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Abstract

Natural products discovered using agnostic approaches, unlike rationally designed or HTS 

obtained leads, offer the ability to reveal new biological pathways, and hence, serve as an 

important vehicle to unveil new avenues in drug discovery. The ritterazine-cephalostatin family of 

natural products displays robust and potent anti-tumor activities, with sub-nanomolar growth 

inhibition against multiple cell lines and potent activity in xenograft models. Herein, we use 

comparative cellular and molecular biological methods to uncover the ritterazine/cephalostatin 

mode of cytotoxic action (MOA) in human tumor cells. Our findings indicate that while 

ritterostatin GN1N, a cephalostatin-ritterazine hybrid, binds to multiple HSP70s, its cellular 

trafficking confines activity to the endoplasmic reticulum (ER) based HSP70 isoform, GRP78. 

This targeting results in activation of the unfolding protein response (UPR) and subsequent 

apoptotic cell death.

Graphical Abstract

A combination of cellular microscopy and affinity methods are used to elucidate the targeting of 

the ritterazine-cephalostatin hybrid, ritterostatin GN1N, to GRP78/BIP within tumor cells. This 

discovery validates ER stress as the mode and GRP78 as the acting target in the mechanism of 

action of ritterostatin GN1N. It also further supports targeting the ER based GRP78 as means to 

terminate tumor cell growth.
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The ritterazine and cephalostatin trisdecacyclic pyrazines comprise a family of over 45 

congeners obtained from marine tunicates and tube worms (Fig. 1).[1] In the 1980s, reports 

emerged describing the first members of these unique dimeric bis-steroidal pyrazine 

spiroketals with potent anti-tumor activity.[2,3] Soon thereafter, synthetic campaigns were 

launched, successfully validating and refining the structural assignments,[4] as well as 

providing materials to assess structure activity relationships (SARs).[5] These synthetic 

efforts were key in providing initial validation of the unique cytostatic activity of this class 

of molecules[6] and demonstrating that the ritterazines and cephalostatins share a common 

MOA.[7] This MOA was further validated through preparation of cephalostatin-ritterazine 

hybrid molecules, such as ritterostatin GN1N (3, Fig. 1).[8]

While 1–4 are potent leads, a detailed understanding of the mode and mechanism leading to 

apoptotic death in tumor cells remained unexplained.[6] In 2011, a team led by the Shair 

laboratory reported that cephalostatin 1 (1, Fig. 1), ritterazine B (2, Fig. 1), OSW-1, and 

schweinfurthin A target oxysterol binding protein (OSBP). In addition, 1 and OSW-1 also 

target OSPB’s closest paralog, OSBP-related protein 4L (ORP4L).[9] While an important 

find, the fact that there is no direct correlation between OSBP or ORP4L to the activation of 

endoplasmic reticulum (ER) stress and apoptosis described by Vollmar to be a consequence 

of the cephalostatins,[10] suggested that perhaps other targets were yet to be discovered. A 

suggestion that is further supported by the fact that natural ligation of OSBP/ORP4L by 

intrinsic sterols such as 25-hydroxycholesterol does not correlate with cytotoxic responses in 

cells.[9]

Our search for these targets began by applying a combination of cellular imaging and 

affinity based methods. We first prepared immunoaffinity fluorescent (IAF) probes 5 and 6 
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from ritterostatin GN1N (3) and 25-epi-ritterostatin GN1N (4), respectively.[11] Our plan was 

to use both of the C25 isomers as SAR work suggested that this position was not critical for 

biological activity. Moreover, we anticipated that comparative studies with both isomers 

would further reduce concerns over potential activity losses due to labeling. Guided by 

previous results and NCI-60 data, we selected HCT116 (colon adenocarcinoma), SF268 

(astrocytoma), and U2OS (bone carcinoma) human tumor cells for our MOA studies.

First, we confirmed that probes 5 and 6 retained potent activity in the MTT assay with IC50 

values of 84±3 nM and 79±4 nM, respectively, against HCT116 cells.[11] Using methods 

established for imaging (an improved means to validate the phenotypic response),[11] we 

were able to confirm that in SF268 cells both probes 5 and 6 were trafficked to the 

endoplasmic reticulum (ER) within 30 min, where they remained for up to 24 h (limit of 

evaluation) even after removing the probes from the media by washing (Fig. 2).

We then turned to the affinity properties of the IAF approach, and immunoprecipitated (IP) 

whole cell lysates from both HCT116 and SF268 cells with 5 and 6 using Affi-gel 10 

conjugated with an mAb against the IAF tag (XRI-TF35).[12] As shown in Fig. 3a, common 

sets of ~6 bands were identified between 70–80 kDa. As expected from SAR studies, both 

probes 5 and 6 returned the same set of proteins in both cell lines, with only the relative 

levels differing between the cell lysates. Furthermore, we were able to determine that 

addition of ritterostatin GN1N (3) blocked the IP of these proteins in a dose-dependent 

manner (Fig. 3b) providing additional support for their target specific role.

Next, we applied trypsin digestion and LC-MS/MS analysis to identify the proteins. To our 

surprise, each of the proteins was identified as an HSP70 isoform, with GRP78 (HSPA5) 

being confirmed as the most prevalent band (Fig. 3c). Using western blotting, we were able 

to validate that the dominant band was indeed GRP78[13] (Fig. 3d). Further analysis using a 

non-isoform selective HSP70 mAb indicated that the other bands were indeed other HSP70 

isoforms, but the individual identities were not confirmed (Fig. 3e).

With these targets identified, we prepared recombinant GRP78, HSPA8 (the constitutive 

HSP70), and HSPA1A (the major inducible HSP70) for further analysis.[14] Using 

isothermal calorimetry (ITC), we were able to demonstrate binding of 3 to GRP78 with a Kd 

value of 190±38 nM and stoichiometric ratio of n=1.07±0.11 (Fig. 4). Interestingly, the 

binding was found to be endothermic, which likely reflects the hydrophobic nature of this 

interaction. Comparable binding was also found for cephalostatin 1 (1) with a Kd value of 

679±29 nM and stoichiometric ratio n=1.07±0.06 (Fig. S2). We also detected binding of 3 to 

HSPA1A with a Kd value of 625 nM and n=0.9 (Supporting Fig. S3) and 3 to HSPA8 with a 

Kd value of 1.63 μM and n=1.1 (Supporting Fig. S4).

As GRP78 is a di-domain protein, we were interested in exploring which domain was 

targeted by 3. We prepared both the isolated N- and C-terminal domains and submitted these 

proteins to ITC analyses. From these studies, we determined the binding site of 3 was in the 

C-terminal domain (Kd = 3.12±1.45 μM and stoichiometric ratio n=1.01±0.10, Supporting 

Fig. S5). No binding was observed for the N-terminal domain (Supporting Fig. S6). Finally, 

through biochemical investigations, we did not observe inhibition of GRP78 ATPase activity 

Ambrose et al. Page 4

Chembiochem. Author manuscript; available in PMC 2018 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Supporting Fig. S7) suggesting that 3 did not target the N-terminal ATPase site or induce 

allosteric effects.

While the binding and IP data indicated a lack of HSP70 isoform specificity, the fact that 

probes 5 and 6 localized predominantly in the ER (Fig. 2) was suggestive that ER-resident 

GRP78 was selectively targeted in cells. To explore this possibility, we turned to a large cell 

line, U2OS cells, which allowed improved tracking of the uptake of 5 and 6. As depicted in 

Fig. 5, we were able to observe rapid formation of vesicular clusters containing 5 (green, 

Fig. 5a). Counterstaining for caveolin[15] indicated that these clusters of vesicles were 

endophagosomes (red, Fig. 5a), suggesting that 5 entered the cell by endocytosis, as 

indicated by the direct overlap of green and red fluorescence in Fig. 5a. After 75 min, probe 

5 had left these endophagosomes and moved into the ER, as illustrated by the lack of overlap 

in Fig. 5b.

We then compared the localization of 5 with HSP70 isoforms. As shown in Fig. 6, probe 5 
matched the localization of GRP78 providing a less resolved but nearly identical match. 

While 5 bound to HSPA1A in vitro and in cell lysates, it did not co-localize in cells 

(Supporting Fig. S8) suggesting that the endocytic trafficking observed in Fig. 5 served to 

selectively deliver these materials to the ER-localized GRP78. While new for this class of 

molecules, toxins such as ricin are known to enter the cell by hijacking endocytosis and 

subsequently operating on ER specific pathways.[16]

Next we wanted to see if the cell death activity of the parent ritterostatin GN1N (3) correlated 

with levels of GRP78 in cells. Generally, the levels of GRP78 inversely correlate with 

cytotoxicity. As shown in Fig. 7, increased expression of GRP78 was observed in HCT116, 

SK-MEL-147 and MRC-5 (non-tumor) cell lines. Both SK-MEL-147 and MRC-5 cells 

demonstrated higher IC50 values, while HCT116 was very sensitive to 3. The corresponding 

response was evident, but not as profound as the levels of GRP78 expression observed. This 

was indicative that additional actions such as cell-line specific uptake, a differential reliance 

on downstream events, like the unfolded protein response (UPR) within the different cell 

lines, or differential access to feedback loops within each cell line[17] may also complicate 

the modulatory activity of 3.

Finally, it was anticipated that blocking GRP78 function should lead to ER stress, increasing 

the unfolded protein response (UPR).[18] To test the effects of 3 on UPR, we used a western 

blot analysis of the IRE1α and PERK arms of the UPR. HCT116 cells were treated with 

four concentrations of 3. To measure the IRE1α arm, we evaluated XBP1 splicing (Fig. 8). 

Although the increase was modest relative to the positive control, a dose-dependent increase 

in XBP1s was observed. To measure the PERK arm, we looked at GADD34, ATF4, and 

phosphorylation of eIF2α. Each of these increased in a dose dependent manner, indicating 

activation of the PERK arm, which seemed to be more susceptible to modulation by 3 than 

the IRE1α arm (Fig. 8). In addition, one of the consequences of the UPR is an increase in 

the levels of chaperones such as GRP78 and we observed a dose-dependent increase in 

GRP78 levels. This collective demonstrates a dose-dependent activation of the UPR. 

Uncorrected, UPR leads to ER associated protein degradation (ERAD) and ultimately 

apoptosis,[19] and hence provides a direct connection between bioactive lead, ritterostatin 
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GN1N (3), its target (GRP78) and downstream ER stress and apoptotic cell death as noted by 

Vollmar.[10]

Overall this study provides a detailed understanding of how this potent family of bis-

steroidal pyrazines induce ER stress and result in tumor cell death. Using a combination of 

fluorescence and affinity methods, we now identify the targeting of GRP78, the ER resident 

HSP70, by ritterostatin GN1N (3). We were able to rapidly correlate molecular specificity 

with temporal cellular trafficking. Interestingly, while 3 demonstrated comparable binding to 

different HSP70 isoforms, its function was directed to the ER resident GRP78 by endocytic 

trafficking. Ultimately, we found that this event resulted in induction of the UPR, a finding 

that was directly in line with that observed in prior studies of cephalostatin-induced 

apoptosis.[8] Given the bis-steroidal motif within these families of natural products, it is 

quite likely that they engage with multiple receptors within a cell. Critically, these studies 

identify an important point within a MOA program, namely, the need to unite cellular and 

molecular data into a single study. Here, both molecular affinity data and cellular imaging 

data were used to guide each other. This feedback allowed us not only to fully characterize 

the activated targets, but also to rapidly validate their function in terms of the overall 

phenotypic response to a natural product. In this study, we have found an additional target 

for this family of natural products, one that is directly in-line with its apoptotic activity 

within tumor cells. Studies are now underway to evaluate if the observed HSP70 (GRP78) 

activation is the primary mechanism of apoptotic induction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of cephalostatin 1 (1), ritterazine B (2), ritterostatin GN1N (3), 25-epi-ritterostatin 

GN1N (4) and the corresponding IAF probes 5–6.

Ambrose et al. Page 9

Chembiochem. Author manuscript; available in PMC 2018 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Subcellular localization of probes 5 and 6 in SF268 cells. Confocal microscopy confirms 

that a) 5 and b) 6 localize within the ER of SF268 cells. Cells were incubated with 2.1 μM 5 
or 2.1 μM 6 for 24 h then washed with buffer prior to imaging. Imaging was conducted on 

live cells and screened over concentrations of 0.5–50 μM for up to 24 h. The subcellular 

localization was consistent over this concentration range. c)–f) Counterstaining with a green 

fluorescent mitochondrial stain, 10 μM rhodamine 123, further argued for the assignment of 

the ER as the site of localization. d) A close-up of c) showing mitochondrial stain (green) 

and localization from 5 (blue) within the ER. Comparable localization was observed in 

HCT116 cells.[9] e) Isolated green and f) blue fluorescent channels observed in the image in 

d). Images were collected at λex 405 nm and λex 408–508 nm for blue and λex 514 nm and 

λex 518–555 nm for green. Bars denote 10 μm.
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Figure 3. 
Immunoaffinity analyses. a) Immunoprecipitation (IP) of HCT116 (1 mg/mL total protein) 

and SF268 cell lysates (1 mg/mL total protein) in PBS pH 7.2 containing 5 or 6 returned 6+ 

protein bands that could be detected in a 12% SDS PAGE gel after silver staining. IP was 

conducted using 40 μL of an Affi-gel 10 resin bearing 3.5 mg/mL of the anti-IAF mAb 

(XRI-TF35, Xenobe Research Institute). Lanes L1–L2 depict IP products from an HCT116 

cell lysate from probes 5 and 6, respectively. L3 depicts the parent HCT116 whole cell 

lysate. Lanes L4–L5 depict IP products from SF268 cell lysate from probes 5 and 6, 

respectively. b) Chasing studies. Treatment of cell lysate with 3 prior to lysis and IP with 5 
for 1 h at 4 °C reduced the level of protein returned. Analysis was conducted on a 4–12% 

Bis-Tris gradient gel after silver staining. Lane L6 denotes control untreated IP and L7–L8 

indicate reduced levels of returned protein upon pre-treatment with 3. c) Protein sequence 

depicting the detected peptides (red) for the top band obtained in lane L1. Exemplary 

analyses of the other are provided in Supporting Fig. S1. d) Western blot analysis depicting 

the validation of GRP78, using a GRP78 specific mAb (3177, Cell Signaling) on the IP 

fractions in lanes L1 (HCT116) and L4 (SF268). e) Western blot analysis using a general 
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HSP70 mAb (JG1, Thermo Fisher Scientific) on the IP fractions in lanes L1 (HCT116) and 

L4 (SF268).
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Figure 4. 
ITC confirmed GRP78 binding. This plot was obtained by addition of 200 μM 3 into 30 μM 

GRP78. Data were fit to an independent binding model using NanoAnalyze (TA 

Instruments).
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Figure 5. 
Epifluorescence imaging of the uptake of probe 5. U2OS cells were incubated with 50 μM 5 
in DMEM buffer for 10 min. After treatment, the cells were fixed and stained with 1:200 

dilution anti-CAVEOLIN mAb (D46G3, Cell Signaling) and 80 μM Alexa647-conjugated 

anti-IAF mAb (XRI-TF35, Xenobe Research Institute). Localization of CAVEOLIN (red) 

was completed by staining with a Cy3B-labeled secondary antibody and imaging with λex 

535–585 nm and λem 600–660 nm. The localization of IAF tag (green) was conducted by 

imaging with λex 590–650 nm and λem 663–738 nm. b) Comparable image collected after 

incubation with 50 μM 5 for 75 min indicating complete localization in the ER. Bars denote 

10 μm.

Ambrose et al. Page 14

Chembiochem. Author manuscript; available in PMC 2018 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
GRP78 colocalization studies. Epifluorescence imaging of probe 5. a) An image collected 

after incubation of U2OS cells with 50 μM probe 5 for 75 min. After treatment the cells 

were fixed and staining with 1:20 dilution of the anti-GRP78 mAb (3177S, Cell Signaling) 

and 80 μM Alexa647-conjugated anti-IAF mAb (XRI-TF35, Xenobe Research Institute). 

Localization of GRP78 (red) was completed by staining with a Cy3B-labeled secondary 

antibody and imaging with λex 535–585 nm and λem 600–660 nm. The localization of IAF 

tag (green) was conducted by imaging with λex 590–650 nm and λem 663–738 nm b) 
Expansion of the image (white box) in a). Bars denote 10 μm.
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Figure 7. 
GRP78 expression correlates with cytotoxicity data. IC50 values (blue) for ritterostatin GN1N 

(3) in select cell lines after 72 h of treatment with the corresponding levels of GRP78 (black) 

observed in the cell lines as determined by Western blot analysis using antibodies against 

GRP78 (3177, Cell Signaling) and GAPDH (5174, Cell Signaling) as a loading control. IC50 

values were collected using the MTT assay (see Supporting Information).
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Figure 8. 
UPR response. Western blot data from HCT116 cells treated with 0.5–10 μM of 3 for 12 h, 

collected, lysed and blotted using the ascribed mAb as given by XBP1-s (12782S, Cell 

Signaling), GRP78 (3183S, Cell Signaling), pEIF2α (9721S, Cell Signaling), EIF2α 
(9722S, Cell Signaling), ATF-4 (11815S, Cell Signaling), 1:1000 GAPDH (sc-32233, Santa 

Cruz Biotechnology), and 1:3000 GADD 34 (sc-825, Santa Cruz Biotechnology). GAPDH 

was used as a loading control, 5 μM MG132[20] as a positive control (+), and DMSO alone 

as a negative control (–).
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