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Abstract

Identification and validation of molecular targets are considered as key elements in new drug 

discovery and development. We have recently demonstrated that a novel synthetic iminoquinone 

analog, termed [7-(benzylamino)-1,3,4,8-tetrahydropyrrolo [4,3, 2-de]quinolin-8(1H)-one] (BA-

TPQ), has significant anti-breast cancer activity both in vitro and in vivo, but the underlying 

molecular mechanisms are not fully understood. Herein, we report the molecular studies for BA-

TPQ’s effects on JNK and its upstream and downstream signaling pathways. The compound up-

regulates the JNK protein levels by increasing its phosphorylation and decreasing its 

polyubiquitination-mediated degradation. It activates ZAK at the MAPKKK level and MKK4 at 

the MAPKK level. It also up-regulates the TGFβ2 mRNA level, which can be abolished by the 

JNK-specific inhibitor SP600125, but not TGFβ pathway-specific inhibitor SD-208, indicating 

that both JNK and TGFβ signaling pathways are activated by BA-TPQ and that the JNK pathway 

activation precedes TGFβ activation. The pro-apoptotic and anti-growth effects of BA-TPQ are 

significantly blocked by both the JNK and TGFβ pathway inhibitors. In addition, BA-TPQ 

activates the ZAK-MKK4-JNK pathway in MCF7 cells, but not normal MCF10A cells, 

demonstrating its cancer-specific activities. In conclusion, our results demonstrate that BA-TPQ 
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activates the ZAK-MKK4-JNK-TGFβ signaling cascade as a molecular target for its anticancer 

activity.
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INTRODUCTION

Breast cancer poses a major health problem worldwide. It is the most common cancer in 

women [1]. Although several effective chemotherapeutic drugs are widely used for breast 

cancer treatment, including tamoxifen, doxorubicin, cyclophosphamide, methotrexate, 

fluorouracil, and paclitaxel, they often produce severe side effects. Additionally, advanced 

and recurrent breast cancer patients are resistant to these chemotherapeutic agents. Thus, 

there is an urgent need for the development of new drugs with multifaceted activity against 

advanced and drug-resistant breast cancer, while minimizing their side effects.

We have been interested in developing novel agents for breast cancer therapy and discovered 

a novel class of synthetic analogs of marine drugs that exert potent anticancer efficacy in 
vitro and in vivo [2-5]. One of the novel agents under preclinical development is [7-

(benzylamino)-1,3,4, 8-tetrahydropyrrolo [4,3,2-de]quinolin-8(1H)-one] (BA-TPQ), a 

synthetic iminoquinone analog that is effective against both estrogen receptor positive and 

negative breast cancer cells, but has no apparent cytotoxicity to non-malignant breast 

epithelial cells [4]. Our recent microarray data demonstrate that the novel compound inhibits 

breast cancer growth by targeting multiple molecules and signaling pathways associated 

with cell cycle progression, proliferation, apoptosis, and DNA damage response [4]. 

Considering that identification and validation of molecular targets are a key element in new 

drug discovery and development, increasing efforts have been devoted to better 

understanding the molecular mechanisms of action for this compound.

Based on our preliminary microarray data [4], this investigation was focused on the JNK 

(Jun N-terminal Kinase) and TGFβ (Transforming growth factor beta) signaling pathways. 

The JNK signaling pathway is one of three major branches of the MAP kinase (Mitogen 

Activated Protein Kinase or MAPK) cascades in mammalian cells and plays a pivotal role in 

inducing cell apoptosis in response to a variety of internal and external stimuli, such as UV 

radiation, heat shock, inflammatory cytokines, endoplasmic reticulum stress, chemotherapy, 

and oxidative stress [6-9]. The JNK protein is activated by either MKK4 or MKK7 through 

phosphorylation, and the activated JNK further activates Jun by phosphorylating it at Ser63 

and Ser73 [10, 11]. The activated Jun then forms a heterodimeric complex with AP-1 family 

members and acts as a transcription factor to regulate the expression of multiple genes 

related to cell growth, division, differentiation, and apoptosis [12, 13]. MKK4 and MKK7 

phosphorylate and activate the JNK protein [14-16], and their activities are regulated by 

upstream MAPKKKs (MAP Kinase Kinase Kinase or MAP3K) [17]. At present, there are 

14 MAP3Ks reported to activate the JNK cascade through phosphorylation of MKK4/7, 

including MEKK1, 2, and 4, MLK1-3, and DLK, among others [6, 18]. In response to an 
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extracellular stimulus, the corresponding MAP3K is activated and then serves as an initiator 

of the MAPKKK-MAPKK-MAPK cascade to amplify, modulate, and integrate the 

extracellular signal into an intracellular response in a cell type- and stimulus-specific manner 

[6]. The TGFβ signaling pathway is involved in the regulation of cell proliferation, 

differentiation, invasion, and apoptosis. It is a potent regulator of both normal mammary 

gland development and mammary carcinogenesis [19]. TGFβ can function as either a tumor 

suppressor or promoter, depending on the stimuli, cell type, and cellular context [20].

The present study was designed to explore the molecular mechanisms of BA-TPQ-induced 

growth inhibition and apoptosis in breast cancer cells. Using both gene overexpressing and 

silencing technologies and employing specific pharmacological inhibitors, we were able to 

dissect the effects of BA-TPQ on the various levels of the ZAK-MKK4-JNK-TGFβ 
signaling cascade. Interestingly, BA-TPQ activated the ZAK-MKK4-JNK cascade in MCF7 

cells, but not in non-tumorigenic MCF10A cells, suggesting that BA-TPQ specifically 

targets tumor cells as observed previously [4]. These results will facilitate the future 

development of BA-TPQ in both preclinical and clinical settings.

MATERIAL AND METHODS

Test Compound, Cell lines, Plasmids, Antibodies, Chemicals, and Reagents

The synthesis and purification of BA-TPQ were described previously [4]. The chemical 

structure is provided in supplemental data (Fig. S1). MCF7 and MCF10A cells were 

purchased from the ATCC and cultured under the conditions suggested by ATCC and 

reported previously [4]. ASK1 wild type (ASK1 wt) and knockout (ASK1 KO) mouse 

embryonic fibroblasts (MEFs) were a generous gift from Dr. Hidenori Ichijo at The 

University of Tokyo, Japan. The dominant negative HA-Jun vector was a kind gift from Dr. 

Dirk Bohmann, University of Rochester. The DDIT3 (9C8), ATF3 (C-19), and Jun (H-79) 

antibodies and Salubrinal (sc-202332) were purchased from Santa Cruz Biotechnology Inc 

(Santa Cruz, CA). The antibodies against JNK (56G8), phospho-JNK (T183/Y185) (81E11), 

MKK4, phospho-MKK4 (S251/T261), smad2 (D43B4), and phospho-smad2 (S465/467) 

(138D4) were obtained from Cell signaling Technology Inc. (Beverly, MA). The ZAK 

(D1-18) antibody was from Abcam (Cambridge, MA). The Ub antibody was obtained from 

Millipore (Billerica, MA). The β-actin antibody, SD-208, thapsigargin, tunicamycin, 

protease inhibitor cocktail (P8340), and phosphatase inhibitor cocktails I (P2850) and II 

(P5726) were purchased from Sigma (St. Louis, MO). The siRNAs against Jun, ATF3, JNK, 

MKK4, ZAK and control siRNA pools were obtained from Dharmacon (Lafayette, CO). 

SP600125 was purchased from EMD Calbiochem (Gibbstown, NJ), and Protein G beads 

were purchased from GE Healthcare (Piscataway, NJ).

RNA Extraction and RT-PCR Assay

Total RNA was extracted from MCF7 cells using the Trizol reagent (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s instructions. Briefly, 2 μg of total RNA was used to 

synthesize the first strand cDNA with the superscript II reverse transcriptase (Invitrogen, 

Carlsbad, CA) under the conditions recommended by the manufacturer. A 0.5 μl aliquot of 

cDNA was used as template for the PCR in a 20 μl reaction system. The primers used for 
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amplification of the different genes were as follows: DDIT3 forward: CCT GAG GAG AGA 

GTG TTC AAG A, reverse: TCT TGC AGG TCC TCA TAC CA; ATF3 forward: AGG 

AGA AGA CGG AGT GCC T, reverse: GGT TTC TCT CAT CTT CTG GAG TC; Jun 
forward: CAG CCC AAA CTA ACC TCA CG, reverse: CAT GCT CTG TTT CAG GAT 

CTT G; TGFβ2 forward: CTC CTT CGA TGT AAC TGA TGC TG, reverse: TGG AGG 

TGC CAT CAA TAC C; XBP1 forward: GGG AAT GAA GTG AGG CCA, reverse: AAT 

GCC CAA CAG GAT ATC AGA; GAPDH forward: GGA GTC CAC TGG CGT CTT 

CAC, reverse: GAG GCA TTG CTG ATG ATC TTG AGG. PCR was performed using 

cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s followed by a final extension at 

72°C for 5 min. The cycle numbers vary depending on mRNA abundance of genes detected. 

PCR products were resolved on 1.5% agarose gels and visualized by ethidium bromide 

staining.

Immunoblotting and Immunoprecipitation

MCF7 cells were seeded at a density of ~3 × 105/60 mm dish or 5 × 105/l00 mm dish. The 

following day, the cells were treated with BA-TPQ with or without the inhibitors (such as 

SP600125, or SD-208). For Western blot analysis, the cells were lysed in RIPA buffer 

consisting of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 1.0% sodium 

deoxycholate, 1% Triton X-100, and a protease inhibitor mixture from Sigma. Western 

blotting analysis was performed as described previously (4). For immunoprecipitation 

assays, cells were lysed in NP-40 lysis buffer consisting of 50 mM Tris-HCl (pH 8.0), 1.0% 

Nonidet P-40, 1.0 mM EDTA, 137 mM NaCl, and the protease inhibitor mixture from 

Sigma, and then the ubiquitin antibody was applied to co-precipitate ubiquitinated proteins.

Gene Silencing by siRNAs

MCF7 cells were transfected with the control or genespecific siRNA pools for 72 h. BA-

TPQ was added 24 h or 48 h before cell harvesting for further analyses. The cells were 

collected for apoptosis assay, or lysed in RIPA buffer and detected for target protein 

expression by Western blot analysis.

Cell Survival Assay

Cells were plated in 96-well cell culture plates at a density of 3 × 103/well and treated the 

next day with the indicated agents for 72 h and the viable cell number was determined using 

the MTT assay as described previously [4].

Cell Cycle Distribution and Apoptosis Assays

Cells were seeded in 60-mm dishes at a density of 4 × 105/dish. The next day, the cells were 

treated with ZAK specific siRNA pool for 24 h, and then BA-TPQ was added to treat the 

cells for another 48 h; or pretreated with indicated inhibitor for 30 min, and then BA-TPQ 

was added for another 48 h. Apoptosis was determined by Annexin V-FITC staining using 

the BioVision Annexin V-FITC apoptosis kit according to manufacturer’s instructions 

(Biovision, Mountain View, CA). To determine the cell cycle distribution, cells were 

collected and fixed in 75% alcohol overnight, and the cell pellets were digested the next day 
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with RNase A at 37°C for 20 min and stained with Propidium Iodide. Then, the cell cycle 

distribution was analyzed using a flow cytometry.

Statistical Analysis

All the data (mean ± SD) for cell apoptosis, cell cycle, or cell survival were derived from 

assays in triplicate and all the experiments were repeated twice or thrice. The significance of 

the differences among various treatment groups were analyzed by ANOVA.

RESULTS

BA-TPQ Induces the Expression of Jun, ATF3 and DDIT3 in MCF7 cells, Independent of 
Endoplasmic Reticulum Stress

BA-TPQ inhibits cell growth and induces apoptosis in MCF7 cells [4]. To further elucidate 

the molecular mechanism of action of BA-TPQ, microarray analyses were employed to 

screen for signaling pathways or target molecules involved in this effect. We observed that 

the Jun (jun proto-oncogene), ATF3 (activating transcription factor 3) and DDIT3 (DNA-
damage-inducible transcript 3) mRNA levels were all significantly induced by exposure to 

0.5 μM BA-TPQ for 16 h (Jun: Fold=8.91, p=0.0037; ATF3: Fold=8.54, p=0.0101; DDIT3: 
Fold=21.31, p=0.0015). These alterations were further confirmed by RT-PCR (Fig. 1A) and 

Western blot analysis (Fig. 1B).

Because Jun, ATF3 and DDIT3 were reported to be induced during ER stress through the 

IRE1-ASK1-JNKJun/ATF3/DDIT3 and PERK-eIF2-ATF4-ATF3/DDIT3 signaling cascades 

in response to multiple insults [21, 22], and DDIT3 is commonly used as a biological marker 

for ER stress, we wonder if BA-TPQ induces MCF7 cell apoptosis via activating ER stress 

pathway. To verify this assumption, we blocked PERK pathway by its specific inhibitor, 

salubrinal, and then MCF7 cell survival and target protein expressions were detected. 

Contrary to our expectation, even 100 μM salubrinal pretreatments could neither effectively 

rescue MCF7 cell survival inhibited by BA-TPQ, nor prevent the increment of Jun, DDIT3 

and ATF3 induced by BA-TPQ (data not shown). Since ASK1 is a unique upstream activator 

of JNK-Jun cascade during ER stress, we employed ASK1 wt and KO MEFs to check if 

ASK1 is an upstream regulator of Jun, ATF3 and DDIT3, and our data demonstrated that 

BA-TPQ induced the elevated expression of the above three proteins and MEF cell growth 

inhibition regardless of ASK1 status. Additionally, when MCF7 cells were treated with 

DMSO, 0.5 or 0.75 μM BA-TPQ, 2 μM thapsigargin (Tg) or 2 ng/μl tunicamycin (Tu) (Tg 

and Tu are known ER stress inducers). We found that both Tg and Tu induced the splicing of 

XBP1 mRNA and increased the expression of the BIP protein, two common events during 

ER stress, but BA-TPQ had no such effects, although there was an increase in the expression 

of DDIT3 and ATF3 following treatment of MCF7 cells with either BA-TPQ, or Tg or Tu 

(Fig. 1C and 1D). Of note, little induction of Jun at both mRNA and protein level was 

observed after MCF7 cells were treated with Tg and Tu, compared to BA-TPQ (Fig. 1C and 

1D). Taken together, these results suggest that BA-TPQ probably induces an ER stress-

independent MCF7 cell growth inhibition and apoptosis, or via a molecular mechanism that 

is a little different from the canonical endoplasmic reticulum stress cascade.
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To gain insights into the detailed regulatory network among Jun, ATF3 and DDIT3, we 

knocked down Jun or ATF3 and determined their effects on the levels of the other two 

proteins. Our results showed that knockdown Jun by siRNA, or expression of a dominant 

negative mutant of Jun, decreased the expression of both ATF3 and DDIT3 (Fig. 1E, left 

panel; Fig. 1F), while ATF3 knockdown alone led to a reduction in the DDIT3 protein level, 

but not Jun (Fig. 1E, right panel), indicating that Jun probably regulates ATF3, which in turn 

regulates DDIT3 expression. It is also possible that Jun forms a complex with ATF3 that up-

regulates DDIT3 expression, or that ATF3 interacts with DDIT3 to modulate their 

downstream targets [22, 23].

BA-TPQ Stabilizes and Activates JNK Pathway

Since JNK is a key upstream activator of Jun [11, 17], we hypothesized that JNK was 

responsible for the induction of Jun, and the subsequent activation of ATF3 and DDIT3 by 

BA-TPQ. To test the hypothesis, we treated MCF7 cells with various concentrations of BA-

TPQ for 24 h, or with 0.5 μM of BA-TPQ for various times, and determined the levels of 

phosphorylated and total JNK, as well as Jun, ATF3 and DDIT3 by Western blotting. As 

shown in the left panel of Fig. (2A), BA-TPQ treatment led to a dose-dependent increase in 

both phosphorylated JNK and the total JNK protein, together with the increased protein 

expression of Jun, ATF3 and DDIT3. We further examine time-dependence of the expression 

of these proteins. The activation of JNK in MCF7 cells was observed in a short period, only 

15 min after exposure to BA-TPQ. However, as the duration of the treatment was increased, 

the level of phosphorylated JNK gradually decreased, and reached the lowest at the 1-h time 

point. The level then started to increase again, as shown in the 2-h time point. 

Correspondingly, the remarkably induced expressions were also observed at 2-h time point 

for Jun and ATF3, and at 4-h time point for DDIT3, their induced expressions showed a 

tendency of continuous increment even at 24-h time point (Fig. 2A, right panel). Although 

the exact molecular mechanism(s) and physiological significance of reduced expression and 

phosphorylation of JNK at 1-h time point were not known, we deduced that highest activities 

of serine/threonine protein phosphatase (such as PP1 or PP2A), or dual-specificity 

phosphatases (such as MAPK phosphatase 1 or MKP1) at 1-h time point were probably 

involved, as reported previously by other research groups [24, 25]. Meanwhile, our data 

denoted that the activated JNK (both phosphorylated and native JNK) prior and after 1-h 

time point probably have different functions, with the first increment of JNK dealing with 

promotion of cell survival, and when failed to do so, the second increment enhancing the 

expression of apoptosis related genes, including Jun ATF3 and DDIT3 to induce cell 

apoptosis.

To further support our findings that JNK induced increased expression of Jun, ATF3 and 

DDIT3, MCF7 cells were treated with either the vehicle, or with SP600125, a JNK pathway-

specific inhibitor, for 30 min, prior to a 24-h treatment with the vehicle or BA-TPQ. As 

shown in Fig. (2B and C), SP600125 pretreatment blocked the up-regulation of Jun, ATF3 
and DDIT3 at both the mRNA and protein levels. Similar results were obtained when 

specific siRNAs against JNK was used to knock down JNK expression (Fig. 2D). 

Collectively, these results demonstrate that the JNK signaling pathway plays a critical role in 

the BA-TPQ-induced up-regulation of Jun, ATF3 and DDIT3.
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We next explored the underlying molecular mechanism(s) for increased expression of native 

JNK protein. We found that JNK1/2 mRNA level was not altered after BA-TPQ treatment 

(data not shown). However, BA-TPQ treatment resulted in a dose-dependent reduction in 

polyubiquitinated JNK and in contrast, a dose-dependent increment of native JNK in MCF7 

cells (Fig. 2E, left panel), and the poly-ubiquitination was further confirmed by 

immunoprecipitation assays (Fig. 2E, right panel). These results implying that BA-TPQ 

probably increases JNK function by both inducing JNK phosphorylation and diminishing its 

polyubiquitination and degradation. However, the exact molecular mechanism(s) and 

function of polyubiquitinated JNK needs to be further determined.

The JNK Signaling Pathway is Responsible for the BA-TPQ-induced Apoptosis

To test whether there was an association between cell growth inhibition and apoptosis and 

the activation of the JNK signaling pathway, we pre-treated MCF7 cells with vehicle or 

SP600125 for 30 min, and then added BA-TPQ to the cells for different times, followed by 

analysis of cell viability, apoptosis, cell cycle distribution, and PARP cleavage. BA-TPQ 

treatment significantly reduced the survival of cells (Fig. 3A), increased the number of 

apoptotic cells (Fig. 3B, arrested cells in the sub-G1 phase (Fig. 3C), and increased PARP 

cleavage (Fig. 3D); however, these effects were attenuated or completely abrogated by 

pretreatment with SP600125. These results further confirmed that JNK was the primary 

molecular target for BA-TPQ induced apoptosis in MCF7 cells.

BA-TPQ Activates JNK Signaling by Modulating the ZAK-MKK4 Cascade

Next, we investigated the upstream molecule(s) responsible for phosphorylating JNK at the 

MAP3K and MAP2K levels after exposure to BA-TPQ. At present, there are 20 known 

MAP3Ks, and 14 of them were reported to be capable of activating the JNK protein [18, 26]. 

At MAP2K level, MKK4 and MKK7 are able to phosphorylate the JNK protein [18]. After a 

screening with the panel of kinases, we found that both ZAK and p-MKK4 were induced by 

BA-TPQ in a dose-dependent manner (Fig. 4A). When ZAK was knocked down by its 

specific siRNA pools, the activation or induced expression of p-MKK4, p-JNK, JNK, Jun, 

ATF3 and DDIT3 were decreased (Fig. 4B), further confirming that ZAK is the BA-TPQ 

sensor at the MAP3K level, and ZAK activates JNK via MKK4. As shown in Fig. (4C), the 

BA-TPQ-induced apoptosis was almost completely blocked after ZAK was knocked down 

by ZAK specific siRNAs, supporting that ZAK is an important upstream target of BA-TPQ 

in MCF7 cells.

BA-TPQ Activates TGFβ Signaling Located Downstream of JNK Pathway

Our microarray data indicated that the mRNA level of TGFβ2 was increased in MCF7 cells 

after BA-TPQ treatment (Fold=2.39, p=0.046). Several reports have indicated that the TGFβ 
signaling pathway activates the JNK signaling pathway [27-29]. In the present study, we 

examined the linkage between the pathways and their roles in BA-TPQ induced apoptosis. 

As shown in Fig. (5A), BA-TPQ induced TGFβ2 expression. When the JNK signaling 

pathway was blocked by SP600125, BA-TPQ failed to induce TGFβ2 expression. However, 

blocking the TGFβ2 signaling pathway by SD-208, a TGFβ-specific inhibitor, did not 

prevent the induction of Jun, ATF3 or DDIT3, although it abrogated BA-TPQ induced 

phosphorylation of smad2, a downstream target of TGFβ pathway ((Fig. 5B and C). 
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Therefore, these results indicate that JNK is located in the upstream of the TGFβ pathway. 

As shown in Fig. (5D-F), BA-TPQ reduced cell survival (Fig. 5D), arrested cells in sub-G1 

phase (Fig. 5E), and increased PARP cleavage (Fig. 5F); and these effects were 

compromised by the pretreatment with SD-208, further indicating the importance of the 

TGFβ signaling pathway in BA-TPQ-induced apoptosis.

BA-TPQ Activates the ZAK-MKK4-JNK-ATF3/DDIT3 Signaling Pathway in a Breast Cancer 
Cell-specific Manner

After the observation that BA-TPQ induced MCF7 cell apoptosis through activation of the 

ZAK-MKK4-JNK-ATF3/DDIT3 signaling cascade, we determined whether this effect was 

specific to breast cancer cells. We treated MCF10A cells, a non-malignant immortalized 

breast epithelial cell line, and malignant MCF7 cells with vehicle or 0.5 μM BA-TPQ for 24 

h, and then detected the signaling pathway molecules by Western blotting. As illustrated in 

Fig. (6), BA-TPQ activated the above pathway molecules in MCF7 cells. However, 

MCF10A cells did not respond to BA-TPQ exposure, showing the activation but no changes 

in MKK4-JNK-ATF3/DDIT3 signaling pathway. Of note, ZAK protein expression in 

MCF10A cells was much lower than that of MCF7 cells and was not induced by BA-TPQ, 

suggesting that ZAK is a sensor for BA-TPQ-induced activation of ZAK-MKK4-JNK-

ATF3/DDIT3 pathway in MCF7 cancer cells, but not non-tumorigenic breast cells. This 

finding may help to explain the low expression of ZAK with high pathway activity in non-

malignant MCF10A cells. As to ZAK, more studies need to be performed to clarify its 

expression regulation and function in cancerous MCF7 cells before and after exposure to 

BA-TPQ.

DISCUSSION

Marine drugs have high potency and often exert their anticancer effects by targeting multiple 

molecules or signaling pathways [30]. Identification and validation of molecular targets will 

facilitate their development. BA-TPQ is a synthetic analog of a makaluvamine compound 

derived from marine sponges and has anticancer activity in both estrogen receptor positive 

MCF7 cells and estrogen receptor negative MDA-MB-468 cells, but has no obvious 

cytotoxicity against non-tumorigenic MCF10A breast epithelial cells [4]. Our microarray 

results suggest that this agent acts on multiple target molecules and signaling pathways, 

including the inhibition of the mRNA expression of E2F2 and E2F8, cyclin D1, cyclin E1 
and E2, cyclin F, CDK6, CDC25A, and induction of several signaling pathways, such as 

p53, TNFα, and TGFβ pathways [4]. Following our observation of the up-regulation of Jun 
(8.9-fold increase) in our microarray studies of BA-TPQ treatment in MCF7 cells, we 

explored whether the JNK signaling pathway is responsible for its anticancer activity. Our 

results demonstrated that BA-TPQ treatment induced the phosphorylation of JNK and 

increased expression of native JNK, resulting in the activation of Jun. Subsequent pathway 

analyses revealed the activation of the ZAK-MKK4-JNK-TGFβ signaling cascade and the 

role of the activation in BA-TPQ-induced cell growth inhibition, cell cycle arrest, and 

apoptosis in MCF7 cells, but not MCF10A cells. These results support the notion that the 

test compound can be developed a novel anti-breast cancer agent.
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The MAPK pathway is composed of three layers, with a number of proteins in each layer. 

For instance, at the MAPKK and MAPK levels, there are 7 and 11 kinases, respectively [6, 

18]. To date, at least 20 kinases have been identified at the MAP3K level [18, 26]. ZAK, a 

member of the MAP3K family, has been reported to be activated in response to ionizing 

radiation, anisomycin stimulation, or UV radiation, among other stimuli, leading to the up-

regulation of all three MAPK intermediates, and eventually to cell cycle arrest and/or 

apoptosis [31-33]. In our current study, we found that BA-TPQ activated the ZAK-MKK4-

JNK cascade, while knockdown of ZAK down-regulated the phosphorylations of MKK4 and 

JNK and the expression of native JNK. These results suggest that ZAK could be a critical 

target for anticancer therapy. Future studies should examine how ZAK is activated by BA-

TPQ.

In the present study, we showed that the activation of the ZAK-MKK4-JNK-Jun cascade was 

involved in BA-TPQ-induced apoptosis in MCF7 cells. JNK protein was induced at two 

different levels. First, BA-TPQ treatment inhibited JNK poly-ubiquitination and degradation, 

leading to an increase in native JNK protein. To our best knowledge, this should be the first 

report indicating that the expression of the native JNK protein can be regulated at the protein 

stability/degradation level. Second, BA-TPQ treatment activated the ZAK-MKK4 cascade, 

resulting in an increased activity of JNK. Of interest, the activity of Jun was also regulated at 

two levels. First, BA-TPQ induced a significant increase in Jun mRNA transcription, leading 

to elevated native Jun protein. Second, BA-TPQ treatment also led to an increase in the 

phosphorylation of Jun in MCF7 cells. Therefore, the dual regulation of the JNK-Jun 

cascade may greatly amplify the signal, enhancing the apoptosis-inducing capacity of the 

drug.

The TGFβ signaling pathway has a dichotomous function during breast cancer development, 

behaving as a tumor suppressor during early breast carcinogenesis, and as a tumor promoter 

in the later stages [19]. TGFβ2 was reported to be a potent growth inhibitor of human breast 

cancer cell lines, is significantly induced by tamoxifen, and was suggested to be a valid 

molecular biomarker for the antiproliferative effects of tamoxifen and its metabolites in 

breast cancer cells [34, 35]. In our current study, we found that BA-TPQ significantly 

increased the TGFβ2 mRNA level in MCF7 cells, which happened downstream of the 

activation of the JNK signaling pathway, suggesting that BA-TPQ induces apoptosis via the 

JNK-TGFβ signaling axis. Our finding is in contrast to two previous reports that suggest that 

the activation of the TGFβ pathway precedes the JNK pathway [27, 36], but is similar with 

another report that the activation of p38 MAPK lies upstream of the activation of the TGFβ 
signaling pathway in human breast cancer cells [37].

In summary, we have made several significant observations in the present study. The JNK 

pathway was in a minimally-active state in resting/unstressed MCF7 cells comparing to non-

malignant immortalized MCF10A cells. BA-TPQ activated the ZAK-MKK4-JNK-TGFβ 
signaling cascade, leading to cell growth inhibition and apoptosis in MCF7 cells (Fig. 7). It 

regulated both JNK and its downstream target, Jun, by increasing phosphorylation and native 

protein levels. JNK was regulated at the posttranslational level by inhibition of its 

polyubiquitination, which may represent a novel mechanism of action for anticancer agents 

that exert pro-apoptotic effects via JNK pathway. It should be indicated that BA-TPQ and its 
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analogs have been studied for various anticancer activities in preclinical models [2-5, 38-42], 

suggesting that they may have multiple molecular targets as anticancer agents, with one of 

the major targets being the oncogene MDM2 [43]. There is increasing evidence supporting 

that aiming at more than one molecular target may improve the potency and efficiency of 

anticancer agents. In conclusion, our results from the present study should facilitate not only 

the development of our currently tested compounds, but also the validation of the ZAK-

MKK4-JNK-TGFβ pathway as a cancer drug target.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BA-TPQ [7-(benzylamino)-1,3,4,8-tetrahydropyrrolo [4,3, 2-

de]quinolin-8(1H)-one]

JNK Jun N-terminal Kinase

MAPK Mitogen Activated Protein Kinase

MAPKKK MAP Kinase Kinase Kinase or MAP3K

MEF mouse embryonic fibroblast

siRNA small interfering RNA

TGFβ Transforming growth factor beta
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Fig. (1). BA-TPQ induces the expression of Jun, ATF3 and DDIT3, independent of endoplasmic 
reticulum stress.
A. MCF7 cells were treated with DMSO or 0.5 μM BA-TPQ for 16 h. Then, total cellular 

RNA was extracted, and RT-PCR was performed to detect the expression levels of the 

indicated genes. B. MCF7 cells were treated with DMSO or 0.5 μM BA-TPQ for 24 h. The 

cellular lysates were collected, and target protein expression was determined by Western 

blotting. C and D. MCF7 cells were treated with DMSO, or 0.5 μM or 0.75 μM BA-TPQ, or 

2 μM thapsigargin (Tg) or 2 ng/μL tunicamycin (Tu) for 16 h for RT-PCR assay (C), or for 

24 h for Western blotting (D). E. MCF7 cells were transfected with a control, Jun or ATF3 
siRNA pool. After 48 h, the cells were exposed to DMSO or 0.5 μM BA-TPQ for an 

additional 24 h, and then cell lysates were harvested and subjected to Western blotting to 

detect the expression of the indicated proteins. F, MCF7 cells were transfected with a 

control vector or a dominant negative HA-Jun vector for 24 h prior to treatment with DMSO 

or 0.5 μM BA-TPQ for an additional 24 h. After that, Western blotting was performed to 

detect target protein expression as indicated. Of note, Jun was detected by HA antibody.
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Fig. (2). BA-TPQ stabilizes and activates JNK, and as a result, the Jun-ATF3-DDIT3 cascade.
A. MCF7 cells were treated with increasing concentrations of BA-TPQ for 24 h (left panel), 

or treated with 0.5 μM BA-TPQ for various times indicated in the figure (right panel), then 

cell lysates were collected and subjected to Western blot analyses to detect the indicated 

proteins. B and C. MCF7 cells were pretreated with DMSO, or 10 μM of SP60015 for 30 

min, and then DMSO or 0.5 μM BA-TPQ was added for an additional 16 h or 24 h. Then, 

RT-PCR or Western blotting was performed to detect target mRNA (B) or protein expression 

(C). D. MCF7 cells were transfected with a control or JNK siRNA pool. 48 h later, the cells 

were exposed to DMSO or 0.5 μM BA-TPQ for additional 24 h, and then the cell lysates 

were harvested and subjected to Western blotting to probe target protein expression as 

indicated in the figure. E. MCF7 cells were treated with increasing concentrations of BA-

TPQ for 24 h. Then cells were lysed in RIPA buffer, and Western blotting was performed to 

evaluate the JNK protein level using a JNK antibody (left panel), or cell lysates were 

immunoprecipitated with an ubiquitin antibody, and probed with the JNK antibody (right 

panel).
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Fig. (3). JNK pathway is critical for BA-TPQ-induced apoptosis.
A. MCF7 cells were treated with DMSO, or JNK inhibitor indicated in the figure with or 

without BA-TPQ for 72 h, and then the MTT assay was performed to assess cell viability. B-

D. MCF7 cells were pretreated with DMSO or JNK inhibitors (indicated in the figure) for 30 

min. Then, Cells were further treated with DMSO or 0.5 μM BA-TPQ for 48 h for apoptosis 

assay (B) or cell cycle analysis (C) by flow cytometry, or for 24 h to determine whether the 

compound induces PARP cleavage (D). * represents p<0.05.
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Fig. (4). ZAK and MKK4 are upstream activators of JNK pathway induced by BA-TPQ.
A. MCF7 cells were treated with increasing concentrations of BA-TPQ for 24 h, and target 

proteins were detected by Western blotting. B. MCF7 cells were treated with a control, or 

ZAK-specific siRNA pool for 48 h prior to addition of DMSO or 0.5 μM BA-TPQ for an 

additional 24 h. Cell lysates were collected and subjected to Western blotting analysis to 

detect target protein expression as indicated in the figure. C. MCF7 cells were treated with a 

control siRNA pool or a siRNA pool specific for ZAK for 24 h, and then DMSO or 0.5 μM 

BA-TPQ was added to treat the cells for an additional 48 h. Then, MCF7 cell apoptosis 

assay was determined. * represents p<0.05.
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Fig. (5). Induction of TGFβ by JNK contributes to BA-TPQ-induced apoptosis.
A. MCF7 cells were pretreated with DMSO, or 10 μM of SP60015 for 30 min, and then 

DMSO or 0.5 μM BA-TPQ was added for an additional 16 h. Then, RT-PCR was performed 

to detect TGFβ mRNA expression. B and C. MCF7 cells were pretreated with DMSO or 1 

μM SD-208 for 45 min prior to addition of DMSO or 0.5 μM BA-TPQ for another 24 h. 

Targeted protein expressions for Jun, ATF3 and DDIT3 (B) and smad2 and p-smad2 (C) 

were examined by Western blotting. D. MCF7 cells were pretreated with DMSO or 1 μM 

SD-208 for 45 min prior to addition of DMSO or 0.5 μm BA-TPQ for 72 h. Cells were then 

subjected to the MTT assay to determine cell viability. E and F, MCF7 cells were exposed to 

DMSO or 1 μM SD-208 for 45 min prior to addition of DMSO or 0.5 μM BA-TPQ. Cells 

were harvested at 48 h for cell cycle analysis (E) by flow cytometry, or were examined at 24 

h by Western blotting for PARP cleavage (F). * represents p<0.05.
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Fig. (6). BA-TPQ activates the ZAK-MKK4-JNK cascade and ATF3 and DDIT3 in a breast 
cancer cell-dependent fashion.
MCF10A and MCF7 cells were incubated with DMSO or 0.5 μM BA-TPQ for 24 h. After 

the treatment, cell lysates were collected and Western blotting was performed to probe target 

protein expression as shown in the figure.
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Fig. (7). Schematic model for BA-TPQ-induced MCF7 cell apoptosis.
BA-TPQ activates ZAK through an unknown mechanism. The activated ZAK 

phosphorylates MKK4, leading to the activation of JNK pathway. Then, the activated JNK 

up-regulates the expression of Jun, ATF3, DDIT3, and TGFβ signaling to induce apoptosis.
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