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Abstract 

Schweinfurthins are potent inhibitors of cancer cell growth especially against human-derived 

central nervous system (CNS) tumor lines, such as the SF-295 cells.  However, the 

mechanism(s) by which these compounds impede cell growth is (are) not fully understood.  In 

an effort to understand the basis for schweinfurthin effects, we present a fluorescent 

schweinfurthin 3-deoxyschweinfurthin B-like p-nitro bis-stilbene (3dSB-PNBS), which displays 

similar biological activity to 3-deoxyschweinfurthin B (3dSB).  These two schweinfurthins retain 

the unique differential activity of the natural schweinfurthins as evidenced by the spindle-like 

morphologic changes induced in the SF-295 cells and unaltered appearance of the human-

derived lung carcinoma A549 cells.  Here we demonstrate that incubation with 3dSB or 3dSB-

PNBS results in poly ADP ribose polymerase (PARP) and caspase-9 cleavage, both markers of 

apoptosis.  Co-incubation of 3dSB or 3dSB-PNBS with the caspase-9 inhibitor Z-LEHD-FMK 

prevents PARP cleavage.  Therapeutics that induce apoptosis often activate cellular stress 

pathways.  A common marker for multiple stress pathways is the phosphorylation of eukaryotic 

initiation factor (eIF2α), which is phosphorylated in response to 3dSB and 3dSB-PNBS.  

Glucose-regulated protein 78 (GRP78) and protein disulfide isomerase (PDI), both ER 

chaperones, are upregulated with schweinfurthin exposure.  Utilizing the fluorescent properties 

of 3dSB-PNBS and DMP-PNBS, a control compound; we show that the intracellular levels of 

3dSB-PNBS are higher than rhodamine 123 or DMP-PNBS in the SF-295 and A549 cells.   
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Introduction 

 Schweinfurthins A, B, and C were isolated from Macaranga schweinfurthii collected in 

Western Cameroon and have been investigated for their unique biochemical properties (Beutler 

et al., 2006).  Early evaluation of the natural products demonstrated marked ability to alter 

mammalian cell growth.  For example, in the National Cancer Institute’s (NCI) 60-cell cancer 

screen these compounds display differential and potent growth inhibitory activity against cells 

derived from human cancers (Beutler et al., 1998).  The most intriguing aspect of schweinfurthin 

activity is the unique pattern of growth inhibition in comparison to compounds with known 

mechanisms of action (Rabow et al., 2002) .  Currently, the best correlation for mechanistic 

analogy is with OSW-1 and the cephalostatin and stellettin families (Neighbors et al., 2006).  All 

of the aforementioned compounds may have previously unexploited targets, which encourages 

their development as anticancer agents.  Further study of the schweinfurthins is attractive 

because of their marked activity against cancer cell lines, the similarity of their biological activity 

to cephalostatins, and chemical structures that allow for derivatization to related compounds 

that have fluorescent properties.  

 The cephalostatins cause apoptosis through a novel mechanism that involves 

endoplasmic reticulum (ER) stress and is independent of apoptosome formation (Dirsch et al., 

2003; Lopez-Anton et al., 2006; Rudy et al., 2008).  The ER is the major site of secretory and 

membrane protein synthesis and folding.  In unstressed cells, ER chaperones prevent the 

aggregation of newly synthesized proteins while promoting modifications such as disulfide bond 

formation and glycosylation (Ma and Hendershot, 2004).  Mature proteins are transported to 

their destination while unfolded or mal-folded proteins are targeted for proteasomal degradation 

(Antonny and Schekman, 2001; Qu et al., 1996; Werner et al., 1996).  Disruption of these 

processes can result in accumulation of unfolded proteins resulting in ER stress.  In response to 

such disturbances, cells activate pathways aimed at removal of unfolded or mal-folded protein 

aggregates in order to restore folding equilibrium and promote survival.  This unfolded protein 
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response (UPR) includes the attenuation of protein synthesis through biochemical events 

including inhibitory phosphorylation of eukaryotic initiation factor 2α (eIF2α) and upregulation of 

molecular chaperones such glucose-regulated protein 78 (GRP78) and protein disulfide 

isomerase (PDI) (Dorner et al., 1989; Kozutsumi et al., 1988; Rhoads, 1999).  These actions 

decrease protein load and increase the folding capacity of the ER, respectively.  Although the 

effects of inducing ER stress or UPR in cancer are relatively unknown, agents that perturb ER 

function may provide a novel therapeutic strategy (Huang et al., 2009; Kim et al., 2008).  

 The rarity of the natural schweinfurthins has led to the development of synthetic 

schemes aimed at their total synthesis (e.g. schweinfurthin B shown in Figure 1).  Until recently, 

a scheme for schweinfurthin B synthesis was unknown (Topczewski et al., 2009).  While early 

attempts failed to yield the natural products, closely related schweinfurthin analogues did 

provide insight into the structure-function relationships of schweinfurthin-like compounds (Mente 

et al., 2008; Mente et al., 2007; Neighbors et al., 2006; Ulrich et al., 2010).  The left half of the 

molecule is required for potent biological activity although some conservative substitutions are 

allowed (Figure 1).  For example, 3-deoxyschweinfurthin B (3dSB) lacks the A-ring diol yet 

retains potent differential activity (Neighbors et al., 2005).  The right half of the molecule is much 

more amenable to modification with minimal disruption of the biological activity (Kuder et al., 

2009).  In this context, the fluorescent analogue 3-deoxyschweinfurthin B-like p-nitro bis-stilbene 

(3dSB-PNBS) would be predicted to display biological activity similar to that observed with 

either schweinfurthin B or 3dSB (Figure 1).  The 3,4-dimethoxyphenyl p-nitro bis-stilbene 

compound (DMP-PNBS) was designed to serve as a control for the active right half, i.e. 

fluorescent but reduced biological activity.  As postulated, 3dSB-PNBS retains the potent growth 

inhibitory activity of the schweinfurthins while DMP-PMBS does not appear to alter cell viability 

at concentrations up to 10 μM (Topczewski et al., 2010). 

 While the ability of the natural compounds to inhibit cancer cell growth has been 

described, the mechanism(s) for these activities has (have) yet to be fully elucidated (Holstein et 
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al., 2011).  Use of the synthetic schweinfurthins allows better delineation of their biological 

activity and reveals that growth inhibition is at least partially due to apoptosis.  We also report 

for the first time that the fluorescent schweinfurthin analog 3dSB-PNBS retains potent biological 

activity while allowing determination of its intracellular concentration. 
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Materials and Methods 

Cell culture and Materials 

SF-295 cells, human-derived glioblastoma multiforme, were maintained in RPMI 1640 

supplemented with 10% fetal bovine serum, penicillin (100 Units/mL) – streptomycin (100 

μg/mL), amphotericin B (2.5 μg/mL), and L-glutamine (2 mM).  The A549 cell line, human-

derived lung carcinoma, was maintained in Ham’s F-12 media supplemented with 10% fetal 

bovine serum, penicillin (100 Units/mL) – streptomycin (100 μg/mL), amphotericin B (2.5 

μg/mL), and L-glutamine (2 mM).  Both cell lines were incubated at 37° C and 5% CO2.  

Thapsigargin, Y-27632, Rhodamine 123, and etoposide were obtained from Sigma (Saint Louis, 

MO, USA).  The Caspase-9 inhibitor, Z-LEHD-FMK was purchased from MBL International 

(Woburn, MA, USA).  Preparation of the synthetic schweinfurthins has been described 

(Neighbors et al., 2005; Topczewski et al., 2010). 

Morphological staining 

Cells were grown on 22 x 22 mm coverglass placed in the center of wells in a 6-well plate.  

Treatment with indicated compounds occurred when cells had reached approximately 65% 

confluency.  Upon completion of the treatment interval, cells were washed twice with phosphate 

buffered saline before fixation in 4% paraformaldehyde.  The cell membrane was permeabilized 

by 5 minute incubation with 0.2% Triton X-100.  After permeabilization, conditions were blocked 

in 1% bovine serum albumin for 30 minutes and subsequently incubated in Alexa Fluor 633 

phallotoxin (Molecular Probes, Eugene, OR, USA) staining solution for 20 minutes.  Treatments 

were washed and then mounted on slides using Vectashield mounting media containing DAPI.  

Slides were imaged using a Bio-Rad multi-photon microscope.  Images were processed using 

ImageJ software. 

Propidium iodide staining  

After reaching approximately 60% confluency, cells were treated with indicated compounds.  

The concentration of etoposide was chosen based upon its similarity to 3dSB 1 μM in terms of 
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cell viability at 24 hours.  At the completion of the treatment interval both non-adherent and 

adherent cells were collected and washed.  The cells were resuspended in 10 mM HEPES 

buffer/ NaOH pH 7.4, 150 nM NaCl, 1 mM MgCl2, 5 mM KCl, 1 mM CaCl2.  To this cell 

suspension 1 μg of propidium iodide (BD Biosciences, San Jose, CA, USA) was added.  Flow 

cytometry was performed immediately with a Becton Dickinson FACScan (Becton Dickinson 

Immunocytometry Systems, San Jose, CA, USA).  Data acquisition and analysis was obtained 

using Cellquest software (Becton Dickinson).  A bitmap gate was placed around the main 

population on the basis of forward and side light scatter to exclude debris and aggregates, but 

include dead, dying, and viable cells.  A total of 10,000 events were collected in listmode that 

satisfied this gate.  Propidium iodide emissions were collected in the FL2 channel through the 

standard 585/42 bandpass filter.  Cell death percentages were calculated by subtracting the 

percentage of viable cells from the percentage of total events (100%).  

Western blot analysis 

Treatments were lysed in RIPA buffer (0.15 M NaCl, 0.05 M Tris HCl, 1% (w/v) sodium 

deoxycholate, 0.1% (w/v) sodium dodecyl sulfate, 1% (v/v) Triton X-100, and 1 mM EDTA) (pH 

7.4) containing 1 mM sodium vanadate, 10 mM sodium fluoride, 2.5 mM 

phenylmethanesulphonyl fluoride, and protease inhibitor cocktail (Sigma, Saint Louis, MO, 

USA).  Protein levels were quantified by bicinchoninic acid (BCA) method (Smith et al., 1985).  

Equal protein quantities were resolved using SDS-PAGE and transferred to a polyvinylidene 

fluoride membrane.  Membranes were blocked in 5% milk in TBS tween-20.  Primary antibodies 

were incubated with the membranes for 1 hour for PARP, PDI, GRP78, or β-tubulin (Santa Cruz 

Biotechnologies, CA, USA) or overnight for p-eIF2α, eIF2α, caspase-9 (Cell Signaling, Danvers, 

MA, USA).  Membranes were incubated with appropriate secondary antibodies for 1 hour and 

subsequently detected using an ECL detection kit (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK). 

Compound fluorometric quantification 
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SF-295 or A549 cells were plated in 6-well plates.  At approximately 60-70% confluency, cells 

were incubated in the presence or absence of 3dSB-PNBS, DMP-PNBS, or Rhodamine 123 as 

described.  After 24 hours of incubation, cells were washed once prior to incubation in 0.25% 

Tryspin-EDTA for 5 minutes.  Trypsin was immediately neutralized with an equal volume of 

media.  Cells were collected and subjected to centrifugation at 1500 x g for 7 minutes at 4ºC.  

The cell pellet was washed once in PBS and lysed on ice with RIPA lysis buffer (described 

above).  After 30 minutes, lysate was cleared by centrifugation at 14,000 x g for 15 minutes at 

4ºC.  The protein content of each sample was determined using the BCA assay.  Lysate was 

stored at -80ºC prior to fluorometric analysis.  The relative fluorescence of each sample was 

measured using a SpectraMax M2e microplate reader (Molecular Devices, USA).  Relative 

fluorescence was determined at the excitation and emission maxima for each compound.  

Sample values were calculated on the basis of a linear five point standard curve.  Standard 

curves were generated from five compound concentrations diluted in RIPA buffer.  Values 

obtained from fluorometric analysis were normalized to sample protein concentration. 

Statistical Analysis 

In order to determine the statistical significance of flow cytometry and intracellular localization 

studies, two-tail t testing with the α value set at the 0.05 level of significance was applied. 
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Results 

Schweinfurthin analogues retain differential activity.  The feature that attracted initial 

interest in the schweinfurthins was their ability to inhibit cell growth in selective human-derived 

central nervous system tumor lines.  To evaluate selective activity of 3dSB, 3dSB-PNBS, and 

DMP-PNBS after 48 hours of exposure, cell morphology of a schweinfurthin sensitive cell line, 

the SF-295 cells, and a relatively resistant cell line, A549 cells, was examined.  Previous studies 

demonstrate that schweinfurthin activity alters cell morphology; specifically, cells become 

spindle-like (Chi et al., 2009; Kuder et al., 2009; Turbyville et al., 2010).  After 48 hours of 

exposure to 3dSB or 3dSB-PNBS, SF-295 cells become spindle-shaped and have phalloidin 

staining predominately at the peripheral edges of the cells, while cells exposed to DMP-PNBS 

appear similar to control cells (Figure 2A).  Treatment with the ROCK inhibitor, Y-27632, does 

not induce these same changes in morphology and therefore is supportive of the hypothesis 

that the mechanism for schweinfurthin activity is not exclusively mediated by ROCK activity.  To 

further emphasize the differences in sensitivity between cell lines, the effects on morphology of 

the A549 cells were examined.  After 48 hours of treatment with 3dSB-PNBS or 3dSB, A549 

cells display minimal change in phalloidin staining or cellular shape (Figure 2B).  Similarly, 

DMP-PNBS does not appear to alter A549 morphology at a concentration of 1 μM.  However, 

treatment with Y-27632 does induce changes in A549 cell morphology that appear similar to 

changes demonstrated in the SF-295 cell line.  The sensitivity differences between SF-295 and 

A549 cells to treatment with 3dSB and 3dSB-PNBS accentuate their schweinfurthin-like activity. 

3dSB and 3dSB-PNBS induce apoptosis.  As established inhibitors of cancer cell growth, 

schweinfurthins could elicit their effects through several mechanisms that might include cell 

cycle arrest, decreased growth signaling, cell senescence, and/or cell death.  Based on 

observed changes in cell morphology (Figure 2A, B) and an increase in cellular debris that 

accompanies schweinfurthin treatment (data not shown), cell death was suspected.  In order to 

investigate this hypothesis the effects on markers of apoptosis were examined.  In SF-295 cells, 
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3dSB treatment leads to concentration- and time-dependent increases in cell death (Figure 3A, 

B).  Treatment with the topoisomerase II inhibitor etoposide causes an increase in cell death 

consistent with its cytotoxicity.  The fluorescent properties of 3dSB-PNBS excluded its analysis 

in this assay.   

 Cell death usually occurs as a consequence of apoptosis induction or necrosis.  

Apoptosis can be detected by poly ADP ribose polymerase (PARP) cleavage which is a 

universal downstream target of the apoptotic signaling cascades.  Treatment with 3dSB-PNBS 

or 3dSB does not induce PARP cleavage or apoptosis by 24 hours, a finding consistent with 

previous studies that indicate limited toxicity at 24 hours at similar concentrations (Figure 3B) 

(Kuder et al., 2009).  At 36 hours, however both of these compounds induce PARP cleavage 

while DMP-PNBS does not (Figure 3B).  Consistent with its known role in apoptotic cell death, 

treatment with etoposide leads to PARP cleavage by 24 hours (Karpinich et al., 2002).  These 

results demonstrate that schweinfurthin treatment leads to the induction of apoptosis in SF-295 

cells. 

Caspase-9 inhibition reverses 3dSB and 3dSB-PNBS induced PARP cleavage.  Cleavage 

and activation of caspase proteins is a crucial step in the execution of many apoptotic pathways.  

Each apoptotic signaling pathway engages specific caspases.  Caspase-9 has a prominent role 

in the initiation of intrinsic apoptosis (Johnson and Jarvis, 2004).  Treatment with either 3dSB or 

3dSB-PNBS induces the cleavage of caspase-9 by 24 hours, while DMP-PNBS fails to produce 

cleavage at all time points tested (Figure 4A).  Etoposide causes caspase-9 cleavage by 24 

hours.  In order to further assess the role of caspase-9 in schweinfurthin-induced apoptosis, 

PARP cleavage was evaluated in schweinfurthin treated cells with or without the caspase-9 

inhibitor, Z-LEHD-FMK (Figure 4B).  Caspase-9 inhibition reversed the 3dSB and 3dSB-PNBS-

induced PARP cleavage at 36 hours.  The caspase-9 inhibitor also reversed etoposide-induced 

PARP cleavage at 36 hours (Figure 4B). 
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3dSB and 3dSB-PNBS trigger phosphorylation of eIF2α and increases expression of 

GRP78 and PDI.  The disruption of ER protein folding capacity by therapeutic agents and 

cellular events results in the accumulation of unfolded proteins and ER stress.  In order to 

restore ER homeostasis, stressed cells induce UPR signaling cascades.  A key component of 

this response is the reduction of protein synthesis which serves to reduce additional protein 

load.  Inhibition of protein synthesis is achieved by the phosphorylation of eIF2α.  Treatment 

with 3dSB or 3dSB-PNBS induces phosphorylation of eIF2α by 9 hours after exposure; 

phosphorylation persists between 9 and 24 hours with peak phosphorylation occurring at 

approximately 14 hours (Figure 5A).  At 14 hours, 3dSB and DMP-PNBS increase 

phosphorylation of eIF2α normalized to eIF2α by approximately 4–fold.  EIF2α phosphorylation 

induced by 3dSB and 3dSB-PNBS is similar to that observed with thapsigargin, a sarcoplasmic 

reticulum Ca+2 ATPase inhibitor.  The analogue DMP-PNBS does not increase the 

phosphorylation of eIF2α (Figure 5A).   

 In addition to halting protein synthesis, cells experiencing ER stress upregulate 

molecular chaperones such as GRP78 and PDI in an effort to alleviate stress and restore 

normal function.  Both 3dSB and 3dSB-PNBS treatment induces an increase in GRP78 

expression between 1-3 hours (Figure 5B, C).  This initial GRP78 increase is not sustained as 

levels returned to control levels by 6 hours before increasing again by 14 hours.  This secondary 

increase is sustained through 24 hours with 3dSB, while GRP78 expression returns to control 

levels by 24 hours with 3dSB-PNBS treatment.  The DMP-PNBS analogue induces a slight 

increase in GRP78 expression by 14 hours which persists through 18 hours (Figure 5B).  PDI is 

a molecular chaperone involved in the formation of disulfide bonds in nascent peptides.  The 

expression level of this molecular chaperone is increased by 36 hours with 3dSB-PNBS and 

thapsigargin (Figure 5D, E).  After 48 hours of incubation, PDI expression is increased by 3dSB, 

3dSB-PNBS, and thapsigargin.  This increase is consistent with the increased expression of 
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molecular chaperones induced by ER stress.  Treatment with DMP-PNBS did not induce an 

appreciable change in PDI levels (Figure 5D, E). 

Intracellular concentrations of 3dSB-PNBS are higher than DMP-PNBS.  The fluorescent 

schweinfurthin 3dSB-PNBS has structural characteristics that result in fluorescence without 

disruption of its cellular activity.  This compound has an excitation maximum of 419 nm and an 

emission maximum of 560 nm.  In addition, DMP-PNBS exhibits fluorescent properties having 

maximum excitation and emission wavelengths of 421 nm and 579 nm, respectively.  

Compound fluorescence was utilized to determine intracellular concentration and further define 

differences between 3dSB-PNBS and DMP-PNBS.  Interestingly, the intracellular concentration 

of 3dSB-PNBS is 12- to15-fold higher than DMP-PNBS or Rhodamine 123 in the SF-295 and 

A549 cells (Figure 6).  The concentration of DMP-PNBS and Rhodamine 123 is similar in both 

cell lines. 
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Discussion 

 Schweinfurthins are inhibitors of cell growth, yet the site and target(s) of their action is 

(are) unknown.  In order to address such questions, structural manipulations that yield valuable 

properties such as fluorescence are often explored.  One prominent example of this approach is 

the design and creation of fluorescent analogues of taxol, which have proven useful in defining 

mechanistic details of tubulin interaction (Dı�az et al., 2000; Sengupta et al., 1995).  

Development of fluorescent compounds is only worthwhile if these compounds retain the activity 

of the class of compounds being investigated.  We have demonstrated that the fluorescent 

schweinfurthin 3dSB-PNBS retains the differential activity displayed by schweinfurthin B and 

3dSB validating its usage.  This differential activity is confirmed by increased sensitivity of SF-

295 cells to 3dSB-PNBS in comparison to A549 cells, as assayed by cytotoxic and morphologic 

measures ( (Topczewski et al., 2010) & Figure 2).  Additionally, differential activity of these 

agents has also been confirmed in other cells lines from the NCI-60 including the U251 and 

OVCAR-5 cell lines (data not shown).  Importantly the fluorescent compound lacking the tricyclic 

left-half of the schweinfurthin core, DMP-PNBS, does not exhibit biological activity in the SF-295 

or A549 cell line, but does have fluorescent properties similar to 3dSB-PNBS.   

 Growth inhibition often is caused by cell cycle arrest or cell death.  After treatment with 

3dSB or 3dSB-PNBS at concentrations sufficient to produce growth inhibition, cellular debris is 

noticeably increased (data not shown).  Due to this observation, it was hypothesized that the 

cellular debris was a result of cell death.  Indeed, treatment with 3dSB leads to a marked 

increase in the percentage of dead cells which could be caused by apoptosis or necrosis 

(Figure 3A).  Schweinfurthin-induced cell death is at least partially dependent upon apoptosis as 

demonstrated by the cleavage of PARP upon 3dSB and 3dSB-PNBS treatment (Figure 3B).  As 

expected, DMP-PNBS did not induce apoptosis at the concentrations tested.  Caspase-9 is an 

initiator caspase that is commonly cleaved and activated during intrinsic apoptotic signaling 

(Fulda and Debatin, 2006).  Schweinfurthin treatment leads to cleavage of caspase-9 
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suggesting that this caspase participates in schweinfurthin-induced apoptosis (Figure 4A).  

Inhibition of caspase-9 activity reverses schweinfurthin induced PARP cleavage, which 

suggests that apoptosis is at least partially dependent upon caspase-9 activity (Figure 4B).  

 The growth inhibitory activity of the schweinfurthins in the NCI’s 60 cell assay is 

positively correlated with another family of natural products, the cephalostatins (Neighbors et al., 

2006).  Recently cephalostatin 1 & 2 were shown to induce ER stress resulting in caspase-9 

activity and apoptosis (Lopez-Anton et al., 2006).  Several compounds are known to induce ER 

stress as part of their biological action.  Amongst these are a SERCA inhibitor, thapsigargin, an 

inhibitor of glycosylation, tunicamycin, an inhibitor of ER to Golgi trafficking, brefeldin A and a 

proteasomal inhibitor bortezomib (Brendan et al., 1992; Obeng et al., 2006).  Similar to the 

effects of these agents, schweinfurthin treatment causes the phosphorylation of eIF2α and 

increased expression of ER chaperones PDI and GRP78 (Figure 5).  Although schweinfurthin 

treatment induces components of UPR, the changes in GRP78 expression are blunted in 

comparison to thapsigargin treatment (Figure 5B).  This may indicate that ER stress is not the 

immediate biochemical response to the schweinfurthins.  The role of ER stress in the induction 

of apoptosis can involve several different mechanisms such as apoptosis signal-regulating 

kinase 1 (ASK1) signaling (Ichijo et al., 1997), capase-12/caspase-4 cleavage (Hitomi et al., 

2004) and growth arrest and DNA-damage-inducible gene 153 (GADD153) activity (Zinszner et 

al., 1998).  Schweinfurthin-induced apoptosis may be dependent upon these processes or may 

invoke a novel apoptotic mechanism much like the cephalostatins (Dirsch et al., 2003; Lopez-

Anton et al., 2006; Müller et al., 2005; Rudy et al., 2008). 

 The fluorescent schweinfurthin analogue, 3dSB-PNBS, displays biological activity similar 

to 3dSB in all assays examined which justifies its utilization for determining localization and 

intracellular concentration (Figures 2-5).  Previously, we described differences in the localization 

of 3dSB-PNBS and DMP-PNBS in SF-295 cells (Topczewski et al., 2010).  These compounds 

also display differences in intracellular concentrations.  The intracellular concentration of 3dSB-
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PNBS is 12- to 15-fold greater than DMP-PNBS in the SF-295 and A549 cells, respectively 

(Figure 6).  The disparity between 3dSB-PNBS and DMP-PNBS could be due to sequestration 

of target binding; however, differences in cellular uptake and efflux might also contribute.  

Although there are differences between the intracellular concentrations of 3dSB-PNBS in the 

SF-295 and A549 cells, these differences cannot be fully appreciated without determining the 

cellular volume of both cell lines.  As potential therapeutics for CNS derived malignancies, the 

capacity of the schweinfurthins to traverse the blood-brain barrier is a key factor in their 

development.  Based on techniques described here, 3dSB-PNBS could be utilized to test blood-

brain barrier penetrance in in vitro and in vivo as well as schweinfurthin uptake and efflux 

(Lelong et al., 1991; Miller et al., 2000). 

 The correlation between schweinfurthin and cephalostatin activity in the NCI 60-cell 

cancer screen is intriguing in regards to the potential target of these natural products.  The 

structure of these families is quite different, yet their activity appears to be somewhat similar.  

Intriguingly, the activity of the schweinfurthins and cephalostatins does not appear similar to 

compounds with known mechanisms of action; this assertion is supported by recent studies that 

suggest a novel mechanism for cephalostatin-induced apoptosis (Dirsch et al., 2003; Lopez-

Anton et al., 2006; Rudy et al., 2008).  Due to their unique activity, these compounds may a 

represent a novel class of anticancer agents.  The ability to synthesize fluorescent analogues 

that retain the biological activity of the schweinfurthins provides new possibilities in the 

investigation of this potentially unique mechanism.  
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Legends for figures 

Figure 1- The structure of a natural and synthetic schweinfurthins.  The structures of the natural 

product (Schweinfurthin B) and synthetic schweinfurthins (3dSB, 3dSB-PNBS, and DMP-

PNBS).  DMP-PNBS lacks the left half A and B-rings that are necessary for the anti-proliferative 

activity of the schweinfurthins. 

 

Figure 2-  A, The effects of schweinfurthin treatment on phalloidin staining in SF-295 cells.  In 

this experiment, cells were left untreated (Control) or treated with 3dSB (500 nM), 3dSB-PNBS 

(500 nM), DMP-PNBS (1 μM), or Y-27632 (10 μM) for 48 hours.  Cells were stained with DAPI 

(blue) and phalloidin (green). B, The effects of schweinfurthin treatment on phalloidin staining in 

A549 cells.  A549 cells were treated with 3dSB (500 nM), 3dSB-PNBS (500 nM), DMP-PNBS (1 

µM), or Y-27632 (10 µM), or left untreated (control) for 48 hours.  Conditions were stained as 

described in A. 

 

Figure 3- 3dSB and 3dSB-PNBS induce apoptosis.  A and B, The effects of 3dSB treatment on 

cell viability.  A, Representative histograms of propidium iodide staining in SF-295 cells treated 

with or without 3dSB (1 µM) or etoposide (50 µM) for 48 hours.  Propidium iodide staining was 

evaluated by flow cytometry as described in “Materials and Methods”.  B, Quantification of 

propidium iodide staining was evaluated by flow cytometry in cells after 24, 36, or 48 hours of 

incubation with or without 3dSB (1 µM) or etoposide (50 µM).  Propidium iodide staining was 

performed as discussed in A.  Values are displayed as the mean percentage of dead cells ± the 

standard deviation of triplicate treatments.  * indicates a p<0.05 as determined by the two-tailed 

t test comparing treatment and control groups.  This experiment is representative of three 

independent experiments.  C, The effects of schweinfurthin treatment on PARP cleavage.  

Western blot analysis of SF-295 cells untreated (Con) or with 3dSB (1 µM), 3dSB-PNBS (1 µM), 
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DMP-PNBS (10 µM), or etoposide (50 µM) for indicated time intervals.  PARP cleavage and β-

tubulin (loading control) blots were carried out according to method in “Materials and Methods”.   

 

Figure 4- Inhibition of 3dSB and 3dSB-PNBS-induced caspase-9 cleavage reverses PARP 

cleavage.  A, The effects of schweinfurthin treatment on caspase-9 cleavage.  Western blot 

analysis of SF-295 cells left untreated (Con) or treated with 3dSB (1 µM), 3dSB-PNBS (1 µM), 

DMP-PNBS (10 µM), and etoposide (50 µM) for indicated time intervals.  Blots were probed with 

cleaved caspase-9 antibody and anti-β-tubulin. The (*) indicates a non-specific band, while the 

arrow identifies cleaved caspase-9.  B, The effects of caspase-9 inhibition on schweinfurthin-

induced apoptosis.  SF-295 cells were left untreated (Con) or treated with 3dSB (1 µM), 3dSB-

PNBS (1 µM), or etoposide (50 µM) with or without the caspase-9 inhibitor (50 µM) for 36 hours.  

Blots were probed with anti-PARP and anti-β-tubulin.  Experiments were performed in triplicate. 

 

Figure 5- 3dSB and 3dSB-PNBS induce phosphorylation of eIF2α and upregulate GRP78 and 

PDI.  A, Time course examination of eIF2α phosphorylation.  SF-295 cells were left untreated 

(Con) or treated with 3dSB (1 µM), 3dSB-PNBS (1 µM), or DMP-PNBS (10 µM) for indicated 

time intervals between 30 minutes to 24 hours.  Thapsigargin (5 µM) was incubated for 24 

hours.  B, SF-295 cells were treated as in A, with the exception of the thapsigargin condition 

which was incubated for 9 hours.  Blots were probed with anti-GRP78 and anti-β-tubulin.  C, 

Quantification of GRP78 protein levels normalized to β-tubulin after incubation with 3dSB (1 μM) 

or 3dSB-PNBS (1 μM) for time intervals ranging from 30 minutes to 24 hours.  The graph 

displays the mean and standard deviation of GRP78 protein levels from three independent 

experiments.  D, The effects of schweinfurthin treatment on PDI expression.  SF-295 cells were 

left untreated (Con) or treated with 3dSB (1 µM), 3dSB-PNBS (1 µM), DMP-PNBS (10 µM), or 

thapsigargin (5 µM) for 36 or 48 hours.  Blots were probed with anti-PDI and anti-β-tubulin.  E, 

Quantification of PDI levels normalized to β-tubulin after incubation with 3dSB (1 µM), 3dSB-
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PNBS (1 µM), DMP-PNBS (10 µM), or thapsigargin (5 µM) for 36 or 48 hours.  The graph 

displays the mean and standard deviation of PDI protein levels from three independent 

experiments. 

 

Figure 6- Intracellular concentrations of 3dSB-PNBS are greater than Rhodamine 123 or DMP-

PNBS. SF-295 or A549 cells were incubated with or without 3dSB-PNBS, DMP-PNBS, or 

Rhodamine at a concentration of 500 nM for 24 hours.  Intracellular concentrations were 

determined as described in “Materials and Methods”.  Graph is represents one of three 

experiments performed in triplicate.  Bars represent the average intracellular concentration 

normalized to protein content; error bars are indicative of standard deviation.  * indicates a 

p<0.05 as determined by the two-tailed t test comparing 3dSB-PNBS and Rhodamine 123.  ** 

indicates a p<0.05 as determined by the two-tailed t test comparing 3dSB-PNBS and DMP-

PNBS. 
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