested at 2 hr post injection and

PM-73G levels were assessed by immunohistochemistry. An injectate concentration of 8 μM

was found to result in significant inhibition (Figure 2).

PM-73G inhibits growth of breast tumor xenografts in nude mice

Having demonstrated that PM-73G could inhibit Stat3 phosphorylation in tumors via i.t.

injection, the prodrug was next evaluated for its ability to inhibit tumor growth in orthotopic
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MDA-MB-468 xenografts. Mice were injected in the mammary fat pad with MDA-MB-468

cells, and after 15 days they were separated into three groups, all receiving i.t. injections.

Group 1 received PBS, group 2 received 20% Trappsol in PBS and group 3 received 5 mM

PM-73G in 20% Trappsol/PBS (100 μL injections). On day 1, mice were started on daily

treatment for 5 days, then given 2 days of rest; they were treated again for 5 days, and given

2 days rest. On day 15, mice were treated again and 2 hours later tumors were harvested and

divided into two parts. The first part was frozen and the other was fixed in formalin for

immunohistochemistry.

Average tumor volumes increased ~2.3- and ~2.5-fold over 15 days in the PBS and

Trappsol/PBS vehicle control groups, respectively. However, tumors treated with PM-73G

increased only ~1.6-fold in volume (Figure 3). In addition, PM-73G strongly inhibited the

phosphorylation of Stat3 in treated tumors, as compared to vehicle controls (Figure 4, 3rd

Row). There was no apparent difference in CD31 staining in the tumor tissue isolated from

mice injected with PBS compared with Trappsol/PBS vehicle, suggesting that the Trappsol

vehicle alone had no effect on angiogenesis during growth of the xenografts. In contrast,

tumors treated with PM-73G were avascular, with a significant decrease in the number and

size of microvessels, as determined by the lack of CD31 staining (Figure 4, 1st Row). These

results suggested that PM-73G has anti-angiogenic activity, targeting angiogenic growth

factors such as VEGF A (Figure 4, 2nd Row), known to be stimulated through Stat3

signaling pathways (43).

Immunohistochemical analysis showed no reduction in cyclin D1 or survivin with no

evidence of apoptosis (data not shown). Thus, inhibition of Stat3 phosphorylation had no

effect on expression of the “canonical” downstream genes, which is consistent with our in

vitro results (41).

The next phase of the in vivo studies was undertaken to determine whether systemic

administration of PM-73G would result in an anti-tumor response. Using the results of the

dose-response characteristics of PM-73G in blocking Stat3 phosphorylation following i.t.

administration as a guide, a pilot efficacy study using intraperitoneal (i.p.) administration of

PM-73G was conducted. Mice with MDA-MB-468 tumor xenografts were treated i.p. with

170 mg/kg PM-73G in the same vehicle as above, according to a schedule of 2 weekly

cycles of 5-days-per week injection, followed by a last injection three days later to allow for

assessment of labile pStat3 inhibition. Tumor volumes of mice treated with vehicle (n=3)

increase an average of 2.5-fold, whereas those treated with PM-73G (n=2) increased 1.5-

fold. The experiment was repeated for 4 weekly cycles with the same dose (treated, n=8;

vehicle control, n=6) again followed by a last injection three days later to allow for

assessment of labile pStat3 inhibition. Tumor volumes of mice treated with vehicle

increased an average of 3.3-fold, whereas those treated with PM-73G increased 2.1-fold

(Figure 5). Immunohistochemical analyses verified that pStat3 levels in tumors were

reduced in the PM-73G treated arm, as was CD31/MVD (Figure 6). Full necroscopy

examination of organs harvested after this treatment schedule did not reveal any toxicity.

Complete blood counts were normal for both treatment and control groups. Treated animals

exhibited no weight loss or altered behavioral characteristics. Taken together, these
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observations indicate that systemic monotherapy with PM-73G is both highly efficacious

and apparently not toxic on this schedule.

DISCUSSION

Targeting SH2 domains is challenging in that the targets recognize highly negatively

charged phosphopeptides which prevents diffusion of phosphopeptide-based inhibitors

through cell membranes. Furthermore, phosphatase cleavage of phosphates renders ligands

unrecognizable by SH2 domains. Based on rationale that takes these constraints into

account, we developed a lead candidate that embodies a novel combination of structural

features. In addition to mimicking the Tyr-Xaa-Yaa-Gln recognition motif for Stat3 (31),

PM-73G possesses the non-hydrolyzable difluoromethylphosphonate group, and the

esterase-labile POM groups block the negative charges thus allowing passive diffusion

across cell membranes (41, 42). Although other phosphopeptide-based inhibitors

incorporating free phosphate surrogates (44–46) or bioreversible esters (47–52) have been

reported to inhibit their targets in cells, PM-73G is the first example of a phosphopeptide

targeted to an SH2 domain that inhibits its target in vivo following systemic administration.

These results suggest that SH2 domains are indeed druggable.

There are three known activities of Stat3. Ser727-phosphorylated Stat3 has been found in

electron transport complexes in mitochondria (7, 8). In the nucleus, unphosphorylated Stat3

interacts with NF-κB and is involved with gene transcription (6). The canonical Tyr705

phosphorylation mechanism has been reported to result in the transcription of several

“canonical” downstream genes: Bcl2-family proteins, Cyclin D1, survivin, and others

(reviewed in (2, 3, 53, 54). Perturbation of Stat3 levels with antisense RNA, dominant

negative, or siRNA techniques led to apoptosis in cultured tumor cells. These knockdown

methods are unable to discriminate between “non-pTyr705” and the pTyr705 activities

because they deplete STAT3 from the cell. Our findings demonstrate that selective

inhibition of Tyr705 phosphorylation either in vitro (41) or in vivo does not result in

apoptosis nor in inhibition of the expression of canonical downstream genes. This suggests

that mitochondrial or unphosphorylated Stat3, or an as yet undiscovered activity, is essential

for tumor cell survival.

Recent reports show that inhibition of JAK2 kinase activity with pyridone P6 (melanoma)

(55), AZD 1840 (breast, ovarian, prostate) (56, 57) and ruxolitinib (lung) (58) is also not

cytotoxic to tumor cells of epithelial origin in culture at concentrations that inhibit Tyr705

phosphorylation. These reports and our in vitro results suggest that 1, these models do not

depend on Stat3 phosphorylation for survival and 2, if a compound inhibits Stat3

phosphorylation, and it results in cell death, the cytotoxicity is due to perturbations of off-

target pathways.

Despite the lack of in vitro cytotoxicity, the results of evaluation of the effects of in vivo,

intratumoral and intraperitoneal administration of PM-73G to mice bearing MDA-MB-468

tumor xenografts demonstrate significant inhibition of tumor growth. The reduction in tumor

volume was accompanied by decreased microvessel density (MVD) as well as a reduction in

VEGF protein production. Thus, in human tumor xenografts, VEGF production and
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angiogenesis appear to depend on Stat3 Tyr705 phosphorylation. Stat3 has previously been

reported to both transmit signals from and to regulate the expression of VEGF (reviewed in

43). CHIP analysis indicated that there is a Stat3 binding site on the VEGF promoter (59,

60). JAK inhibitor AZD1840 also reduced growth of human tumor xenografts, accompanied

by reduction in angiogenesis. Taken together, it appears that angiogenesis is dependent on

Stat3 Tyr705 phosphorylation. We propose that SH2 domain-targeted Stat3 inhibition is a

potential new anti-angiogenesis strategy.

MATERIALS AND METHODS

Reagents

PM-73G was synthesized and purity verified as described by Mandal et al. (41)

Cell lines

The triple-negative phenotype MDA-MB-468 human mammary adenocarcinoma cell line

was from the American Type Tissue Collection (ATCC, Manassas, VA, U.S.A.).

Tumor Model

MDA-MB-468 cells in log-phase growth were harvested and single cell suspensions

prepared. Two million cells in 100 mliters of matrigel were injected orthotopically in one of

the lower right fat pads of 6–8 week old female nude mice. Once tumors grew to ~ 70–110

mm3 volume (V = w x l x w/2), the mice were distributed into groups with approximately

equivalent average tumor volumes and treatments were initiated.

Pilot Toxicity Study

Female nude mice (Harlan Laboratories; 4–5 weeks of age upon arrival) were injected

intraperitoneally (i.p.) with either 50, 150 or 500 μl of a 10 mM solution of PM-73G

dissolved in PBS/Trappsol. Injections were administered daily for 4 consecutive days, the

mice were rested for 2 days, and injections resumed again for 5 consecutive days.

Bodyweights were taken on every day of injection, and finally at 3 days after the last

injection.

Anti-tumor Efficacy Studies

Preparation of PM-73G solutions—Due to the stability characteristics of PM-73G,

solutions were freshly prepared on each day of treatment. The drug was dissolved in 20%

Trappsol/PBS at maximum apparent solubility, ~ 5 mM, with vortexing to enhance the rate

of dissolution and minimize the time prior to injection.

Intra-tumoral (i.t.) injections—In initial studies with both therapeutic intent and for

biomarker evaluation, mice with orthotopic MDA-MB-468 xenografts were injected i.t. with

50 μliters of 10 mM PM-73G (containing 425 μg of prodrug), and control mice received

equivalent volumes of Trappsol/PBS or PBS alone. Injections were repeated daily for 5

days, mice were rested for 2 days, and the set of 5 injections were repeated. Tumor

measurements were made prior to the first and sixth injections, three days after the tenth

injection, and then again prior to the final injection. Due to the transient nature of STAT3
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phosphorylation, a final injection of PM73G was made 3 days after the tenth injection, and

mice were sacrificed within 1 hr later. Tumors were excised and placed in formalin or OCT

for subsequent immunohistochemical analyses.

To further examine the dose-response effect on pSTAT3 levels, tumor bearing mice were

given 100 μL i.t. injections of either 200 μM, 40 μM, 8 μM, 1.6 μM, or 0.3 μM PM-73G.

Tumors were harvested 1.5 hr post-injection, and pStat3 levels analyzed by

immunohistochemistry

Intra-peritoneal (i.p.) injections—In an initial study based on the pilot toxicity study

that demonstrated that PM-73G was well-tolerated, mice bearing MDA-MB-468 tumors

were injected i.p. with 1 ml of a 5 mM solution of PM-73G dissolved in PBS/Trappsol.

Injections were repeated daily for 5 consecutive days, the mice were rested for 2 days, and

injections resumed again for 5 consecutive days, followed by a final injection 3 days later

and subsequent tumor harvest on that day. Tumor measurements were made prior to the

first, fifth, sixth and tenth injections, and then again two days prior to and on the day of the

final (11th) injection, five days later. Harvested tumors were analyzed by IHC for CD31, and

pStat3 expression.

In an expanded anti-tumor efficacy and pilot toxicology study with systemic administration,

the protocol was modified to allow four weeks of five-days-per-week of i.p. injections,

followed by a last injection three days later. Two hr later, the groups of mice were split and

tumors prepared for immunohistochemical analyses or the intact mice sent for

histopathological analyses. A subset of mice from the PM-73G treatment group was given

either PBS/Trappsol or PM-73G on the last injection day and then sacrificed 2 hr later and

prepared for immunohistochemical and histopathological analyses, as before; this would

allow determination of chronic effects (four weeks) of PM-73G, either four days or 2 hr

after the last injection. In addition, the control mice were split and either given a final

injection of PBS/Trappsol or PM-73G and sacrificed 2 hr later for immunohistochemical

analyses. Each tumor was measured and its percentage growth was tabulated. For each

group (treated, n = 8; and vehicle, n = 6) the mean and standard error of the mean of the

percentage growth was plotted for each time point. The unpaired Student’s t test was used to

calculate the significance of the difference in growth.
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Figure 1.
The chemical structure of PM-73G, the cell-permeable, phosphatase-stable phosphopeptide

mimic prodrug that targets the SH2 domain of Stat3.
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Figure 2.
Intratumoral administration of PM-73G inhibits Tyr705 phosphorylation of Stat3 in vivo.

Established tumors were injected intratumorally with decreasing doses of PM73G in

Trappsol and two hr later tumors were harvested, preserved in formalin, sectioned, and

pStat3 was monitored with immunohistochemistry.
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Figure 3.
Inhibition of growth of established MDA-MB-468 tumor xenografts with i.t. administration

of 5 mM PM-73G.
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Figure 4.
Intratumoral treatment with PM-73G inhibits microvessel density, VEGF expression, and

phosphorylation of Tyr705 of Stat3.
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Figure 5.
Inhibition of growth of MDA-MB-468 tumor xenografts by i.p. treatment with PM-73G.
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Figure 6.
Inhibition of Stat3 phosphorylation and microvessel density in MDA-MB-468 xenografts

treated with PM-73G i.p.
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