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Abstract: With evolutionary drug resistance impacting efforts to treat 

disease, the need for small molecules that exhibit novel molecular 

mechanisms of action is paramount. In this study, we have combined 

scaffold-directed synthesis with a hybrid experimental and 

transcriptome analysis to identify bis-spirooxindole cyclopropanes 

that inhibit cancer cell proliferation through disruption of ribosomal 

function. These findings demonstrate the value of an integrated, 

biologically-inspired synthesis and assay strategy for the accelerated 

identification of first-in-class cancer therapeutic candidates. 

Introduction 

Although target-based drug discovery is the most widely 

employed pharmacological strategy today,1 recent retrospective 

analyses have revealed that more first-in-class small molecule 

leads are discovered through phenotypic screening.1b,2 However, 

a major challenge with this strategy is the lack of novel chemical 

space, which ultimately is of greater importance than the size of 

the library.3 Compared to in silico drug design, privileged core 

scaffolds of evolutionarily conserved active natural products4 can 

serve as a guide in diverting total synthesis to create structurally 

related small molecule libraries for functionally targeted 

phenotypical screens.4a,5 Therefore, phenotypic drug discovery 

based on pharmacologically active natural products remains a 

powerful strategy for rapidly evaluating the relevant chemical 

landscape in search of novel therapeutic mechanisms of action.6  

However, lead identification and guided chemical optimization 

based on a defined molecular mechanism of action remains a 

time-consuming process. Herein, we present an integrative 

approach toward the synthesis and mechanism of action 

identification of bis-spirooxindole cyclopropanes, inspired by 2-

oxindole alkaloid natural products. 

Oxindole alkaloids are a ubiquitous class of plant 

metabolites that exhibit a diverse array of potential therapeutic 

applications, including anti-mitotic activity in a number of cancer 

models.7 Of these, the C3-spirooxindole has emerged as a 

promising scaffold for chemotherapeutic design.8 Whether 

naturally occurring or designed, carbo- and heterocyclic 

spirooxindoles exhibit anti-viral, anti-cancer, and anti-

inflammatory properties (Figure 1). Owing to the functionally 

diverse periphery and stereochemical density, many groups have 

sought to establish efficient synthetic strategies for the rapid 

construction of structurally diverse spirooxindole compound 

collections.9 

 

Figure 1. Biologically active spirooxindole small molecular targets. 
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Results and Discussion 

Scaffold Validation 

To evaluate the chemical space within 2-oxindoles, we 

synthesized an initial library of selected spirooxindoles bearing 

dihydrobenzofuranyl 1, benzopyranyl 2, and cyclopropyl rings 3 

and 4 at the C3-spirocenter (Figure 2). Oxindoles 1-4 were 

screened for their anticancer activity using two isogenic human 

triple negative breast cancer cell lines, MDA-MB-231, and the 

brain metastatic derivative, MDA-MB-231-Br. Triple negative 

breast cancers are so named because they fail to express 

estrogen and progesterone receptors, and do not over-express 

Her2. Thus, these cancer cell lines were chosen as they often do 

not respond to hormone or anti-Her2 therapies, leaving 

chemotherapy as the only treatment option for patients suffering 

from this breast cancer subtype. 

Representative dihydrobenzofuranyl and benzopyranyl 

spirooxindoles 1a (R1 = R3= Me, R2 = H) and 2a (R1 = R3= Me, R2 

= H) showed low activity (63-87 µM) at inducing MDA-MB-231- Br 

cell death (Table 1). However, bisoxindole 2a proved more 

effective against the less robust MDA-MB-231 cell line. 

Comparatively, cyclopropyl oxindoles 3a (R1 = Ts, R2 = H, R3= o 

BrC6H4, R4= Ph) and 4a (R1 = Ts, R2 = H, R3= o-BrC6H4, R4= Ts, 

R5 = H) were more active against MDA-MB-231-Br cells than 

either 1a or 2a, but showed poor activity against MDA-MB-231 

 

 

 

Figure 2. Oxindole framework with various spirofused rings being investigated. 

Identification of lead bis-spirooxindole framework 4 and log(EC50) values 

observed when screened against MDA-MB-231-Br human breast cancer cells. 

 

Table 1. Representative lead spirooxindole activity. 

Compound R1 R2 R3 R4 R5 EC50 (µM) 

MDA-MB- 

231-Br 

MDA-MB- 

231 

1a Me H Me – – 48.8 45.9 

2a Me H Me – – 54.0 8.2 

3a Ts H o-BrC6H4 Ph – 30.2 52.8 

4a Ts H o-BrC6H4 Ts – 30.1 66.8 

comparable to 1a. Given the more aggressive, metastatic nature 

of MDA-MB-231-Br cells, subsequent efforts focused on the 

spirocyclopropyl oxindole cores of 3a and 4a. Our second iteration 

(Figure 2a, below dashed line) revealed that compounds bearing 

the bis-spirooxindole cyclopropane 4 motif proved most 

efficacious against both the MDA-MB-231-Br and MDA-MB-231 

cell lines. While less cytotoxic than most current anticancer 

therapeutics, this initial survey enabled lead identification of the 

bisspirooxindole cyclopropane architectural core, and prompted 

further investigation of compounds derived from this subset. 

 

Chemistry and Pharmacology 

While synthetic efforts have focused on constructing C3-

spirofused 5- and 6-membered rings,10 not until recently has the 

spirooxindole cyclopropane emerged as a scaffold for guided 

drug design.11 In contrast to the rich history of 2-oxindoles, reports 

of spirooxindole cyclopropanes as architectural templates for 

therapeutic exploitation are limited.12 Based on parallels drawn to 

known spirooxindole leads, as well as our initial compound 

screening, we targeted a series of derivatives around a central 

cyclopropane with (i) the 2-oxindole motif, (ii) an aromatic 

substituent, and (iii) geminal donor/acceptor functionality as three 

main points of variability (Figure 3).  

To access the structural analogs of cyclopropyl oxindoles 4, 

we sought a convergent fragment coupling synthetic strategy that 

enabled direct access to the core ring system while maintaining 

the flexibility required for architectural diversification. To 

accomplish this goal, we exploited a modification of the Kukhtin-

Ramirez condensation reaction utilizing a phosphine-mediated 

cyclopropanation of β-aryl substituted alkylidene oxindoles with  

 

Figure 3. General molecular framework of the 3-spirocyclopropyl-2-oxindole 

core architecture with highlighted points of structural diversity. Primary lead 

compounds and EC50 values observed when screened for cytotoxicity against 

the human breast cancer (brain-seeking) MDA-MB-231-Br cell line. 
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Scheme 1. Syntheses of bisspirooxindole cyclopropanes. 

isatin derivatives.13 Employing this strategy, we synthesized 

bisoxindoles 4b and 4c in four steps beginning with the 

condensation of 2-oxindole (5a) and aryl aldehydes 6a (X = F) 

and 6b (X = Cl) to yield a mixture of alkylidenes 7a (E/Z = 1.5:1) 

and 7b (E/Z = 1.8:1) respectively (Scheme 1). The resulting E/Z 

mixtures were N-alkylated, and the alkylidene isomers separated 

to provide the desired E-alkylidene oxindoles 8a (X = F) and 8b 

(X = Cl). Separate treatment with N-Boc isatin (9) and P(NMe2)3 

afforded bis-spirooxindole cyclopropanes 10a and 10b in 62% 

and 90% yield respectively as separable mixtures of only two 

diastereomers. Removal of the Boc group proceeded in 

quantitative yield to provide racemic 4b and 4c. The bis-N-methyl 

spiroxindole cyclopropanes 4b and 4e were synthesized following 

a similar three step sequence starting from either 2-oxindole (5a) 

or 5-methoxy-2-oxindole (5b) and employing N-methyl isatin in 

the P(NMe2)3-mediated cyclopropanation. This design strategy 

enabled us to assemble a collection of ~80 2-oxindole derivatives 

with site specific point substitutions on the benzenoid ring of the 

oxindole, donor/acceptor functional group variability, and 

substitution around the remaining aryl ring. Of these derivatives, 

compounds 4b-e were identified as optimized hits in subsequent 

biological screenings. 

Compounds 4b-e have drug-like properties, as assessed by 

Lipinsky’s rule of five (molecular weight <500, ClogP <5, 

hydrogen-bond donors <5, hydrogen-bond acceptors <10).14 

Substitution of fluorine (4b) for chlorine (4c) lowered ClogP and 

increased the water solubility almost two-fold, and improved the 

potency against metastatic breast cancer cells (MDA-MB-231-Br) 

(Table 2).15 To evaluate blood-brain barrier permeability of 

oxindoles analogs, we calculated the topical polar surface area 

(tPSA). A tPSA range between 40-49 Å2 indicates that the 

compounds may penetrate the blood-brain barrier.16 The average 

tPSA for the top 25 central nervous system drugs is 47 Å.2,17 

Additionally, 4b-e are stable in mouse plasma and rat liver S9 

fractions, indicating that the compounds are metabolically stable. 

 

RNA Sequencing and Molecular Mechanism of Action 

Prediction 

The characterization of the molecular mechanism of action for 

novel compounds is a critical step in the drug discovery process. 

The development of high-throughput genomic analyses, 

combined with recently developed bioinformatic methods, can be 

harnessed to yield insight into the putative mechanism of action 

of a compound,1a as well as a global assessment of off-target 

effects.2a,3b To establish an mechanism of action-guided 

framework for chemical optimization, we selected oxindole 4b for 

mechanism of action analysis (Figure 4). To identify time-

dependent transcriptome shifting induced by 4b, we treated MDA-

MB-231-Br cancer cells with vehicle control (DMSO) or 4b and 

performed RNA-sequencing. Given that prolonged treatment with 

4b induces apoptosis, we performed sequencing at 6, 12, and 24 

hrs of treatment with 4b (Figure 4A). These early timepoints 

provide insight into the transcriptome changes that occur in cells 

prior to activation of apoptotic pathways. Early transcriptome 

changes will be driven by the specific mechanism of action of the 

compound, allowing bioinformatic analysis to provide insight into 

the mechanism of action of 4b.   

The identification of robust transcriptome level changes in 

the majority of cells at early stages of treatment was ensured by 

conducting compound exposure at five times the EC50 value 

reported at 5 days post-treatment (Table 2; 62 µM). After 24 h 

post-exposure, we identified 802 genes that were significantly 

down-regulated, while 928 genes were significantly up-regulated 

(p < 0.05). Expression of the top 400 differentially regulated genes 

shows a time-dependent progressive change from vehicle to 24 h 

treatment with 4b, with some gene clusters being progressively 

down-regulated (Figure 4B, green) and others progressively up-

regulated (Figure 4B, pink). This suggests that treatment with 4b 

induces a time-dependent transcriptome shift over the course of 

24 hours.  

Bioinformatic analysis of the transcriptome provides an 

unbiased view of how cells respond to drug treatment, which 

potentially infers the mechanism of action of a drug 

candidate.4b,5f,6 Most small molecule therapeutics target proteins 

directly, as opposed to moderating protein activity at the 

transcriptional, or mRNA level. However, recent advances in gene 

network analysis have demonstrated the predictive power of 

transcriptome readouts for identifying the mechanism of action of 

a compound. One such approach – detecting mechanism of 

action by network dysregulation (DeMAND) analysis - predicts  

Table 2. Representative lead spirooxindole activity 

 4b 4c 4d 4e 

clogP 2.91 3.48 3.86 3.78 

tPSA 49.4 49.4 40.6 49.8 

MW (g/mol) 384 401 415 445 

Plasma stability t1/2 (h) >2 >2 >2 >2 

Rat S9 t1/2 (h) >1 >1 >1 >1 

EC50 MDA-231-Br (µM) 12 17 19 15 

EC50 MDA-231 (µM) 22 3 2 18 
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Figure 4. RNA-sequencing and mechanism of action Prediction. A. Schematic of 

experimental set-up. B. Heatmap depicting top 400 differentially up- (red) or down- 

(blue) regulated genes between DMSO and 4b treatment conditions in MDA-MB-231-

Br cells. Gene clusters are annotated as being progressively up-regulated (green), or 

progressively down-regulated (pink). C. Schematic of bioinformatic analysis method – 

detecting mechanism of action by network dysregulation (DeMAND). D. Top 25 ranked 

genes in the DeMAND output for each paired comparison. All: DMSO vs all 4b 

treatment groups averaged; 6 h, 12 h, 24 h: paired comparison between each 

individual time point and DMSO. 

the mechanism of action by examining differential expression of 

gene networks upon drug treatment, with the underlying 

assumption that although a drug’s target protein may not be 

changed at the transcriptional level, the network of interacting 

proteins will be sufficiently dysregulated as to allow 

identification.18 First, DeMAND defines the regulon of each gene 

as a network of established interactions based on prior biological 

knowledge, such as the STRING network (Figure 4C, each brown 

square represent a single gene-level regulon).19 Next, DeMAND 

maps the observed transcriptome changes from RNA-sequencing 

analysis to the regulon of each gene (Figure 4C, Gn expression 

represented by red/blue colorbar). DeMAND then uses the 

dysregulation of regulons, rather than individual genes, to identify 

putative cellular targets (effectors). In the example in Figure 4C, 

although G10 is up-regulated with treatment, the entire regulon is 

relatively unaffected, while G0 has a strongly dysregulated 

regulon. Here, G0 would be ranked more highly as being involved 

in the mechanism of action due to the dysregulation of effectors. 

In an effort to predict the mechanism of action of the 

spirocyclopropyl oxindoles, we input the RNA-sequencing data 

obtained for 4b into the DeMAND algorithm. The DeMAND 

analysis returns a ranked list of genes that corresponds to the 

probability that a particular gene is an effector, based on the 

dysregulation of that gene’s network. As 4b is a novel compound, 

we had no knowledge a priori regarding the speed with which 4b 

would induce transcriptional changes. Thus, analysis was 

conducted in two ways: 1) each individual 4b treatment time point 

(e.g. 6 h) was compared to the DMSO control; 2) the average 

expression across all 4b treatment timepoints was compared to 

the DMSO (labeled All in Figure 4D). Depicted based on rank, with 

rank 1 being most likely to be an effector, the top 25 effector genes 

of 4b predicted by DeMAND (Figure 4D) consistently identified 

the same set of effector genes across all time points. The top 25 

ranked effectors within the dysregulated regulons were evident as 

early as 6 h and persisted through 24 h post treatment (Figure 

4B), suggesting a 4b-specific mechanism of action. 

DeMAND identified 9831 genes as possible mechanism of 

action mediators with a false discovery rate (FDR) of < 0.05, and 

1732 genes with FDR q-value < 1E-5 (Table S7). To explore 

common functionality of mechanism of action mediators, we 

performed Gene Set Enrichment Analysis (GSEA).20 GSEA 

utilizes lists of genes (gene sets), which are grouped by biological 

activity, including common function, sequence homology, or 

chromosomal location. Each gene set is compared to a ranked 

input file, to determine the rank of each gene in the gene set. If 

the input genes fall near the top of the list, the gene set is 

positively enriched, if they fall near the bottom of the list, the gene 

set is negatively enriched. For our data, genes were ranked by 

their DeMAND predicted significance (inverse p-value) and 

assigned directionality by their differential expression. GSEA 

analysis identified 125 positively enriched gene sets (induced by 

4b treatment, Table S8) and 231 negatively enriched gene sets 

(inhibited by 4b treatment, Table S9) with FDR q-value < 1E-3. 

Interestingly, the KEGG Ribosome pathway had the highest 

negative enrichment score, -9.45 (Figure 5A), suggesting that this 

gene set is significantly negatively regulated by 4b treatment. 

Several of the top 15 negatively enriched gene sets represent 

either the structural components of the ribosome (Figure 5A, dark 

green bars), the function of the ribosome (Figure 5A, medium 

green bars), or activities that are related to or dependent on 

ribosomal function (Figure 5A, light green bars). Indeed, the top 

25 DeMAND predicted genes exclusively encode ribosomal 

proteins (Figure 4D), and 75% of the top 100 ranked genes 

encode ribosomal proteins.21 

To further explore the specificity of the predicted 

mechanism of action of 4b, we curated custom gene sets that 

represent distinct mechanism of action classes of various, well-

characterized anti-cancer therapeutics, namely 1) apoptosis, 2) 

cell cycle regulation, 3) regulation of the ribosome, 4) disruption 

of microtubule function, 5) DNA damage, 6) kinase activation, 7) 

G-protein coupled receptor (GPCR) signaling, and 8) ion channel 

signaling.22 Given that the majority of cytotoxic agents exhibit a 

mechanism of action covered by one of these broad categories, 

we determined the enrichment of each of these gene sets in the 

DeMAND results. Analysis revealed that the top 100 predicted 4b 

mechanism of action effector genes cluster strongly in the 

ribosome regulation class, without overlapping with other 

common drug mechanism of action gene sets (Figure 5B). This 

strongly suggests that 4b cytotoxicity is due to inhibition of 

ribosomal function. 

Next, we sought to validate the effect of 4b on ribosomal 

function by evaluating its impact on protein translation. The breast 

cancer cell line MDA-MB-231-Br was treated separately with 

DMSO (vehicle), doxorubicin (DNA intercalating agent), paclitaxel 

(microtubule stabilizer), cyclohexamide (protein synthesis 

inhibitor), and compounds 4b and 4c for 4 h, then subjected to a 

fluorescence-based methionine incorporation assay to evaluate 

the impact of each on protein synthesis (Figure 5C). Those cells 

treated with 4b exhibited a decrease in protein synthesis 

comparable to cells treated with the positive control 

cycloheximide, and a substantial decrease in comparison to the 

negative controls doxorubicin and paclitaxel (Figure 5C and 5D).  
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Figure 5. Inhibition of ribosomal function and translation by 4b. A. The rank of 

DeMAND predicted effectors of 4b treatment in MDA-231-Br cells was used as input 

for gene set enrichment analysis (GSEA). Top fifteen gene sets predicted by GSEA to be 

negatively enriched following 4b treatment. Dark green bars, gene sets representing 

components of the ribosome. Medium green bars, gene sets representing the function 

of the ribosome. Light green bars, gene sets representing cellular processes related to 

translation. White bars, gene sets not related to ribosomal structure or function. B. 

Gene sets were compiled to represent the common drug MoA of current cancer 

treatment options, and each MoA is assigned a color and symbol as shown top. For all 

genes represented by these 8 common MoA classes that were in the top 10,000 

DeMAND predicted effectors of 4b MoA, the DeMAND rank is shown. C. MDA-MB-231-

Br cells were treated for four hours and subjected to a fluorescent methionine 

incorporation assay. Representative images are shown. Red: methionine incorporation 

for protein synthesis. Blue: DAPI staining for nuclei. D. Quantitation of data shown in 

C, methionine signal is normalized to number of cells per field as indicated by DAPI 

staining. Boxes, first to third quartile range of 10 images per condition, line, mean, 

whiskers, full range of data points. One-way ANOVA with Dunnett’s multiple 

comparison test. 

The combination of advanced DeMAND transcriptome analysis 

and data obtained from the protein synthesis assay strongly 

suggests that spirocyclopropyl oxindole 4b rapidly targets 

ribosome function, resulting in an mechanism of action that 

includes inhibition of mRNA protein translation, which negatively 

impacts the proliferation and subsequent survival of rapidly 

dividing cancer cells. 

Conclusions 

In summary, by employing an integrated spirooxindole scaffold 

synthesis, phenotypic evaluation, and transcriptome analysis 

approach toward drug design, we identified a series of 

bisspriooxindole cyclopropanes that exhibit a ribosomal-targeting 

mechanism of action toward limiting cancer cell proliferation. 

These results suggest that our lead compounds exhibit an 

intriguing mechanism of action of targeting ribosomal processes. 

Since translation of mRNA into protein is an incredibly energy-

consumptive process, inhibition of translation is under 

investigation as a promising cancer therapeutic strategy.23 

Historically, defining the structure and function relationship of 

pharmacologically active natural products has been a largely 

empirical process that lacks molecular level insight. Biologically 

inspired total synthesis, coupled with global bioinformatics 

analysis of transcriptome networks, constitutes an alternative 

strategy for the rapid identification of potent bioactive lead 

candidates with clear molecular level details of mechanism of 

action. Our study illustrates how an accelerated phenotypic drug 

discovery process incorporating elements of target-directed 

scaffold assembly and transcriptome bioinformatics analysis can 

lead to the identification and biomolecular characterization of 

therapeutic lead compounds. 

 

Experimental Section 

General. Solvents and reagents were ACS reagent grade and used 

without further purification unless noted below. Dimethylformamide (DMF), 

tetrahydrofuran (THF), dichloromethane (CH2Cl2) and diethyl ether (Et2O) 

were passed through a column of molecular sieves and stored under argon. 

All reactions were carried out in flame-dried glassware under an argon 

atmosphere unless otherwise specified. Spirocyclopropyl oxindoles 3a, 4a, 

alkylidene oxindoles 813a,24 and isatin derivatives 924b,25 were prepared 

according to literature procedures and spectral data (1H NMR and 13C 

NMR) were consistent with reported data. The relative stereochemistry of 

4d was unambiguously assigned using X-ray crystallography, and the 

relative stereochemistry for 10a, 10b, 4b-4e were assigned by comparison 

of 1H NMR and 13C NMR data. 

1H Nuclear magnetic resonance (NMR) spectra were obtained at 600 MHz, 

and 13C NMR spectra at 100, 125 or 150 MHz. Chemical shifts are reported 

in parts per million (ppm, δ), and referenced to residual solvent or 

tetramethylsilane (TMS). Coupling constants are reported in Hertz (Hz).  

Spectral splitting patterns are designated as s, singlet; d, doublet; t, triplet; 

q, quartet; p, pentet; m, multiplet; comp, complex; app, apparent; hom, 

higher order multiplet; and br, broad. Infrared (IR) spectra were obtained 

using a Thermo Electron Nicolet 380 FT-IR using a silicon (Si) crystal in 

an attenuated total reflectance (ATR) tower and reported as wavenumbers 

(cm-1). High and Low resolution electrospray ionization (ESI) 

measurements were made with a Bruker MicroTOF II mass spectrometer. 

Analytical thin layer chromatography (TLC) was performed using EMD 250 

micron 60 F254 silica gel plates, visualized with UV light and stained with 

a p-anisaldehyde solution. Flash column chromatography was performed 

according to Still’s procedure (Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 

1978, 43, 2923) using EMD 40-63 μm 60Å silica gel. 

General procedure for the synthesis of benzofuranylspirooxindoles. 

Methyl lithium (0.45 mmol, 0.28 mL, 1.6 M) was dropwise added to a 

solution of Boc-salicylaldehyde (66.7 mg, 0.30 mmol) in THF (3 mL) at -

78º C. After 5 minutes, hexamethylphosphoroustriamide (53.8 mg, 0.30 

mmol) was slowly added after which a solution of N-isatin derivative (48.3 

mg, 0.30 mmol) in 1 mL of THF was dropwise added to the reaction mixture. 

The mixture was allowed to warm slowly to rt over a period of 2-2.5 h by 

removal of the dry ice/acetone bath. The reaction was concentrated under 

reduced pressure and the crude material was run under a small plug of 

silica gel eluting with ethyl acetate and concentrated. The residue was 
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purified by flash chromatography eluting with hexanes/ethyl acetate (3:1) 

to provide 43.7 mg (55%) of 1a in a 2:1 diastereometric ratio as a light red 

solid and 30.8 mg (25%) of 2a as a red solid in a 4:1 diastereometric ratio. 

Diastereometric ratios were determined by 1H NMR or HPLC analysis. 

1´,3-Dimethyl-3H-spiro[benzofuran-2,3´-indolin]-2´-one (1a). 

Diastereoselectivity was determined by analysis of the 500 MHz 1H NMR 

spectra (A: 4.01 (q, 1 H); B: 3.92 (q, 1 H)). 1H NMR (500 MHz, CDCl3) 

Diastereomer A: δ 7.35 (t, J = 8 Hz, 1 H), 7.20-7.16 (comp, 2 H), 7.09 (d, 

J = INSERT Hz, 1 H), 7.00-6.96 (m, 2 H), 6.88-6.86 (comp, 2 H), 4.01 (q, 

J = 7.2 Hz, 1 H), 3.24 (s, 3 H), 1.13 (d, J = 7.2 Hz, 3 H), Diastereomer B: 

δ 7.35 (t, J = 8 Hz, 1 H), 7.20-7.16 (comp, 2 H), 7.09 (d, J = 8 Hz, 1H), 

7.00-6.96 (m, 2 H), 6.88-6.86 (comp, 2 H), 3.92 (q, J = 7.1 Hz, 1 H), 3.18 

(s, 3 H), 1.34 (d, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl3) 

Diastereomer A: δ 175.75, 158.86, 143.89, 131.27, 130.65, 128.66, 

125.39, 123.92, 122.97, 121.64, 110.13, 108.90, 90.15, 43.82, 26.74, 

15.21, Diastereomer B: δ 175.75, 158.86, 143.89, 130.77, 128.76, 126.06, 

124.34, 123.60, 123.53, 121.59, 110.13, 108.90, 90.15, 46.37, 27.90, 

13.78; IR (neat) 2961, 2927, 2872, 2853, 1725, 1612, 1595, 1494, 1468, 

1373, 1224, 1120, 970, 862 cm-1; HRMS (ESI) m/z 266.1173 [C17H15NO2 

(M+H) requires 266.1176]; m.p. = 100-105 ˚C.  

1,1´´,4´-Trimethyldispiro[indoline-3,2´-chromane-3´,3´´-indoline]-

2,2´´-dione (2a). Diastereoselectivity was determined by analysis of the 

500 MHz 1H NMR spectra (A: 4.49 (q, 1 H); B: 4.00 (q, 1 H)). 1H NMR (500 

MHz, CDCl3) Diastereomer A: δ 7.37-7.31 (m, 2 H), 7.24-7.18 (m, 2 H), 

7.06-7.00 (m, 2 H), 6.94 (t, J = 8.1 Hz, 2 H), 6.74 (t, J = 8.1 Hz, 2 H), 6.57 

(t, J = 7.6 Hz, 1 H), 5.78 (d, J = 7.6 Hz, 1 H), 4.49 (q, J = 6.9 Hz, 1 H), 3.20 

(s, 3 H), 2.88 (s, 3 H), 0.92 (d, J = 6.9 Hz, 3 H), Diastereomer B: δ 7.39-

7.28 (m, 4 H), 7.13 (t, J = 7.6 Hz, 1 H), 7.08-6.97 (m, 5 H), 6.87 (d, J = 7.8 

Hz, 1 H), 6.83 (d, J = 7.8 Hz, 1 H), 4.00 (q, J = 6.5 Hz, 1 H), 3.14 (s, 3 H), 

3.07 (s, 3 H), 0.92 (d, J = 6.5 Hz, 3 H), 13C NMR (125 MHz, CDCl3) 

Diastereomer A: δ 174.85, 172.99, 152.56, 144.96, 144.57, 130.89, 

129.03, 128.15, 127.28, 126.23, 126.06, 125.87, 124.90, 124.60, 123.07, 

122.07, 122.02, 116.65, 108.33, 108.18, 78.94, 55.55, 30.68, 26.39, 26.30, 

13.47,  Diastereomer B: δ 173.82, 170.97, 152.77, 143.81, 143.64, 

130.42, 128.74, 128.66, 127.75, 127.23, 126.32, 125.72, 125.53, 125.30, 

123.12, 123.09, 122.65, 117.97, 108.31, 107.94, 80.75, 54.65, 33.21, 

26.56, 26.54, 13.90;IR (neat) 2965, 1724, 1709, 1610, 1469 cm-1; HRMS 

(ESI) m/z 411.1738 [C26H23N2O3 (M+H) requires 411.1703]; m.p. = >260 

˚C. 

General procedure for the synthesis of bisspirooxindole 

cyclopropanes. A two-dram scintillation vial, equipped with a magnetic 

stir bar, was charged with alkylidene oxindole (E)-8 (1 equiv) and isatin 9 

(1.5 equiv). Dry, degassed CH2Cl2 (0.25 M) was added, the resulting 

solution cooled to –78 ˚C and stirred for 5 min. Then P(NMe2)3 (1.5 equiv) 

was added dropwise, and the mixture allowed to warm slowly to rt over a 

period of 2-2.5 h by removal of the dry ice/acetone bath. The solution was 

immediately concentrated under reduced pressure, and the resulting crude 

mixture was purified by flash chromatography eluting with hexanes/EtOAc 

at the indicated ratio to provide the title bis-spirooxindole cyclopropane 10. 

tert-Butyl-3´-(4-fluorophenyl)-1´´-methyl-2,2´´-dioxodispiro[indoline-

3,1´-cyclopropane-2´,3´´-indoline]-1-carboxylate (10a). 

Cyclopropanation of (E)-8a13a (152 mg, 0.60 mmol) with 9a25b (178 mg, 

0.72 mmol), purified by flash chromatography eluting with hexanes/EtOAc 

(4:1), provided 145 mg (50 %) in a 1:1 diastereometric ratio of 10a as a 

light yellow solid. Diastereoselectivity was determined by 1H NMR (500 

MHz) analysis (A: 4.38 (s, 1 H); B: 4.40 (s, 1 H)). Diastereomer A: 1H 

NMR (600 MHz, CDCl3) δ 8.03 (d, J = 7.8, 1,2 Hz, 1 H), 7.76 (d, J = 8.4 

Hz, 1 H), 7.33 (td, J = 7.8, 1.2 Hz, 1 H), 7.26 (td, J = 7.8, 1.2 Hz, 1 H), 7.23 

(td, J = 7.8, 1.2 Hz, 1 H), 7.05-7.02 (comp, 2 H), 6.98-6.96 (comp, 2 H), 

6.89 (td, J = 8.4, 1.2, Hz, 1 H), 6.84 (d, 7.2 Hz, 1 H), 4.38 (s, 1 H), 3.21 (s, 

3 H), 1.54 (s, 9 H); 13C NMR (150 MHz, CDCl3) δ 171.0, 167.1, 163.0, 

161.4, 148.7, 144.3, 139.6, 132.0, 131.9, 128.8, 128.5, 128.3, 125.6, 124.8, 

124.8, 123.4, 123.1, 121.6, 120.7, 115.1, 115.0, 114.0, 107.6, 84.4, 49.0, 

46.2, 39.3, 28.1, 26.8; Diastereomer B: 1H NMR (600 MHz, CDCl3) δ 7.93 

(d, J = 7.8 Hz, 1 H), 7.77 (d, J = 7.8 Hz, 1 H), 7.33 (td, J = 7.2, 1.2 Hz, 1 

H), 7.26 (comp, 1 H), 7.12 (td, J = 7.2, 1.2 Hz, 1 H), 7.09 (dd, J = 7.8, 1.2 

Hz, 1 H), 7.05-7.03 (m, 2 H), 7.00-6.95 (m, 3 H), 6.85 (d, J = 7.8 Hz, 1 H), 

4.40 (s, 1 H), 3.14 (s, 3 H), 1.60 (s, 9 H); 13C NMR (150 MHz, CDCl3) δ 

169.8, 168.7, 163.1, 161.4, 148.7, 143.8, 140.1, 132.1, 132.1, 128.9, 128.4, 

128.3, 125.7, 124.7, 124.7, 123.8, 122.8, 122.0, 120.2, 115.1, 115.0, 113.7, 

107.6, 84.6, 48.3, 46.7, 39.5, 28.1, 26.5; IR (neat) 2989, 2933, 1763, 1726, 

1712, 1609, 1513, 1466, 1353, 1294, 1251, 1148, 1089, 748 cm-1; HRMS 

(ESI) m/z 507.1703 [C29H25FN2O4 (M+Na) requires 507.1691]; m.p. > 

200˚C. 

tert-Butyl-3´-(4-chlorophenyl)-1´´-methyl-2,2´´-dioxodispiro[indoline-

3,1´-cyclopropane-2´,3´´-indoline]-1-carboxylate (10b). 

Cyclopropanation of (E)-8b24b (53.9 mg, 0.20 mmol) with 9a25b (48.3 mg, 

0.30 mmol), purified by flash chromatography eluting with hexanes/EtOAc 

(4:1), provided 51 mg (51%) in a 2.3:1 diastereometric ratio of 10b as a 

light yellow solid. Diastereoselectivity was determined by 1H NMR (500 

MHz) analysis (A: 4.34 (s, 1 H); B: 4.36 (s, 1 H)). Major diastereomer: 1H 

NMR (500 MHz, CDCl3) δ 8.03 (d, J = 7.8 Hz, 1 H), 7.67 (d, J = 8.2 Hz, 1 

H), 7.35 (t, J = 7.8 Hz, 1 H), 7.29-7.22 (m, 4 H), 7.05 (d, J = 6.0 Hz, 1 H), 

7.01 (d, J = 8.2 Hz, 2 H), 6.90 (t, J = 7.8 Hz, 1 H), 6.85 (d, J = 7.8 Hz, 1 H), 

4.37 (s, 1 H), 3.22 (s, 3 H), 1.54 (s, 9 H); 13C NMR (125 MHz, CDCl3) δ 

171.1, 167.3, 148.9, 144.6, 139.9, 133.8, 131.9, 129.0, 128.8, 128.6, 128.5, 

127.9, 125.8, 123.6, 123.3, 121.9, 120.9, 114.2, 107.8, 84.6, 49.1, 46.4, 

39.5, 28.3, 27.0; IR (neat) 3018, 2980, 1787, 1761, 1716, 1611, 1493, 

1466, 1350, 1151 cm-1; HRMS (ESI) m/z 523.1384 [C29H25ClN2O4 (M+Na) 

requires 523.1395]; m.p.= 199˚C. 

3´-(4-Chlorophenyl)-1,1´´-dimethyldispiro[indoline-3,1´-

cyclopropane-2´,3´´-indoline]-2,2´´-dione (4d). Cyclopropanation of (E)-

8b24b (37.6 mg, 0.14 mmol) with N-methylisatin25a 9b (32.2 mg, 0.20 mmol), 

purified by flash chromatography eluting with hexanes/EtOAc (3:1), 

provided 52 mg (90%) in a 6:1 diastereometric ratio of 4d as a light yellow 

solid. Diastereoselectivity was determined by 1H NMR (500 MHz) analysis 

(A: 4.36 (s, 1 H); B: 4.73 (s, 1 H)). Major diastereomer: 1H NMR (500 MHz, 

CDCl3) δ 8.06 (d, J = 10 Hz, 1 H), 7.34 (td, J = 1.0, 7.5 Hz, 1 H), 7.29-25 

(m, 3 H), 7.18-7.13 (comp, 2 H), 7.02 (d, J = 10 Hz, 2 H), 6.91 (td, J = 1.0, 

7.5 Hz, 1 H, 6.85 (dd, J = 7.5, 1.5 Hz, 2 H), 4.36 (s, 1 H), 3.23 (s, 3 H), 

3.15 (s, 3 H); 13C NMR (125 MHz, CDCl3) 172.0, 169.6, 144.5, 144.0, 133.7, 

132.0, 129.3, 128.6, 128.5, 128.4, 128.4, 126.0, 124.7, 121.9, 121.5, 121.5, 

107.7, 47.8, 45.7, 39.8, 27.0, 26.7; IR (neat) 2981, 2923 2855, 1764, 1710, 

1708, 1609, 1467, 1343, 1088, 748 cm-1; HRMS (ESI) m/z 437.1027 

[C25H19ClN2O2 (M+Na) requires 437.1027]; m.p. = 100-105 ˚C. 

3´-(4-Chlorophenyl)-5-methoxy-1,1´´-dimethyldispiro[indoline-3,1´-

cyclopropane-2´,3´´-indoline]-2,2´´-dione (4e). Cyclopropanation of (E)-

8b24b (37.6 mg, 0.14 mmol) with 5-methoxy-1-methylindoline-2,3-dione26 

9c (32.2 mg, 0.20 mmol), purified by flash chromatography eluting with 

hexanes/EtOAc (3:1), provided 30 mg (46%) in a 10:1 diastereometric ratio 

of 4e as a green-gray solid. Diastereoselectivity was determined by 1H 

NMR (400 MHz) analysis (A: 4.32 (s, 1H); B: 4.37 (s, 1H)). Major 

diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 4.0 Hz, 1H), 7.31-

7.27 (comp, 2H), 7.23 (dd, J = 0.8, 6.8 Hz, 1H), 7.06-7.04 (comp, 2H), 6.94 

(td, J = 1.2, 8.0 Hz, 1H), 6.90 (d, J = 2.8 Hz, 1H), 6.88 (d, J = 2.4 Hz, 1H), 

6.86 (d, J = 7.6 Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 4.32 (s, 1H), 3.88 (s, 3H), 

3.24 (s, 3H), 3.12 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 171.96, 169.17, 

155.42, 144.53, 137.59, 133.73, 132.01, 132.01, 129.39, 128.67, 128.41, 

128.41, 128.37, 125.98, 121.63, 121.48, 113.48, 133.14, 107.84, 107.69, 

56.21, 47.82, 45.69, 40.07, 27.05, 26.78; IR (neat) 2925, 2854, 1708, 1610, 

1466 cm-1; HRMS (ESI) m/z 445.1328 [C26H21ClN2O3 (M+H) requires 

445.1313]; m.p. >220˚C. 

3´-(4-Fluorophenyl)-1-methyldispiro[indoline-3,1´-cyclopropane-

2´,3´´-indoline]-2,2´´-dione (4b). A solution of trifluoroacetic acid (57 mg, 

0.5 mmol, 38 μL) in CH2Cl2 (0.2 mL) was added dropwise to a stirred 

solution of 10a (18.6 mg, 0.04 mmol) in CH2Cl2 (0.10 mL) at rt and stirred 

for 3 h. The resulting solution was then diluted with CH2Cl2 (1 mL) and 

neutralized with saturated aqueous NaHCO3 (2 mL), transferred to a 
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separatory funnel, and the layers separated. The aqueous phase was 

extracted with CH2Cl2 (3 x 3 mL) and the combined organic extracts were 

washed with saturated aqueous NaCl (4 mL) then concentrated under 

reduced pressure to provide 15 mg (quant.) of 4b as a light yellow solid. 
1H NMR (500 MHz, CDCl3) δ 8.24 (s, 1 H), 8.01 (d, J = 7.8 Hz, 1 H), 7.26-

7.23 (m, 2 H), 7.11-7.7.08 (m, 2 H), 7.07-7.05 (m, 2 H), 6.97 (m, 2 H), 6.88 

(td, J = 7.8, 1.2 Hz, 1 H), 6.83 (d, J = 7.8 Hz, 1 H), 6.80 (d, J = 7.8 Hz, 1 

H), 4.36 (s, 1 H), 3.22 (s, 3 H); 13C NMR (150 MHz, CDCl3) δ 171.6, 171.5, 

163.0, 161.4, 144.3, 140.7, 132.1, 132.1, 128.9, 128.2, 128.2, 126.1, 125.3, 

125.3, 125.1, 121.6, 121.2, 121.1, 115.0, 114.9, 109.1, 107.6, 48.0, 45.7, 

39.6, 26.8; IR (neat) 3143, 3079, 3002, 1706, 1608, 1512, 1469, 1342, 

1085, 833, 745 cm-1; HRMS (ESI) m/z 385.1369 [C24H18FN2O2 (M+1) 

requires 385.1347]; m.p. > 220˚C. 

3´-(4-Chlorophenyl)-1-methyldispiro[indoline-3,1´-cyclopropane-

2´,3´´-indoline]-2,2''-dione (4c). A solution of trifluoroacetic acid (35.1 mg, 

0.31 mmol, 24 μL) in CH2Cl2 (0.12 mL) was added dropwise to a stirred 

solution of 10b (11.2 mg, 0.02 mmol) in CH2Cl2 (0.10 mL) at rt and stirred 

for 3 h. The resulting solution was then diluted with CH2Cl2 (1 mL) and 

neutralized with saturated aqueous NaHCO3 (2 mL), transferred to a 

separatory funnel, and the layers separated. The aqueous phase was 

extracted with CH2Cl2 (3 x 3 mL) and the combined organic extracts were 

washed with saturated aqueous NaCl (4 mL) then concentrated under 

reduced pressure to provide 9 mg (quant.) of 4c as a white solid. 1H NMR 

(500 MHz, CDCl3) δ 8.17 (s, 1 H), 8.05 (d, J = 7.8 Hz, 1 H), 7.32-7.28 (m, 

4 H), 7.15 (d, J = 7.5 Hz, 2 H), 7.07 (d, J = 7.5 Hz, 2 H), 6.94 (td, J = 7.65, 

1.0 Hz, 1 H), 6.89-6.85 (comp, 2 H), 4.39 (s, 1 H), 3.26 (s, 3 H); 13C NMR 

(150 MHz, CDCl3) δ 171.7, 171.6, 144.5, 140.9, 133.7, 132.0, 129.0, 128.4, 

128.4, 128.4, 128.3, 126.2, 125.9, 125.2, 124.1, 121.8, 121.3, 121.3, 112.4, 

109.3, 107.8, 48.0, 45.9, 39.7, 29.8, 27.0 ;IR (neat) 3245(b), 3084, 2924, 

1707, 1612, 1492, 1469, 1339, 1087; HRMS (ESI) m/z 423.0886 

[C24H17ClN2O2 (M+Na) requires 423.0871]; m.p. > 220˚C. 

Cell culture. Human breast cancer cell lines MDA-MB-231 and MDA-MB-

231-Br were cultured in DME/F12 with 10% fetal bovine serum (FBS), 2.5 

mM L-Glutamine, 15 mM HEPES and penicillin (100 unit/mL)/streptomycin 

(100 µg/mL). All cell lines were maintained and grown in a 37°C incubator 

with 5% CO2. Parental MDA-MB-231 cells were purchased from ATCC. 

The MDA-MB-231-Br cell line was developed by in vivo selection of brain 

trophic sub-lines by a minimum of three rounds of intracardiac injection. 

EC50 determination. To generate a randomized plate for compound 

screening, all compounds were first solubilized in DMSO at 10 mM. 10 mM 

compounds were serially 1:10 diluted into DMSO to span a concentration 

range from 10 mM to 1 nM. An Eppendorf EpMotion 5075 robotic pipettor 

followed a randomization program to dilute compounds 1:10 into DME/F12 

medium without FBS. The randomized plate contained compounds in 10% 

DMSO spanning a concentration range from 1 mM to 100 pM. Cells were 

plated in 96 well tissue culture plates at a concentration of 1,000 cells/well 

in 90 µL of medium, and given overnight to adhere. 10 µL of compound 

was pipetted from the randomized plates to the cell plates, yielding a 

working solution of 1% DMSO, with compound concentrations ranging 

from 100 µM to 10 pM. Plates were incubated for four days, then fixed and 

stained using a sulforhodamine B assay.27 Briefly, medium was removed 

and cells were fixed in 10% tricholoracetic acid (Sigma-Aldrich) for one 

hour. Plates were rinsed repeatedly in deionized water and dried, prior to 

staining with a solution of 0.4% sulforhodamine B (Sigma-Aldrich) in 1% 

acetic acid (Sigma-Aldrich). Following one hour of staining, plates were 

rinsed 5 times in 1% acetic acid, and dried. 100 µL of 10 mM tris base was 

used to solubilize each well. Plates were incubated on an orbital shaker 

for 10-20 minutes to ensure full solubilization, and absorption at 554 nm 

was read an a BioTek Synergy H1 plate reader. Deconvolution of the 

randomization was performed in MATLAB (MathWorks), and EC50 values 

were calculated by performing a non-linear four parameter curve fit in 

Prism 6 (GraphPad Software). Three technical replicates were performed 

for each experiment, and all experiments were repeated three times. 

RNA-sequencing and molecular mechanism of action prediction. 

MDA-231-Br cells were plated in 6 well plates such that they would be 70% 

confluent and allowed to adhere overnight. Cells were treated with 4b at 

the five times the EC50 value, 62.5 µM. Cells were collected in triplicate at 

6, 12 and 24 hours post treatment, and RNA extracted with the PureLink 

kit (Invitrogen). Libraries for RNA sequencing were prepared according to 

the SmartSeq2 protocol.28 Briefly, mRNA was specifically amplified using 

a primer complimentary to the polyA tail, and a template-switching 

oligonucleotide. This primer combination makes it possible to perform 

subsequent polymerase chain reaction (PCR) amplifications with a single 

primer set. Following first round amplification of whole mRNA sequences, 

a transposase-based system (Illumina Nextera XT DNA sample 

preparation kit) is used for tagmentation, where each library is broken into 

300-800 bp fragments, which are tagged on both ends. This product is 

then PCR amplified using a bar-coded primer, so that multiple libraries can 

be pooled for a single sequencing run. All 12 sequencing libraries were run 

together in a single run on the Illumina MiSeq machine, using the V3 150 

cycle kit, programmed for dual-end 75 bp reads. Following RNA 

sequencing, transcripts were aligned to the genome, and read counts were 

normalized using the TopHat and Cufflinks suite of tools.29 DeMAND 

analysis was performed in R using the BioConductor software provided 

with the original manuscript.18 One modification was made to the RNA-

sequencing data to facilitate the use of DeMAND. The DeMAND algorithm 

was developed for use on microarray data, which is significantly noisier 

than RNA-sequencing data due to the nature of the technology – reading 

fluorescence versus counting transcripts. Microarray data will never yield 

three identical values across biological replicates, while RNA-sequencing 

can yield identical replicates, particularly for undetectable transcripts, 

which will have zero counts across all replicates. To estimate the 

probability that the change in gene expression between vehicle and 

treatment is greater than would be expected randomly, DeMAND 

compares probability density functions. The probability density functions 

are generated by performed kernel density smoothing on the experimental 

replicates for each gene. Kernel density smoothing cannot be applied to 

three identical values; therefore, to facilitate the use of DeMAND to 

analyze our RNA-sequencing data we added noise to our data in the form 

of random values drawn from a normal distribution with mean = 0.1% of 

the maximum read count, and standard deviation = 0.01% of the maximum 

read count. We examined the robustness of the DeMAND algorithm to 

0.01%, 0.1%, 1% and 10% noise, and verified that the addition of noise 

did not alter the results. For analysis of broad drug mechanism of action 

classes, multiple gene annotation sets were combined. Apoptosis: GO 

biological process – Regulation of apoptosis, GO biological process – 

Apoptotic program. Cell cycle: GO biological process – Regulation of the 

cell cycle, Biocarta – Cell cycle pathway. Ribosome: KEGG – Ribosome, 

GO biological process – Ribosome biogenesis and assembly. Microtubule 

disruption: GO biological processes – Microtubule polymerization or 

depolymerization, Reactome – Formation of tubulin folding intermediates, 

GO biological processes – Microtubule cytoskeleton organization and 

biogenesis. DNA damage: KEGG mismatch repair, KEGG non-

homologous end joining, KEGG nucleotide excision repair. Kinase 

activation: GO biological processes – Activation of protein kinase activity, 

GO molecular function – Kinase regulator activity. GPCR activation: 

Biocarta – GPCR pathway, Reactome – Signaling by GPCR. Ion channel 

signaling: GO molecular function – Extracellular ligand gated ion channel 

activity, GO molecular function – Ion channel activity, GO molecular 

function – Ligand gated channel activity. For each gene in the combined 

gene set, the rank in the DeMAND. The genes predicted by DeMAND to 

be affected by 4b treatment were ranked, with 1 being the gene whose 

regulon was most significantly altered by treatment. The rank of each gene 

in the combined gene sets was plotted. 

Protein assay. MDA-231-Br cells were plated in 96 well tissue culture 

plates at a concentration of 10,000 cells/well in 90 µL of medium, and given 

overnight to adhere. Treatments were prepared in medium at 10x EC25 

concentrations and 10 µL was pipetted to the cell plates, yielding a working 

solution of 1% DMSO, with EC25 concentrations – doxorubicin (1.14 µM), 

paclitaxel (0.05 µM), 4b (62.3 µM). Cells were lysed in RIPA lysis buffer 

(ThermoFisher, 89900), with the addition of 2% SDS, and protease and 
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phosphatase inhibitor (Life Technologies, 88668) according to the 

manufacturer’s instructions. Lysate was assayed for protein concentration 

using the Pierce BCA protein assay kit (ThermoFisher, 23225) according 

to the manufacturer’s instructions. 

Phalloidin staining. At the protein assay endpoint, cells were stained 

with Alexa Fluor 594 Phalloidin (ThermoFisher, A12381) according to the 

manufacturer’s instructions. Briefly, cells were washed twice with PBS, 

fixed in 4% PFA for ten minutes, washed twice with PBS, and 

permeablized with 0.1% Triton-X for 5 minutes. Cells were washed twice 

with PBS, blocked with 1% BSA in TBST for 5 minutes, and stained with 

phalloidin in 1% BSA in TBST for 20 minutes. Cells were counterstained 

with DAPI to show nuclei, washed twice with PBS and imaged in PBS. 

Imaging was performed on an EVOS FL system (Life Technologies) with 

a 20x objective. 

Protein synthesis assay. MDA-231 cells were plated on cover slips at 

a concentration of 5,000 cells/slip in 90 µL of medium, and given overnight 

to adhere. Treatments were prepared in medium at 5x EC50 concentrations 

and 10 µL was pipetted to the cell plates, yielding a working solution of 1% 

DMSO, with EC50 concentrations – doxorubicin (2 µM), paclitaxel (0.05 

µM), 4b (100 µM). After treatment, the drug-containing medium was 

removed and replaced with a solution of methionine-free media and Click-

iT® HPG (an alkyne-containing methionine derivative). The cells were 

incubated for 30 minutes. Then, the Click-iT® HPG solution was removed, 

and the cells were washed once with PBS. Then the cells were fixed with 

3.7% formaldehyde in PBS, incubated for 20 minutes, washed twice with 

3% BSA in PBS, permeabilized with 0.5% Triton in PBS, and incubated for 

20 minutes. Newly synthesized protein was detected using the Click-iT™ 

HPG Alexa Fluor™ 488 Protein Synthesis Assay Kit (ThermoFisher 

C10428) according to the manufacturer’s instructions. 

Protein detection. At the protein assay endpoint, the permeabilization 

solution was removed, and cells were washed twice with 3% BSA in PBS. 

Click-iT® reaction cocktail (prepared according to the manufacturer’s 

instructions) was added to each coverslip, and the cells were allowed to 

incubate for 30 minutes, protected from light. The reaction cocktail was 

removed, and the cells were washed once with Click-iT® reaction rinse 

buffer. Cell DNA was stained with HCS NuclearMask™ Blue Stain, and the 

cells were allowed to incubate for 30 minutes, protected from light. The 

staining solution was removed, and the cells were washed twice with PBS. 

Imaging with performed on an EVOS FL system (Life Technologies) with 

a 20x objective. 
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This study demonstrates the value of an integrated, biologically-inspired synthesis and assay strategy for the identification of potential 

small molecule drug candidates. The combination of scaffold-directed synthesis in conjunction with a hybrid 

experimental/transcriptome analysis successfully identified a subset of bis-spirooxindole cyclopropanes that were shown to inhibit 

cancer cell proliferation through the disruption of ribosomal function. 
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