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Abstract

Renal cell carcinoma (RCC) is resistant to traditional cancer therapies, and metastatic RCC 

(mRCC) is incurable. The shortcomings in current therapeutic options for patients with mRCC 

provide the rationale for the development of novel treatment protocols. TNF-related apoptosis-

inducing ligand (TRAIL) has proven to be a potent inducer of tumor cell death in vitro and in vivo, 

and a number of TRAIL death receptor agonists (recombinant TRAIL or TRAIL death receptor-

specific mAb) has been developed and tested clinically. Unfortunately the clinical efficacy of 

TRAIL has been underwhelming and is likely due to a number of possible mechanisms that render 

tumors resistant to TRAIL, prompting the search for drugs that increase tumor cell susceptibility 

to TRAIL. The objective of this study was to determine the effectiveness of combining the 

diterpene triepoxide triptolide, or its water-soluble prodrug, Minnelide, with TRAIL receptor 

agonists against RCC in vitro or in vivo, respectively. TRAIL-induced apoptotic death of human 

RCC cells was increased in the presence of triptolide. The triptolide-induced sensitization was 
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accompanied by increased TRAIL-R2 (DR5) and decreased HSP70 expression. In vivo treatment 

of mice bearing orthotopic RCC (Renca) tumors showed the combination of Minnelide and 

agonistic anti-DR5 mAb significantly decreased tumor burden and increased animal survival 

compared to either therapy alone. Our data suggest triptolide/Minnelide sensitizes RCC cells to 

TRAIL-induced apoptosis through altered TRAIL death receptor and heat shock protein 

expression.
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Introduction

Renal cell carcinoma (RCC) represents 2-3% of all malignant disease in adults, resulting in 

an estimated 209,000 new cases and 102,000 deaths annually worldwide [1]. Treatment 

options for RCC vary according to the staging at the time of diagnosis. Partial or radical 

nephrectomy with surgical resection of metastatic lesions is standard-of-care for localized 

RCC tumors with no evidence of metastasis or a single metastasis, resulting in high 5- and 

10-year survival rates [2, 3]. However, ~30% of RCC patients have multiple metastases at 

initial diagnosis. Metastatic RCC (mRCC) is considered incurable, with a median survival of 

~18 months [4]. Treatment for mRCC includes cytokine-based immunotherapies (IFN-α or 

IL-2), multikinase inhibitors (including sunitinib or sorafenib), or vascular endothelial 

growth factor (VEGF) inhibitors [5]. These treatments are palliative options for mRCC, as 

remission rates and 5-year survival of patients receiving these therapies are both low. The 

limited efficacy of current therapeutic options underscores the need to identify novel 

treatment options for mRCC patients.

The tumor necrosis factor (TNF) family member TNF-related apoptosis-inducing ligand 

(TRAIL) is among the proteins and compounds identified in recent years with potent 

tumoricidal activity. TRAIL generated considerable excitement as a potential cancer 

therapeutic because of its ability to induce apoptotic death in a wide variety of tumor types 

while having little-to-no cytotoxic activity on normal cells and tissues [6-8]. Despite the 

therapeutic efficacy of TRAIL death receptor agonists (e.g., recombinant soluble versions of 

the TRAIL protein or agonistic TRAIL-R1 or –R2-specific mAb) in a variety of preclinical 

tumor models, testing of these agents in clinical trials has failed to demonstrate the same 

potency [9]. This lack of clinical success might relate to the fact that ~50% of the human 

tumor cell lines and the majority of primary tumor isolates are resistant to TRAIL-induced 

death [10]. Multiple factors can contribute to suboptimal clinical responses to TRAIL-based 

therapies, and many studies have been conducted to identify agents that will circumvent the 

various mechanisms of resistance to sensitize tumor cells to TRAIL and improve therapeutic 

efficacy and clinical outcome.

Triptolide, a diterpenoid triepoxide isolated from the medicinal vine Tripterygium wilfordii, 

effectively induces autophagic and apoptotic death of a variety of cancer types, including 

neuroblastoma [11, 12], cholangiocarcinoma [13], colon cancer [14], and pancreatic cancer 
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[15, 16], through the inhibition of heat shock protein 70 (HSP70) [11, 14-16]. A water-

soluble analog of triptolide, Minnelide, was designed to remedy issues with solubility that 

restrict in vivo administration of triptolide [17]. Importantly, Minnelide promotes apoptotic 

cell death in both in vitro and in vivo models of pancreatic cancer [17], osteosarcoma [18], 

and small cell lung carcinoma [19], suggesting it could be an effective therapeutic 

alternative in clinical settings. Beyond its efficacy as a stand-alone therapy, triptolide has 

also been used in combination with chemotherapeutics (including curcumin [20], 

indarubicin [20], and cisplatin [21]) or irradiation [22, 23] to enhance antitumor treatments. 

Other combination therapies have included the in vitro treatment of cholangiocarcinoma or 

pancreatic cancer cells with triptolide and TRAIL [13, 24]. Though investigations of novel 

therapies for RCC have included both TRAIL [25-27] and triptolide [28] individually, using 

these two molecules in combination – especially in vivo – has not yet been examined.

In the present study, we investigated the tumoricidal activity of triptolide and TRAIL 

receptor agonists against human and mouse RCC lines in vitro, and in vivo using an 

orthotopic immunocompetent mouse model. Our data demonstrate the combination of 

triptolide with recombinant TRAIL (rTRAIL) protein effectively induces apoptotic cell 

death of human RCC lines in vitro, and the increased apoptosis is associated with triptolide-

induced modulation of HSP70 expression and increased TRAIL-R2 (DR5) expression. 

Similar modulation of HSP70 and sensitization to TRAIL receptor agonist-induced 

apoptosis was observed in the murine renal adenocarcinoma cell line Renca after triptolide 

exposure in vitro and in vivo. When mice bearing established orthotopic RCC tumors were 

treated with Minnelide and agonistic anti-DR5 mAb, those mice receiving combination 

therapy had increased tumor cell apoptosis, decreased tumor burden, and increased survival 

compared to either agent alone. Our results provide evidence for the use of combination 

therapy consisting of triptolide and TRAIL receptor agonists in the treatment of metastatic 

RCC. The implications of these findings will be discussed.

Results

Triptolide enhances TRAIL-induced death of RCC cells

To evaluate the potential benefit of using triptolide to sensitize RCC tumor cells to TRAIL, 

we initially examined a panel of human RCC cell lines with differing sensitivity to TRAIL 

alone. In our hands, the hierarchy of TRAIL sensitivity for the cell lines tested was A498 > 

Caki-1 > ACHN > 769-P >786-O (Figure 1A; open symbols). When these cells were treated 

with increasing concentrations (10, 50, or 100 nM) of triptolide, there was a dose-dependent 

augmentation in TRAIL-induced cell death observed for each line. Increased expression of 

HSP70 can render tumor cells resistant to TRAIL [29], and elevated HSP70 expression has 

been detected in RCC cell lines and tumor lesions [30, 31]. Moreover, triptolide inhibits the 

heat shock response and suppresses HSP70 expression [32]. Thus, we assessed native 

HSP70 expression in each of these RCC cell lines, and found an inverse correlation between 

HSP70 expression and TRAIL sensitivity (Figure 1B). Since ACHN was in the middle of 

the TRAIL sensitivity hierarchy and showed augmentation in cell death with several doses 

of triptolide over the range of TRAIL concentrations, we concentrated our subsequent 

analyses to examine the triptolide-induced changes in this RCC cell line.
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TRAIL-induced cell death occurs primarily by an apoptotic mechanism [6, 8, 33]. Since the 

assay used in Figure 1A is not specific for a particular mechanism of death [34], we 

confirmed the addition of triptolide increased TRAIL-induced apoptosis by Annexin V/PI 

staining and DEVDase activity in ACHN cells. ACHN cells were incubated with triptolide 

(10, 50, or 100 nM) and/or TRAIL (100 ng/ml) for 8 h. Treatment with escalating doses of 

triptolide did not substantially alter the frequency of Annexin V+PI− staining or induce 

DEVDase activation in ACHN cells compared to untreated cells (Figure 2A-B), while 

treatment with TRAIL alone lead to minimal increases in the frequency of Annexin V+PI− 

or DEVDase+ cells. However, there were significant increases in the frequencies of Annexin 

V+PI− or DEVDase+ cells after combination treatment with triptolide (50 and 100 nM) and 

TRAIL (100 ng/ml).

One mechanism by which tumor cells can be sensitized to TRAIL-induced apoptosis is 

through TRAIL death receptor (TRAIL-R1/DR4 and –R2/DR5) modulation, and previous 

data suggest triptolide can increase TRAIL-R2 expression on tumor cells [35, 36]. 

Consistent with the observed increase in TRAIL sensitivity, treating ACHN cells with 

triptolide increased TRAIL-R1 and -R2 expression (Figure 2C). ACHN normally does not 

express detectable levels of TRAIL-R3 and only minimal TRAIL-R4 [37], but there was an 

upregulation of TRAIL-R3 and -R4 on these cells after triptolide treatment. Analysis of the 

other 4 human RCC lines used in Figure 1 revealed a similar increase in TRAIL death 

receptor and decoy receptor expression after triptolide treatment (data not shown). This 

surprising result of increased TRAIL-R3 and –R4 expression after triptolide treatment 

suggests the expression of TRAIL decoy receptors on these cells has little-to-no effect in 

governing TRAIL sensitivity. Collectively, the data in Figures 1 and 2 suggest triptolide 

increases sensitivity to TRAIL, in part, by augmenting TRAIL death receptor expression.

Triptolide decreases HSP70 expression in human RCC cells

While alterations in TRAIL receptor expression can change tumor cell susceptibility to 

TRAIL-induced apoptosis, changes in the expression of intracellular proteins that regulate 

apoptosis can also control tumor cell responsiveness to TRAIL. One consequence of 

triptolide treatment is a reduction in HSP70 expression [14, 16, 38]. To determine the extent 

to which HSP70 modulation affects ACHN sensitivity to TRAIL, we first examined HSP70 

mRNA expression in ACHN after 24 h treatment with different concentrations of triptolide. 

Our assessment of HSP70 expression took into account the fact that it is encoded by two 

genes, HSPA1A and HSPA1B [39]. HSPA1B mRNA expression increased when ACHN was 

treated with 10 nM triptolide, which was not surprising since HSP70 expression is induced 

during cellular stress [16, 40]. However, HSPA1B mRNA decreased at higher triptolide 

concentrations (50nM and 100nM) compared to untreated cells (Figure 3A). We did not 

detect any HSPA1A mRNA in these cells. Similar modulation was seen when examining the 

abundance of HSP27 and HSF1 mRNA (data not shown). We then examined changes in 

HSPA1A and HSPA1B mRNA expression in ACHN cells treated with a single 

concentration of triptolide (100 nM) over time. We detected a decrease in these mRNA 

species as early as 4 h, which continued to fall over the 24 h period (Figure 3B). Concurrent 

with the changes in mRNA, ACHN cells treated with 10 nM triptolide had increased HSP70 

protein expression, which decreased when higher triptolide doses were used (Figure 3C). To 
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determine the extent to which the observed loss of HSP70 expression influenced the 

sensitivity of ACHN cells to TRAIL-induced apoptosis, we treated ACHN cells with TRAIL 

in the presence or absence of the HSP70 inhibitor VER-155008, which targets the ATPase 

binding domain of HSP70 [41]. Incubation with VER-155008 alone induced ~25-40% cell 

death (Figure 3D). When ACHN cells were treated with VER-155008 and TRAIL, there was 

a dose-dependent increase in sensitivity of ACHN cells to TRAIL (Figure 3D) – similar to 

the increased sensitivity after treatment with triptolide. Additional data supporting the 

importance of HSP70 in the resistance of ACHN cells to TRAIL-mediated death was 

obtained after transfecting the cells with siRNA oligonucleotides specific for HSP70 or a 

scramble control. After 48 h, total mRNA was harvested to confirm siRNA-mediated 

knockdown (Figure 3E, left panel). As the half-life of HSP70 protein is 1-2 h [42, 43] 

ACHN cells transfected with HSP70 siRNA were significantly more sensitive to TRAIL 

compared to cells transfected with the scramble control siRNA (Figure 3E, right panel). 

Together, these data suggest the triptolide-mediated decrease in HSP70 expression in ACHN 

cells also contributes to the increased susceptibility to TRAIL.

Triptolide sensitizes Renca cells to TRAIL-induced apoptosis and decreases HSP70 
expression

The data showing triptolide increased the in vitro sensitivity of human RCC cells to TRAIL-

induced apoptosis suggests the potential of using this drug combination as a therapy for 

RCC. Thus, we next wanted to determine the extent to which these in vitro results could be 

translated in vivo using a mouse model of RCC where the murine renal cell carcinoma cell 

line Renca is implanted orthotopically into immunocompetent BALB/c mice [25]. In 

addition to recombinant soluble TRAIL protein, an established in vivo therapy uses agonistic 

mAb specific for TRAIL-R2/DR5 [44-48]. However, the efficacy of agonistic anti-DR5 

mAb monotherapy has been suboptimal in controlling tumor outgrowth [49-51]. We started 

by determining the extent to which combination therapy consisting of triptolide and mouse 

TRAIL receptor agonists induced Renca cell death in vitro. Similar to the human RCC lines, 

the sensitivity of Renca cells to various TRAIL receptor agonists [TRAIL-expressing 

effector cells (mTRAIL-2PK3; Figure 4A), cell-bound anti-DR5 mAb (Figure 4B), or plate-

bound anti-DR5 mAb (Figure 4C)] was increased in the presence of triptolide. Moreover, 

the inclusion of triptolide reduced the mTRAIL-2PK3 effector cell: Renca target cell ratio 

needed for 50% specific lysis from 13.5 to 3.2 (Figure 4A; right panel). We also determined 

this combination synergistically killed Renca using triptolide and plate-bound anti-DR5 

mAb (Figure 4D). Consistent with the effects of triptolide on ACHN cells, Renca cells 

showed decreased HSP70 protein expression after in vitro treatment with triptolide (Figure 

4E). Collectively, these data suggest triptolide-treated Renca cells demonstrate increased 

sensitivity to TRAIL-induced apoptosis and decreased HSP70 expression, similar to their 

human RCC counterparts.

Combination Minnelide and anti-DR5 mAb therapy of Renca-bearing mice significantly 
reduces tumor burden and prolongs survival

Triptolide holds promise as an antitumor therapeutic, but solubility issues initially limited its 

potential clinical use [16]. Consequently, the water-soluble analog Minnelide was developed 

[17], and preclinical studies with Minnelide have demonstrated similar effects on tumor cells 
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compared to triptolide. For example, treatment of Renca-bearing mice with Minnelide 

reduced HSP70 expression within the tumor (Figure 5A-B). We saw very little, if any, 

HSP70 staining in areas of the tumor-bearing kidney sections free of tumor (i.e., cytokeratin 

8/18 negative areas). We went on to test the efficacy of Minnelide, anti-DR5 mAb therapy, 

or the combination as treatment against established, orthotopic Renca tumors in BALB/c 

mice [25]. Starting on day 4 post-tumor implantation, mice were given Minnelide [0.42 

mg/kg QD, i.p.] for 17 days; mice only given anti-DR5 mAb were given saline during the 

same period. Mice were treated with anti-DR5 mAb (30 or 100 μg/dose) i.p. on day 7 for 

day 8 harvests (Figure 5A) and on days 7, 11, and 15 for longitudinal studies (Figure 6A). 

To assess tumor cell death in situ following Minnelide and/or anti-DR5 mAb administration, 

tumors were harvested and stained for cleaved poly-ADP ribose polymerase (PARP). While 

PBS (Figure 5Ci) and Minnelide (Figure 5Cii) alone showed some tumor cell death, the 

Minnelide/anti-DR5 mAb combination showed increased tumor cell apoptosis (Figure 5Cii). 

Next, tumor burden was measured at various times by bioluminescent imaging following 

Minnelide, anti-DR5 mAb, or combination treatment (Figure 6B-C). Despite showing 

antitumor activity in other models [18, 19], administration of Minnelide alone provided no 

antitumor effect in Renca-bearing mice compared to PBS treatment. In contrast, there was a 

significant reduction in total tumor burden in mice receiving either anti-DR5 mAb alone or 

in combination with Minnelide (Figure 6B-C, left), with combination therapy of Minnelide 

and three 100 μg doses of anti-DR5 mAb significantly delaying tumor outgrowth compared 

to anti-DR5 mAb alone (Figure 6B, left). With regard to enhancing survival, Minnelide 

treatment offered no advantage over PBS alone (Figure 6B-C, right). Both low-dose and 

high-dose anti-DR5 mAb therapy provided a survival advantage over mice treated with 

either Minnelide alone or PBS, which is consistent with previous reports [45, 47, 52]. Of 

note, both the low-dose and high-dose combination therapy improved survival when 

compared with their respective stand-alone anti-DR5 therapy (Figure 6B-C, right). Further, 

the high-dose combination therapy significantly improved survival compared with the low-

dose combination therapy. Of clinical importance, however, was the observation that high-

dose combination therapy resulted in nontumor-related deaths (censored from percentages, 

but indicated by ticks on the survival curve in Figure 6C, right). Together, these data 

demonstrate immunotherapy using Minnelide in combination with anti-DR5 mAb can 

provide a significant survival advantage when used to treat established, orthotopic renal cell 

tumors.

Discussion

The excitement generated over TRAIL receptor agonists as cancer treatment options began 

shortly after the initial description of TRAIL [6, 8], primarily because of the unique ability 

of these reagents to induce apoptosis specifically in tumor cells while having minimal 

toxicity on normal cells and tissues. Despite being tested clinically in patients with a variety 

of types of cancer, recombinant human TRAIL (Dulanermin) did not achieve significant 

clinical efficacy. A number of hypotheses have been posited to explain this lack of efficacy, 

including short distribution and elimination half-lives and the ability to engage all four 

membrane-bound TRAIL receptors. As an alternative to recombinant soluble TRAIL, 

TRAIL-R1 and –R2-specific agonistic mAb have also tested therapeutically. mAb have a 
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longer in vivo half-life compared to soluble TRAIL, and will only bind to one TRAIL 

receptor. The agonistic anti-mouse DR5-specific mAb, MD5-1, has exhibited strong 

antitumor activity in some mouse tumor models [53]. The MD5-1 mAb (by itself), however, 

has had limited therapeutic efficacy in orthotopic models of renal cell carcinoma, requiring 

it to be used in combination with other agents to optimize efficacy [45, 54]. This lack of 

efficacy reflects a common challenge for therapies based on TRAIL receptor agonists – 

tumor cells can have multiple mechanisms of resistance [55, 56], including altered TRAIL 

receptor expression or signaling [57-61], overexpression of cFLIP [33, 62], and 

overexpression or constitutive activation of a variety of pro-survival molecules [37, 63-65]. 

The goal of the present study was to examine the mechanism(s) of action whereby triptolide/

Minnelide treatment increased the responsiveness of human and mouse RCC cells to TRAIL 

receptor agonist-induced death. Our studies revealed triptolide sensitized human and mouse 

RCC cells to TRAIL receptor agonists, which is consistent with data examining other tumor 

types [13, 35, 36, 66-68]. The main aspect distinguishing the present study from previous 

ones, however, is this is the first report to include an in vivo assessment of Minnelide and 

agonistic anti-DR5 mAb in an orthotopic tumor model in immunocompetent mice. We feel 

the data presented are an important first step toward future clinical testing of these agents.

Identification of a single mechanism governing tumor cell sensitivity to TRAIL has been 

elusive. Initially, it was believed expression of TRAIL-R3 and –R4 was sufficient to protect 

a cell from TRAIL, based on data where TRAIL-R3 or –R4 overexpression protected cells 

from TRAIL-induced death [69-72]. Similarly, a variety of drugs have been identified to 

increase TRAIL death receptor expression on tumor cells. Triptolide was initially identified 

through a small molecule screen for compounds that inhibit human heat shock response 

[32]. Heat shock proteins have diverse regulatory capacity in a variety of aspects of cell 

growth and death, and HSP70 is needed within cells to ensure the proper folding of newly 

synthesized proteins, help in the translocation of these new proteins across intracellular 

membranes, and movement of proteins in and out of the nucleus [73]. Overexpression of 

HSP70 also increases tumorigenic potential and resistance to apoptotic stimuli [74]. Cell 

death following death receptor signaling can occur without (Type I) and with (Type II) the 

help of the intrinsic (mitochondrial) pathway [75]. Triptolide will increase TRAIL-R1 

and/or –R2 expression on tumor cells [24, 35], but selective HSP70 suppression with siRNA 

will upregulate TRAIL-R1 and –R2 and downregulate cFLIP [76]. Interestingly, we also 

saw a dramatic increase in TRAIL-R3 and –R4 expression on the human RCC cells after 

incubation with triptolide, suggesting expression of the TRAIL decoy receptors likely does 

not play a protective role on these cells. HSP70 also inhibits apoptosis downstream of 

mitochondrial events that lead to the release of cytochrome c, formation of the Apaf-1 

apoptosome, and activation of ‘executioner’ caspases (e.g., caspase-3) [77-79]. While 

TRAIL receptor modulation can alter the sensitivity of a tumor cell to TRAIL death receptor 

agonists, it is becoming apparent that concomitant or independent modulation of 

intracellular pro- and anti-apoptotic proteins will also tip the balance to favor increased 

TRAIL sensitivity. Thus, it would appear that HSP70 has the ability to regulate extrinsic and 

intrinsic components critical for TRAIL-mediated apoptosis.
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By including studies that used an orthotopic mouse model of RCC, we found that 

combination therapy consisting of Minnelide and agonistic anti-DR5 mAb significantly 

reduced tumor burden in mice and prolonged survival compared to either agent alone 

(Figure 5). However, the Minnelide/anti-DR5 mAb therapy did not provide lasting 

protection from tumor outgrowth. It can be speculated apoptotic tumor cell death is a sub-

optimal stimulus to initiate an anti-tumor immune response that provides lasting protection 

against tumor outgrowth [80], so pairing Minnelide/anti-DR5 mAb with an 

immunostimulatory signal could have significant translational implications. When anti-DR5 

mAb is used in tandem with costimulatory signals – e.g., anti-CD40 mAb to stimulate DC 

activation, anti-4-1BB mAb to stimulate T cells, and cytokine (IL-2) administration – 

tumors can be eradicated through the induction of an effective antitumor immune response 

[45, 81]. Thus, adding IL-2 to the Minnelide/anti-DR5 mAb combination therapy could 

prove effective for eradicating established metastatic disease by stimulating the death of 

tumors (though Minnelide/anti-DR5 mAb) while activating an immune response against the 

dying tumor (through IL-2). The use of high-dose IL-2 or interferon alpha as an 

immunotherapy against metastatic RCC is toxic in many patients [5], but their use can lead 

to primary and metastatic tumor eradication along with providing robust, lasting protection 

in a subset of patients [82]. By pairing Minnelide/anti-DR5 mAb with IL-2 treatments, it is 

tempting to speculate that the IL-2 dose necessary for optimal response could be decreased

—thereby eliminating, or at least decreasing, IL-2 associated toxicity. Clearly, extending the 

present study to include a modulator/activator of immune responses would be clinically 

relevant and could provide important data for the advancement of current immunotherapies.

The timing and duration of the Minnelide/anti-DR5 mAb combination therapy used herein 

was based on historical precedent [17, 52, 83], and it proved effective in reducing tumor 

burden and prolonging survival (Figure 5). However, future studies aimed at optimizing 

therapy duration would be enlightening. Of note in Figure 5E-F, tumor outgrowth after 

therapy did not occur until after Minnelide/anti-DR5 mAb therapy had been completed (i.e., 

starting after the lowest tumor burden measurement at day 21 post-implant, which 

corresponded with the end of Minnelide treatments). Future investigation extending the 

duration of Minnelide treatments, increasing the Minnelide dosage, and/or increasing the 

number of anti-DR5 mAb treatments could improve efficacy of this combination therapy. 

Such optimization could aid the translation of these preclinical results into therapies for 

RCC patients. We were surprised by the lack of an in vivo antitumor effect when Minnelide 

was used as a monotherapy against orthotopic Renca tumors, based on previous reports. The 

lack of in vivo therapeutic efficacy of Minnelide alone might be due to the dose used and/or 

the time frame over which it was administered. In studies of the in vivo use of Minnelide as 

a monotherapy against osteosarcoma and pancreatic cancer, it was administered over a 

longer timeframe [17, 18], and future studies to examine the efficacy of long-term Minnelide 

treatment as a monotherapy for RCC should be considered. Another important factor that 

can contribute to the extent of therapy responsiveness is the anatomical location where the 

experimental tumors are growing, as recent data indicate that orthotopic tumors are less 

responsive to immunotherapy compared to the same tumor types located subcutaneously 

[54]. Moreover, additional in vivo studies are needed to compare the therapeutic benefits of 

agents that specifically inhibit HSP70 (e.g., HSP70 siRNA) versus those that are more 
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“broad-spectrum” HSP70 inhibitors in combination with TRAIL receptor agonists [84]. 

Triptolide inhibits the induction of the heat shock response by blocking heat shock 

transcription factor 1 (HSF1) activation and production of several heat shock proteins [32].

In recent studies in which Minnelide was used to treat neuroblastoma and pancreatic cancer, 

death of tumor cells was induced through both apoptotic and autophagic mechanisms [12, 

15]. While the induction of apoptosis is of obvious interest and importance anti-tumor 

therapies, recent clinical reports have demonstrated that the induction of autophagy in RCC 

could increase their sensitivity to radiation therapy (which is minimally effective against 

RCC in most cases) [85]. Further, the induction of autophagy could also contribute to the 

effectiveness of novel chemotherapeutics [86, 87]. With this in mind, examining the 

induction of autophagy in triptolide-treated RCC cells and the degree to which the 

autophagy pathway contributes to the efficacy of Minnelide/anti-DR5 mAb combination 

therapy would enhance our mechanistic understanding and could offer insights for how to 

improve treatments for RCC. In addition to increasing sensitivity to cell death, triptolide can 

affect other aspects of tumor cells and the immune system. Triptolide inhibits IFN-γ-induced 

PD-L1 expression on tumor cells [88], a key pathway that can limit antitumor immunity. 

Triptolide can also inhibit T cell and DC activation [89, 90], which would be detrimental to 

cancer therapies designed to stimulate a T cell response. It is unknown how triptolide affects 

other immune suppressive factors induced by tumors (such as MDSC), which can be 

inhibited by other drugs currently used to treat RCC (5-FU) [91]. Additionally, there are 

little data describing the “normal cell” effects of drugs that sensitize tumor cells to TRAIL 

receptor agonists.

In conclusion, we have shown that triptolide/Minnelide sensitizes RCC cells to TRAIL 

receptor agonist-induced apoptosis in in vitro and in vivo models. We demonstrate that 

combination therapy of Minnelide with anti-DR5 mAb is effective in decreasing tumor 

burden and increasing the survival of tumor-bearing mice in an orthotopic model of RCC. 

Our data suggest that Minnelide used in combination with anti-DR5 mAb treatment could 

offer a novel therapeutic against metastatic RCC that could replace or supplement current 

therapies with sub-optimal efficacy.

Materials and methods

Animals

Female BALB/c mice (7-8 wk old) were purchased from the National Cancer Institute 

(Frederick, MD). All mice were housed under pathogen-free conditions at the AALAC-

accredited University of Minnesota Animal Care Facility. All animal procedures were 

approved by the University of Minnesota Institutional Animal Care and Use Committee.

Cell lines

The human RCC cell lines ACHN, A498, Caki-1, 769-P, and 786-O were obtained from the 

American Type Culture Collection (Rockville, MD). A498 and ACHN were cultured in 

Eagle’s MEM supplemented with 10% FCS, 1% nonessential amino acids, 1 mM sodium 

pyruvate, and 1% streptomycin/penicillin solution. Caki-1, 769-P, and 786-O were cultured 
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in RPMI 1640 supplemented as above. A variant of the murine renal adenocarcinoma cell 

line, Renca, that stably expresses firefly Luciferase and green fluorescent protein (GFP; 

Renca-GLE), was obtained from Dr. Andrew Wilber (Southern Illinois University School of 

Medicine, Springfield, IL). Renca-GLE cells were maintained in complete RPMI 

supplemented with 0.3 μg/ml puromycin and 300 μg/ml zeocin.

In vitro killing

Tumor cell sensitivity to triptolide and/or recombinant human TRAIL (rTRAIL) was 

determined as follows. Human RCC cells were added to 96-well flat-bottom plates (2 × 104 

cells/well) and allowed to attach overnight. Titrated doses of triptolide and/or rTRAIL 

(Peprotech, Rocky Hill, NJ)were then added. In some cases, cells were treated with the 

HSP70 inhibitor VER-155008 (Sigma, St. Louis, MO) alone or in combination with 

rTRAIL. Cell death was determined 24 h later by crystal violet staining [34], with results 

presented as percent cell death: [1 − (O.D. cells treated per O.D. cells not treated) × 100]. To 

assess tumor cell death induced by anti-DR5 mAb, protein A coated microtiter plates 

(Thermo Fisher Scientific, Rockford, IL) were coated with increasing concentrations of the 

agonistic anti-DR5 mAb MD5-1 (eBioscience, San Diego, CA) overnight. The plates were 

washed with PBS, and Renca-GLE cells were added (2 × 104 cells/well) in the presence or 

absence of triptolide. Cell death was determined 24 h later using MTT. For analysis of 

apoptosis, tumor cells were incubated with triptolide and/or rTRAIL for 8 h and apoptotic 

cell death was measured by flow cytometry using FITC-conjugated annexin V (R&D 

Systems, Minneapolis, MN) and propidium iodide (Sigma, St. Louis, MO) as described [92, 

93]. After staining, cells were analyzed on a BD LSR II (BD Biosciences, San Diego, CA) 

and FlowJo software (TreeStar Inc, Ashland, OR).

DEVDase activity

DEVDase activation was assessed as previously described [58]. Briefly, cells (5 × 105/well 

in a 24-well plate) were treated with triptolide and/or rTRAIL at the indicated concentrations 

for 8 h. The cells were harvested and DEVDase activity was measured using the 

carboxyfluorescein-labeled aspartic acid-glutamic acid-valine-aspartic acid (DEVD) 

fluoromethyl ketone peptide caspase inhibitor, according to the manufacturer’s protocol 

(Immunochemistry Technologies, Bloomington, MN). Cells were incubated with the 1× 

FLICA solution for 1 hour at 37°C before analysis.

Flow cytometry

Untreated and triptolide-treated cells were blocked using a cocktail of anti-CD16/32 and 

normal mouse serum in PBS containing 2 mg/ml bovine serum albumin and 0.02% NaN3 

(FACS buffer) prior to surface staining with the PE-conjugated DJR1 (eBioscience), DJR2-4 

(eBioscience), 90906 (R&D Systems), 104918 (R&D Systems) specific for TRAIL-R1, -R2, 

-R3, or -R4, respectively, or a PE-conjugated mouse IgG1 isotype control mAb 

(eBioscience) at 4°C for 30 min. Cells were analyzed immediately or fixed in 2% 

paraformaldehyde for 30 min at 4°C, washed with FACS buffer, and stored until analysis. 

For intracellular staining of HSP70, cells were permeablized in FACS buffer containing 

0.5% saponin at 4°C for 30 min, and incubated with PE-conjugated anti-HSP70 (clone W27; 

Santa Cruz Biotechnology, Dallas, TX) or mouse IgG2a isotype control (BioLegend, San 
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Diego, CA) at 4°C for 30 min. After staining, cells were analyzed on a BD LSR II and 

FlowJo software.

Quantitative RT-PCR

Total RNA was isolated with TRIzol reagent (Life Technologies, Carlsbad, CA) and 1 mg 

was reverse-transcribed using Superscript III (Life Technologies). The resulting cDNA was 

used as a template for real-time PCR for HSPA1A, HSPA1B, and 18S rRNA was performed 

using TaqMan primer/probe sets. The TaqMan primer/probe sets for HSPA1A 

(Hs00359163_s1), HSPA1B (Hs00271244_s1), pan HSPA1A & HSPA1B 

(Hs00271229_s1), and 18S rRNA were purchased from Life Technologies.

siRNA transfection

For transfection, 5 × 104 ACHN cells in 0.5 ml RPMI were incubated overnight in 24-well 

plates. Lipofectamine RNAiMAX (2 μl; Invitrogen) was added to 50 μl Opti-MEM I 

medium. HSPA1A/HSPA1B-specific or scramble (ON-TARGETplus Non-targeting pool; 

20 μM; both siRNA were purchased from GE Dharmacon, Lafayette, CO) siRNA was added 

to 50 μl Opti-MEM I medium. Diluted RNAiMAX was added to diluted HSP70 or scramble 

siRNA, and incubated at room temperature for 10 min. The transfection reagents/siRNA 

complexes were added to the cells containing 0.5 ml RPMI. Cells were collected after 48 h 

for mRNA isolation/qRT-PCR or assessment of TRAIL sensitivity.

Western blotting

Tumor cells were added to 24-well plates (5 × 105 cells/well) and allowed to adhere 

overnight before adding triptolide. After 24 h, cells were lysed in PBS containing 1% 

Nonidet P-40 and Complete Mini protease inhibitors (1 tablet/10 ml solution, Roche), and 

the protein concentrations of the lysates were determined by the colorimetric bicinchoninic 

acid analysis (Thermo Fisher Scientific). Equal amounts of protein were separated by SDS-

PAGE, transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA), and blocked with 

5% nonfat dry milk in PBS-Tween-20 (0.05% v/v) overnight. The membrane was incubated 

with the mouse anti-human HSP70 mAb (Enzo Life Sciences, Farmingdale, NY; diluted 

1:1000) or goat anti-human actin pAb (Santa Cruz Biotechnology, Santa Cruz, CA) 

overnight with gentle agitation at 4°C. After washing, the membrane was incubated with an 

anti-mouse-HRP or anti-goat-HRP (diluted 1:5000, Jackson ImmunoResearch, West Grove, 

PA) for 1 h. Following several washes, the blots were developed by chemiluminescence 

according to the manufacturer’s protocol (SuperSignal West Pico Chemiluminescent 

Substrate, Thermo Fisher Scientific) and imaged on a FluorChem M Digital Darkroom 

(Protein Simple, Santa Clara, CA).

Cell-mediated killing of murine tumor cells

Renca-GLE cells were labeled with 100 μCi of 51Cr for 1 h at 37°C, washed three times, and 

resuspended in complete medium. The 51Cr-labeled tumor cells (104/well) were incubated 

with varying numbers of 2PK3 or mTRAIL-2PK3 effector cells [94, 95] or anti-DR5 mAb 

(MD5-1)-coated or uncoated P815 cells [52] for 16 h in the presence or absence of 

triptolide. Assays were performed in round-bottom 96-well plates and the percent specific 
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lysis was calculated as: 100 × (experimental c.p.m. - spontaneous c.p.m.)/(total c.p.m. - 

spontaneous c.p.m.). Spontaneous and total 51Cr releases were determined in the presence of 

either medium alone or 1% NP-40, respectively.

Isobologram analysis

Calculations of synergistic cytotoxicity following treatment with triptolide and anti-mouse 

DR5 mAb (MD5-1) were determined by isobologram analysis [96]. Interaction indices were 

calculated using the CalcuSyn software package (Biosoft). Combination index (CI) points 

falling below the line of additivity (<1.0) represent synergism.

Tumor challenge and therapy

Orthotopic (intrarenal) tumor challenge was done as described previously [25, 97, 98]. 

Briefly, mice were anesthetized, a skin incision was made on the left flank, and 2 × 105 

Renca-GLE cells were injected through the intact peritoneum into the left kidney in a 0.1 ml 

volume of HBSS. Animals were treated with Minnelide (0.42 mg/kg body weight) i.p. [18, 

19] from days 4-20 post-implant. Control animals received equal volume of carrier (saline). 

Animals were treated with MD5-1 mAb (30 μg/dose or 100 μg/dose delivered i.p.) given on 

days 7, 11, and 15 post-tumor implant.

Immunofluorescence imaging of tumors

Immunofluorescent imaging was performed as previously described [99]. Briefly, tumor-

bearing and contralateral kidneys were harvested on day 8 of the tumor challenge/therapy 

scheme described above (1 day post 100μg MD5-1 mAb treatment). Tissues were snap 

frozen in OCT, cut to 7 μm thickness, and fixed in acetone for 10 min at −20°C. To assess 

tumor cell death in vivo, sections were stained using unconjugated rabbit anti-cytokeratin 8 

(NB100-91850) and 18 (NBP1-67610; Novus Biologics; Littleton, CO), AF488-conjugated 

donkey anti-rabbit secondary Ab (Jackson ImmunoResearch Laboratories; West Grove, PA), 

PE-conjugated anti-CD31 (MEC13.3; eBioscience), and AlexaFluor 647-conjugated anti-

human/mouse cleaved PARP (Asp214, clone F21-852; BD Pharmingen). To assess HSP70 

expression in vivo after Minnelide treatment, sections were stained using unconjugated 

rabbit anti-cytokeratin 8 (NB100-91850) and 18 (NBP1-67610; Novus Biologics; Littleton, 

CO), AF488-conjugated donkey anti-rabbit secondary Ab (Jackson ImmunoResearch 

Laboratories; West Grove, PA), and PE-conjugated anti-HSP70 (clone W27; Santa Cruz 

Biotechnology) or mouse IgG2a isotype control (BioLegend). Cover slides were applied 

using ProLong Gold® Antifade Mountant with DAPI (Life Technologies) and imaged with 

a Leica DM5500 B microscope.

Bioluminescent imaging of tumor growth

Bioluminescent imaging was done using an IVIS 100 (Caliper Life Sciences, Hopkinton, 

MA) as described previously [25, 97, 98]. Briefly, 10 min prior to imaging, mice were 

injected i.p. with 0.1 ml of a 15 mg/ml solution of D-Luciferin (GoldBio.com, St. Louis, 

MO) and then anesthetized via inhalation of oxygenated isoflurane. Live mice were imaged 

for 10 sec. Renca-GLE generated photon flux (photons/second) was calculated within a 
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defined region of interest using Living Image software (version 2.5; Perkin Elmer, Waltham, 

MA).

Statistical Analysis

Data were analyzed using GraphPad Prism® (La Jolla, CA). Specific tests to determine 

statistical significance are indicated in the figure legends. Statistical signficance is indicated 

as follows: **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 0.05, and ns, no significance. 

Data scatter plots are presented as mean values ± SEM, and data shown as bar graphs are 

presented as mean + SEM.
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Figure 1. Triptolide sensitizes human RCC cells to TRAIL-induced death
A. The effect of triptolide and recombinant soluble TRAIL (rTRAIL) on human RCC cell 

viability. Cell lines were treated with the indicated doses of triptolide and recombinant 

TRAIL. Cell death was measured after 24 h by crystal violet staining. Data presented are 

representative of at least 2 independent experiments with each cell line. B. HSP70 and β-

actin expression in the 5 human RCC lines was determined by western blotting. The 

sequence of the samples was changed in the blot to match the sequence in (A). Vertical lines 

denote splicing. Band intensities were determined by densitometry (using ImageJ) to 

calculate the ratio of HSP70/ β-actin expression. This number was then compared to the 

percentage of death induced by 100 ng/ml TRAIL to demonstrate an inverse correlation 

between HSP70 expression and TRAIL sensitivity.
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Figure 2. TRAIL-induced apoptosis is augmented by triptolide-induced upregulation of TRAIL-
R2 expression on human RCC cells
A-B. Increased frequency of (A) Annexin V+ PI− /Annexin V+ PI+ and (B) DEVDase+ 

ACHN cells with combination triptolide and TRAIL treatment. ACHN cells were treated 

with the indicated doses or triptolide and/or TRAIL for 8 h. The frequency of Annexin V+ 

PI− /Annexin V+ PI+ and DEVDase+ cells was then determined by flow cytometry. 

Representative plots for each analysis is shown, with the frequency of cells in each quadrant 

indicated. C. Triptolide increases TRAIL receptor expression on ACHN cells. Cells were 

treated with the indicated doses of triptolide for 24 h. TRAIL-R1, -R2, -R3, and -R4 
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expression was then determined by flow cytometry. Statistical significance was determined 

using group-wise, one-way ANOVA with multiple-testing correction using the Holm-Sidak 

method, and α = 0.05. ** p < 0.01, *** p < 0.005. Data presented are representative of at 

least 3 independent experiments. Each bar is the average + SE of at least 3 individual 

replicates per experiment.
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Figure 3. Triptolide decreases HSP70 expression in ACHN cells
A-B. ACHN cells were treated with (A) increasing doses of triptolide for 24 h or (B) 100 

nM triptolide for 4, 8, 16, or 24 h. Total RNA was isolated and expression of HSPA1A, 

HSPA1B, and pan HSPA1A/1B was assessed by qRT-PCR. C. ACHN cells were treated with 

increasing doses of triptolide for 24 h. Cell lysates were prepared and HSP70 expression was 

assessed by western blot (left). Densitometry analyses of each band normalized to β-actin 

were calculated (right). D. Addition of the HSP70 inhibitor VER-155008 (VER) sensitized 

ACHN cells to TRAIL-induced death. Cells were incubated with the indicated 
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concentrations of VER-155008 and/or TRAIL (DMSO). TRAIL-induced cell death was 

determined after 24 h. E. siRNA knockdown of HSP70 increases ACHN sensitivity to 

TRAIL. ACHN cells were treated with HSP70-specific or scramble siRNA. After 48 h, total 

RNA was isolated and expression of pan HSPA1A/1B was assessed by qRT-PCR (left panel) 

or TRAIL sensitivity was measured. Statistical significance was determined using group-

wise, one-way ANOVA with multiple-testing correction using the Holm-Sidak method, and 

α = 0.05. **** p < 0.001. Data presented (average + SEM) are representative of at least 2 

independent experiments consisting of at least 3 replicates in each group.
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Figure 4. Triptolide sensitizes Renca cells to TRAIL receptor agonistic-induced death and 
decreases HSP70 expression
A-B. 51Cr-labeled Renca cells (104/well) were cultured with (A) 2PK3 cells or 

mTRAIL-2PK3 cells, or (B) P815 cells or MD5-1-coated P815 cells with or without 

triptolide at the indicated E:T ratios. % specific lysis was determined after 16 h. The 

mTRAIL-2PK3 effector cell: Renca target cell ratio needed to induce 50% specific target 

cell lysis (as indicated by the dashed line) was determined by nonlinear regression analysis 

using GraphPad Prism. C. Renca cells were cultured with the indicated concentrations of 

triptolide in microtiter wells coated with anti-DR5 mAb. % anti-DR5 mAb-induced cell 
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death was determined using MTT after 24 h. D. Isobologram analysis of the combination of 

triptolide and anti-DR5 mAb (MD5-1) demonstrates a synergistic interaction on Renca cells 

(The effective doses of both drugs that result in cell death that is 90% (•) and 75% (⦿) of 

untreated cells). The lines of additivity are shown. The boxed and unboxed numbers in the 

lower left quadrant are the ED90 and ED75 combination indices, respectively, calculated 

using the CalcuSyn software package. E. HSP70 expression decreases in Renca cells after 

triptolide treatment. Renca cells were cultured for 24 h with increasing doses of triptolide for 

24 h. HSP70 expression was then determined by flow cytometry. Isotype mAb staining is 

shown for reference. Data presented (average + SE) are representative of at least 2 

independent experiments consisting of at least 3 replicates in each group.
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Figure 5. Minnelide modulates HSP70 expression in vivo in established orthotopic RCC tumors 
and sensitizes tumor cells to anti-DR5 mAb-induced apoptosis
A. Experimental design for immunofluorescence imaging of protein expression within 

tumors. BALB/c mice were challenged with luciferase-expressing Renca cells in the kidney. 

On d 4-7, mice received daily i.p. injections of Minnelide (0.42 mg/kg). Mice received anti-

DR5 mAb (MD5-1; 100 μg i.p.) on d 7. Tumor-bearing kidneys were harvested on d 8 and 

prepared for immunofluorescence imaging to measure (B) HSP70 and (C) cleaved-PARP 

expression. Slides were also stained for cytokeratin 8 & 18 and CD31 to visualize tumor 

cells and vasculature, respectively, and DAPI. Images in B are at 40× (scale bar = 50 μm), 
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while individual 20× images (scale bar = 100 μm) were taken and tiled together to visualize 

tumor nodules from each mouse in C (Data in B-C are representative of 3 mice/group).
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Figure 6. Minnelide enhances the activity of anti-DR5 mAb therapy in vivo against established 
orthotopic RCC tumors
A. Experimental design to monitor tumor burden and survival. Starting on d 4, mice 

received daily i.p. injections of Minnelide (0.42 mg/kg) through d 20. On d 7, 11, 14 mice 

received anti-DR5 mAb (MD5-1; 30 μg or 100 μg i.p.). Tumor burden was monitored via 

bioluminescence starting on d 4. Mean +/− SEM tumor burden and survival for (B) low (30 

μg) dose and (C) high (100 μg) dose anti-DR5 are shown. Data are cumulative from 3 

independent experiments; n = ≥ 5 mice/group/experiment). For clarity, data for anti-DR5 
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mAb- and Minnelide/anti-DR5 mAb-treated mice are separated based on dosage of anti-

DR5 mAb used. PBS and Minnelide only groups are the same in the upper and lower panels.
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