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Abstract

Previously, we described a series of salicylhydrazide compounds with potent anti-cancer activities 

against a panel of human cancer cell lines derived from different origins. Preclinical evaluation 

showing efficacy both in vitro and in vivo in human cancer models indicated that these agents may 

represent a promising class of anticancer drugs. In the present study, we performed an in-depth 

investigation on the underlying molecular mechanisms of the most potent compounds, SC21 and 

SC23, using a proteomic method and bioinformatics tools. We demonstrated that SC23 induced 

apoptosis through multiple signaling pathways. In particular, SC23 regulated the expression of 

Bcl-2, p21, acetylated histone H3 and β-tubulin and the combined modulation of these proteins 

may result in the induction of apoptosis. We also examined the effect of SC21 and SC23 on cell 

cycle progression and found that both compounds arrested cells in S-phase in most cell lines 

tested. To better understand the signaling networks involved, we analyzed the SC21- and SC23-

treated cell lysates by the Kinexus™ 628 antibody microarray. The results were interpreted with 

the aid of Ingenuity Pathway Analysis (IPA) software. It was found that SC21 interfered with JAK/

STAT signaling and elicited apoptosis through Fas and caspases pathways. Unlike SC21, SC23 

induced RAR activation and caused cell cycle arrest. The signaling networks identified by this 

work may provide the basis for future mechanistic studies. The validation of the proposed 

pathways and the elucidation of the signaling cross-talk are currently under way.

INTRODUCTION

Cancer is the second leading cause of death world-wide. Despite great progress in the 

development of anticancer drugs, there is still a desperate need for more effective and well-

tolerated agents [1, 2]. The discovery of anticancer chemotherapeutics is highly challenging 

due to the nonselective, multi-target mechanisms employed by most agents [3, 4]. Therefore, 

a major objective in drug discovery programs is the identification of suitable lead 
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compounds with desired biological activities and selective molecular targets. Insufficient 

target validation frequently causes failures in the drug development [5, 6]. Previously, we 

reported a salicylhydrazide class of compounds as potent HIV-1 integrase (IN) inhibitors. 

The development of this class of compounds as anti-retroviral agents was halted due to their 

cytotoxicities resulting from a lack of selectivity for integrase [7-10]. The remarkable 

cytotoxicity of this class of compounds led us to explore their potentials as anticancer 

agents. In searching our in-house multiconformational database of 5 million compounds for 

anticancer drug leads, we identified more than 2,200 compounds having common structures 

and pharmacophore fragments. Compounds satisfying absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) criteria were obtained from commercial sources and 

subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for 

initial cytotoxicity screening. Eighteen compounds showed notable activities in the cell-

based assays. Among these, SC21 and SC23 were found to be highly potent against a panel 

of cancer cell lines [11]. Further detailed studies revealed that SC21 exerted its in vitro 
biological functions by triggering cell cycle arrest and apoptosis in several cancer cell lines 

derived from different origins. In addition to its in vitro activities, SC21 also exhibited 

potent in vivo efficacy at dosages as low as 0.3 mg/Kg in a prostate cancer mouse xenograft 

model [11]. Our preclinical evaluation of SC21 and SC23 suggests that salicylhydrazides 

may represent a promising class of anticancer drugs. Accordingly, there was a need to better 

understand signaling networks affected in order to optimize the structures of these 

compounds and improve their anticancer therapeutic potential.

Bioinformatics technologies allow simplification of complex biological systems to better 

understand signaling and metabolic pathways. The application of bioinformatics continues 

to impact drug discovery and it is being widely used in all phases of drug discovery 

processes [12]. In our current study, we explored the molecular mechanisms of SC21 and 

SC23 cytotoxicity using proteomics and it bioinformatics analysis. We found several 

proteins, including β-tubulin, myc promoter-binding protein (MPB-1), and vimentin to be 

significantly changed by SC23. Validation of β-tubulin up-regulation by Western blotting, 

confocal microscopy and flow cytometry was consistent with the proteomic observations. In 

order to understand the underlying mechanisms involved in the activity of SC21 and SC23, 

we searched for potentially targeted signaling molecules using the Kinexus™ 628 antibody 

microarray analysis. The expressions of numerous proteins were identified to be 

significantly altered in response to treatment. We next analyzed the signaling pathways 

mediated by SC21 and SC23 with the aid of the Ingenuity Pathway Analysis (IPA) platform. 

Interestingly, it was found that these two compounds have distinct mechanisms of action as 

proposed by IPA even though they are structurally very similar. In brief, SC21 was 

suggested to play a role in post-translational modifications and small molecule biochemistry 

through JAK/STAT signaling and apoptosis pathways, whereas, SC23 was found to act on 

cell cycle regulation and cancer biology by controlling the cell cycle checkpoint and 

interfering with retinoic acid receptor (RAR) activation pathways. Validation of the 

signaling pathways using molecular biological tools is currently under way.
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RESULTS AND DISCUSSION

SC21 and SC23 Exhibit Remarkable Potency against a Panel of Cancer Cell Lines

The cytotoxicities of SC21 and SC23 (Fig. 1) were examined in a large panel of human 

cancer cell lines, including the National Cancer Institute’s NCI60 cell lines and non-small 

cell lung cancer (NSCLC) cell lines, using MTT assay (Table 1). In all the cell lines tested, 

both SC21 and SC23 showed potent cytotoxicity in the nanomolar to submicromolar range, 

an activity comparable to that of camptothecin (CPT) (data not shown). In particular, both 

compounds exhibited excellent activities against doxorubicin-resistant NCI/ADR-RES cells 

with IC50 values less than 0.1 μM. Their toxicity in NCI/ADR-RES cells is noteworthy 

because this cell line overexpresses multi-drug resistant transporters, the most common 

mechanism for acquired resistance by cancer cells [13]. Considering their broad-spectrum 

cytotoxicity profiles, we further examined the effects of SC21 and SC23 on tumor cell 

viability and proliferation using colony formation assays in selected cell lines, including 

HCT116 p53+/+ and HCT116 p53−/− colon cancer cell lines. Unlike MTT assay, colony 

formation assay reflects multiple forms of cell death, including necrosis and autophagy, in 

addition to apoptosis, and, therefore, it is more indicative of the cellular response to 

chemotherapeutics [14-6]. As expected, the exposure of both cell lines to SC21 (data not 

shown) and SC23 (Fig. 2A) resulted in significant inhibition of colony formation, further 

confirming their potent cytotoxic properties. Interestingly, SC23 exhibited a stronger 

suppression on the colony formation in HCT116 p53−/−, which suggests that not only 

apoptotic cell death, but other types of cell death may be induced in this cell line [17].

SC21 and SC23 Treatments Disrupt Cell Cycle Progression in NSCLC

Cell cycle perturbations induced by SC21 and SC23 were examined in several cell lines, 

including A549 and H1299 non-small cell lung cancer (NSCLC) cells. Cells were treated 

with SC21 and SC23 for 24, 48, and 72 h. The analysis of DNA profiles by flow cytometry 

demonstrated that both compounds halted cell cycle progression at S-phase in both cell lines 

(Fig. 2) In particular, at 48 h, there was an increase of 35% and 22% of cells retained in S-

phase in SC21-treated A549 and H1299 cells, respectively, and 12% and 26% of S-phase 

arrested cells in SC23-treated A549 and H1299 cells, respectively, as compared to their 

corresponding untreated control cells. Interestingly, SC21 caused G0/G1 phase arrest in 

DU145 and MDA-MB-435 cells as reported in our previous study [11], while SC23 

accumulated cells in S-phase in all the cell lines tested so far, similar to the S-phase arrest 

properties of CPT [18] (data not shown). The differential cell cycle arrest pattern of SC21 

and SC23 indicated that they function through distinct mechanisms. The properties of SC21 

and SC23 to disrupt cell cycle progression potentially make them attractive agents for 

combination treatment with drugs such as paclitaxel that act at different stages of the cell 

cycle.

SC23 Induces Apoptosis in Human Colon Cancer Cell Lines

Intracellular reactive oxygen species (ROS) trigger apoptosis by promoting the release of 

cytochrome c, regulating the kinase activity of DNA-PK and stabilizing Topo II-DNA 

cleavable complexes [19, 20]. To investigate whether ROS contribute to the cytotoxicity 

observed in SC21- and SC23-treated cells, we measured the changes of mitochondrial ROS 
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production in SKOV-3 cells exposed to these two compounds. Mitochondrial ROS were 

detected with MitoSOX Red Mitochondrial Superoxide Live Cell Indicator and analyzed by 

flow cytometry [21]. As shown in Fig. (3B) neither SC21 nor SC23 stimulated ROS 

production after 24 h treatment. Similar results were also observed in EKVX cells (data not 

shown). These findings suggested that the two compounds trigger cell death through 

mechanisms other than ROS induction.

Cytotoxic anticancer drugs commonly elicit apoptosis [22]. A hallmark of apoptosis is the 

breakdown of nuclear DNA into multiple ~200 bp oligonucleosomal DNA fragments. 

Focusing our studies on SC23, we examined the role of apoptosis in SC23-mediated cell 

death by nuclear DNA fragmentation assays. HCT116 p53+/+ and HCT116 p53−/− cells were 

treated with 5 μM of SC23 for various times and the extracted total DNA was separated on a 

1% agarose gel. As shown in Fig. (3C), fragmented DNA appeared 24 h after treatment and 

the amount of DNA fragments increased after 48 h treatment in both cell lines, indicating 

that SC23 elicits early apoptosis in a time-dependent manner. It is noteworthy that the 

different p53 status in these two cell lines implies that SC23 utilizes both p53-dependent and 

–independent apoptotic mechanisms. Previously, we also demonstrated that SC21 activity is 

mediated by apoptosis in a fashion comparable to that of CPT [11]. Based on these 

observations, we assumed that apoptosis is one of the mechanisms of SC23- and SC21-

induced cytotoxicity and we continued to investigate the roles of several apoptosis-related 

genes.

A great number of genes involved in apoptosis have been found to be defective in cancer 

cells. Among them, the anti-apoptotic protein Bcl-2 is known to be overexpressed in most 

human malignancies [23]. Bcl-2 inhibits the release of cytochrome c through permeability 

transition pores (PTP) within the mitochondrial membranes [24, 25]. The importance of 

Bcl-2 in cancer therapy is exemplified by the findings that its overexpression contributes to 

chemoresistance by blocking the apoptotic pathways involved with the mechanisms of 

action of many currently available anticancer drugs. Therefore, down-regulation of Bcl-2 

might be an attractive strategy for anti-cancer drug development [26]. To understand the 

mechanisms of SC23-induced apoptosis, we employed Western blotting to examine the 

protein levels of Bcl-2 in response to SC23 treatment. SC23 decreased Bcl-2 protein levels 

in both cell lines at concentrations above 0.5 μM (Fig. 3D, lanes 3-5 versus lane 1). The fact 

that SC23 down-regulated the protein levels of the anti-apoptotic Bcl-2 indicated that it may 

function as a Bcl-2 inhibitor to induce cell death.

Besides Bcl-2, several other genes, such as EGR-1 and p53, are also closely involved in the 

process of apoptosis and cell proliferation and their expression has been found to be altered 

in cancer cells [27-30]. To further delineate the mechanisms of SC23 cytotoxicity, we 

examined the expression of several signaling molecules in two sensitive cell lines by 

Western blotting. In MDA-MB-435 cells, SC21 and SC23 increased protein levels of p21 

and acetylated histone H3 (Fig. 3E). In SKOV-3 cells, SC21 enhanced protein levels of 

acetylated histone H3, similar to the result observed in MDA-MB-435 cells, while SC23 

failed to do so (Fig. 3F). In both cell lines neither SC21 nor SC23 affected EGR-1 protein 

levels (Fig. 3E and Fig. 3F). In addition to EGR-1, p53, an important pro-apoptotic protein, 

was also found to remain unchanged by both compounds in MDA-MB-435 cells (Fig. 3E). 

Cao et al. Page 4

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We were not able to examine the protein expression of p21 and p53 in SKOV-3 cells due to 

undetectable levels in this particular cell line [31, 32]. In summary, SC21 and SC23 acted 

through multiple apoptosis-related signaling pathways. The interplay among these pathways 

may explain the potent cytotoxicities exhibited by SC21 and SC23.

A Proteomics Approach Reveals that SC23 Regulates the Expression of Multiple Proteins

The broad-spectrum cytotoxicity of SC23 and its effects on several apoptosis-related 

proteins prompted us to further explore its molecular mechanisms of action. Using 

proteomics- based technology, we compared the protein expression profiling between 

untreated and SC23-treated cells following 2-D gel electrophoresis. A representative section 

of 2-D gel is presented in Fig. (3A). The protein spots on 2-D gels were quantified with 

PDQuest software (Bio-Rad) and approximately 125 spots were identified as being 

significantly changed (> 2-fold). Proteins regulated by SC23 include β-tubulin, myc 

promoter-binding protein (MPB-1), retinoblastoma-binding protein 7, vimentin, enolase, 

phosphopyrubate hydratase β, and mitochondrial ATP synthase β chain. To confirm the 

proteins identified by PDQuest software, proteins corresponding to β-tubulin and MPB-1 

were digested and the digested peptides were analyzed by tandem mass spectrometry. Figs. 

(3B and 3C) show the spectra of β-tubulin peptide (EVDEQMLNVQNK) and MPB-1 

peptide (VNQIGSVTESLQAC*K), respectively. In general, we were able to identify most 

of the proteins with more than 40% sequence coverage. The spots that did not show good 

peptide coverage either due to insufficient amount of sample, low protein abundance, or lack 

of reliable fragments were not explored further. By using this proteomics approach, we 

identified a set of proteins that were significantly changed by SC23. The characterization of 

these proteins could provide valuable insights for our future in-depth mechanistic studies.

Among the identified proteins showing significant changes in our proteomic studies, β-

tubulin was found to be up-regulated 4-fold by SC23. To validate the results generated by 

proteomic analysis, we examined β-tubulin protein levels using different approaches. In 

particular, SC23 increased protein levels of β-tubulin at concentrations above 0.5 μM (Fig. 

4D). The Western blotting results were further confirmed by confocal microscopy (Fig. 4E) 

and flow cytometry, which also demonstrated the time-dependent pattern of β-tubulin 

induction by SC23 (Fig. 4F). Regulation of β-tubulin protein levels is of biological 

significance considering the pivotal roles played by microtubules in cell proliferation, 

motility, cell shape and signaling. The dynamics of microtubules is critical for normal 

cellular functions and, hence, disruption of the dynamics, such as altering the free tubulin 

pool, could lead to apoptosis [33]. Based on the above observations, we conclude that 

modulation of β-tubulin expression and possibly, microtubule dynamics as well, may 

represent an additional mechanism utilized by SC23 to induce cell death.

Network Analysis Using Ingenuity Pathway Analysis (IPA) Software

To further understand their mechanisms of action, we subjected SC21- and SC23-treated cell 

lysates to Kinexus™ 628-antibody microarray analysis to identify potential signaling 

molecules. 350 pan-specific and 270 phospho-site antibodies were included to track changes 

in protein expression and phosphorylation status. The cell lysates were run in parallel on the 

Kinexus™ antibody chip and the differential binding of dye-labeled proteins was detected 

Cao et al. Page 5

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and quantified (Fig. 5A). Proteins with significantly altered expressions were identified and 

the results are summarized in Table 2 to Table 5.

To understand the signaling networks affected by SC21 and SC23, we uploaded the sets of 

altered pan-specific proteins to the IPA bioinformatics platform. All the proteins uploaded 

were recognized by the IPA software as being eligible for pathway analysis. Several 

pathways were proposed as a result of the knowledge base data curation. For SC21, the 

major canonical pathways proposed by IPA were JAK/STAT signaling and apoptosis 

pathways, which had the lowest p-values; 9.94 × 10−7 and 4.86 × 10−6, respectively (Fig. 

5B). The involvement of JAK/STAT signaling is based on the up-regulation by SC21 of 

several kinases and transcription factors, including AKT3, signaling transducer and activator 

of transcription 2 (STAT2), Janus kinase 2 (JAK2), and MAPK3. The JAK/STAT signaling 

pathway is critical in transmitting external stimuli from the cell membrane to target genes in 

the nucleus and its key roles in cell growth, cell differentiation and apoptosis are widely 

recognized [34, 35]. It is noteworthy that every signaling pathway is a component of larger 

signaling cross-talk networks. Hence, activation of JAK could initiate multiple signals to 

numerous downstream targets, such as AKT, STAT, GRB2 and MAPK, which serve as 

principal nodes for other important signaling pathways [36-38]. For example, several kinases 

whose expression are altered by SC21, including Tyro3, SIRPA, NTRK1 and ERK, elicit 

their biological functions through the ATK signaling pathway [37, 39-42]. Therefore, the 

effect of JAK/STAT pathway activation is amplified as a result of cross-talk among signaling 

pathways and thus it is conceivable that abnormal activation of the JAK/STAT pathway 

would lead to cellular dysfunction. In addition to JAK/STAT signaling, the apoptosis 

pathway was also suggested to be involved in SC21-mediated cytotoxicity based on the 

changes in expression of several apoptosis-related molecules in response to SC21 treatment. 

In particular, CASP8, CDC2, FasLG and MAPK3 expressions were found to be significantly 

altered. It is known that activation of Fas triggers apoptosis by initiating the enzymatic 

activities of caspase8/10 [43], which would further positively regulate the functions of the 

pro-apoptotic Bid protein [44-46]. Additionally, phosphorylation of the pro-apoptotic Bcl-2 

family protein BAD by CDC2 is required for its proper apoptotic functions [47, 48]. 

Therefore, the effect of these proteins converges on the Bcl-2 family and their combined 

regulation consequently elicits apoptosis.

For SC23, the major proposed canonical pathways involve RAR activation and cell cycle 

checkpoint control, with p-values of 2.42 × 10−5 and 2.42 × 10−4, respectively (Fig. 5C). 

RAR is an important transcription factor that regulates cell growth and survival. In our 

antibody microarray study, several upstream effectors of nuclear RAR signaling, including 

STAT5, PKA and MAPKAPK2, were found to be altered by SC23 [49-51]. In addition, 

CSK, a down-stream target of cytoplasmic RAR, was also shown to be changed by SC23, 

suggesting that both nuclear and cytoplasmic forms of RAR are involved. The apparent 

regulation of cell cycle checkpoint by SC23 is based on the expression changes of several 

cell cycle-related proteins, such as CDC2, cyclin A, CDK4 and CDK6. CDC2 (also known 

as CDK1) is a member of the Ser/Thr protein kinase family that is essential for G1/S and 

G2/M phase transitions in the eukaryotic cell cycle, depending on which cyclins it binds to. 

Specifically, cyclin A/E-CDC2 and cyclin E-CDK4/6 permit the transition from G1 through 

S [52, 53]. The cell cycle checkpoint pathway proposed by IPA is consistent with our cell 
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cycle analysis, which showed that SC23 arrested cells at S phase (Fig. 2) The different 

pathway networks mediated by SC21 and SC23 suggested that these two compounds elicit 

unique signaling effects even though their chemical structures are closely related, and 

therefore, their ultimate biological effects would presumably be distinct. To understand the 

biological functions of SC21 and SC23, we applied IPA compare analysis tool and examined 

their functions in different aspects of biology. As hypothesized, SC21 and SC23 do exert 

differential cellular functions (Fig. 4D). SC21 affects post-translational modification and 

small molecule biochemistry, whereas, SC23 elicits cell death, cell cycle arrest and DNA 

repair. It is apparent from these analyses that SC21 and SC23 have distinct molecular 

mechanisms and cellular functions and that they may represent different classes of 

anticancer drugs. The validation of the IPA pathways with biological techniques is currently 

under way.

EXPERIMENTAL PROCEDURES

Cell Culture

H1299, MDA-MB-435, cells were purchased from the American Type Cell Culture 

(Manassas, VA). H2228 cells were kindly provided by Dr. Ita Laird-Offringa (USC Norris 

Cancer Center). HCT116 p53+/+ and HCT116 p53−/− cells were kindly provided by Dr. Bert 

Vogelstein (Johns Hopkins Medical Institutions, Baltimore, MD). Cells were maintained as 

monolayer cultures in the appropriate media: RPMI 1640 (NCI60 cell lines, H2228, 

HCT116 p53+/+, and HCT116 p53−/−) or DMEM (MDA-MB-435) supplemented with 10% 

fetal bovine serum (FBS) (Gemini-Bioproducts, Woodland, CA) and 2 mmol/L L-Glutamine 

at 37 °C in a humidified atmosphere of 5% CO2. To remove adherent cells from the flask for 

subculture and counting, cells were washed with PBS without calcium or magnesium, 

incubated with a small volume of 0.25% trypsin-EDTA solution (Sigma-Aldrich, St. Louis, 

MO) for 5-10 min, resuspended with culture medium and centrifuged. All experiments were 

performed using cells in exponential growth. Cells were routinely checked for Mycoplasma 
contamination using a PCR-based assay (Stratagene, Cambridge, UK) or PlasmoTest 

(InvivoGen, San Diego, CA).

Cytotoxicity Assays

Cytotoxicity was assessed by a MTT assay as previously described [54]. Cells were seeded 

in 96-well microtiter plates and allowed to attach. Cells were subsequently treated with a 

continuous exposure to the corresponding drugs for 72 h. An MTT solution (at a final 

concentration of 0.5 mg/mL) was added to each well and cells were incubated for 4 h at 37 

°C. After removal of the supernatant, DMSO was added and the absorbance was read at 570 

nm. All assays were done in triplicate. An IC50 value was then determined for each drug 

from a plot of log (drug concentration) versus percentage of cell kill.

Colony Formation Assays

Colony formation assays were also performed to confirm the activity of compounds as 

previously described [55]. Cells were plated in 6-well plates at a density of 100 cells/well 

and allowed to attach for 24 h. The following day, serial dilutions of SC23 were added and 

cells were incubated with treatments for 24 h. After exposure, cells were washed in PBS and 
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cultured in compound-free media until colonies formed (8 to 10 days). Cells were 

subsequently washed, fixed with a 1% glutaraldehyde solution for 30 min and stained with a 

solution of crystal violet (2%, 30 min). After staining, cells were thoroughly washed with 

water and colonies were imaged on a VersaDoc Imaging System (Bio-Rad, Hercules, CA). 

The data reported are a representative of at least three independent experiments.

Western Blotting

Cells were trypsinized with 1X Trypsin/EDTA and collected by centrifugation at 1200 rpm 

for 5 min. Cells were then lysed in 80 μL of 1X cell lysis buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, and 1% NP-40) and pelleted by centrifugation at 14,000 rpm for 20 min at 4 

°C. The protein concentration of the whole cell lysates was measured by a bicinchoninic 

acid (BCA) protein assay (ThermoFisher, Rockford, IL) and equal amounts of total proteins 

were resolved on 4-12% gradient Nu-PAGE gel (Invitrogen, Carlsbad, CA). The separated 

proteins were electroblotted onto nitrocellulose transfer membrane and blocked in 5% 

BSA/PBS for 1 h at room temperature. The membrane was incubated with anti-β-tubulin 

(SC-5286, Santa Cruz Biotechnology), anti-Bcl-2 (#2876, Cell Signaling Technology), anti-

EGR-1 (SC-110, Santa Cruz Biotechnology), anti-Ac-Histone H3 (#9671, Cell Signaling 

Technology), anti-p21 (626701, BioLegend), anti-p53 (SC-126, Santa Cruz Biotechnology) 

or GAPDH (Y3322GAPDH, Biochain Institute, Inc.) antibodies at 4 °C overnight. 

Horseradish peroxidase conjugated secondary antibodies (Invitrogen, Carlsbad, CA) and 

SuperSignal Dura (ThermoFisher, Rockford, IL) were used to visualize proteins of interest 

with a ChemiDoc Imaging system (Bio-Rad, Hercules, CA).

DNA Fragmentation Assay

Cells were treated with 5 μM of SC23 for the indicated durations. After treatment, cells were 

collected and lysed in 100 μL of lysis buffer (100 mM NaCl, 100 mM Tris-HCl, pH 8.0, 25 

mM EDTA, 0.5 % SDS, 100 μL/mL proteinase K) at 50 °C overnight. DNA was precipitated 

with ethanol and the pellet was dissolved in TE buffer containing 1 μg/mL RNase A and 

incubated at 30 °C for 1 h. The fragmented DNA was separated on a 1.5% agarose gel.

Detection of Mitochondrial ROS Production

SKOV-3 cells were treated with SC21 and SC23 for 24 h. After drug treatment, a solution of 

5 μM MitoSOX Red Mitochondrial Superoxide Indicator (Invitrogen, Carlsbad, CA) was 

added and cells were incubated for 10 min at 37 °C. Cells were then washed three times with 

Hank’s Balanced Salt Solution (HBSS) to remove excess MitoSOX. After washing, cells 

were collected by trypsinization, washed two more times with HBSS and ROS production 

was measured by a BD LSRII flow cytometer (BD Biosciences, San Jose, CA). Data were 

analyzed with BD FACSDiva software (BD Biosciences, San Jose, CA) and WinMDI 

software (Joe Trotter, Scripps Research Institute, San Diego, CA).

Cell Cycle Analysis

Cell cycle perturbations were analyzed by propidium iodide DNA staining. Briefly, 

exponentially growing cells were treated with indicated concentrations of SC21 and SC23 

for various durations. At the end of the treatment, cells were collected and washed with PBS 
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after a gentle centrifugation at 1,200 rpm for 5 min. Cells were thoroughly resuspended in 

0.5 mL of PBS and fixed in 70% ethanol for at least 2 h at 4°C. Ethanol-fixed cells were 

then centrifuged at 1,200 rpm for 5 min and washed twice in PBS to remove residual 

ethanol. For cell cycle analysis, the pellets were resuspended in 1 mL of PBS containing 

0.02 mg/mL of propidium iodide, 0.5 mg/mL of DNase-free RNase A and incubated at 37°C 

for 30 min. Cell cycle profiles were obtained using BD LSRII flow cytometer (BD 

Biosciences, San Jose, CA) and data were analyzed with BD FACSDiva software (BD 

Biosciences, San Jose, CA) and the ModFit LT software package (Verity Software House, 

Topsham, ME).

2-D Gel Electrophoresis

Two-dimensional gel electrophoresis of SC23-treated T24 cell lysates was performed as 

below. Cells were treated for 12, 24, 48, and 72 h with SC23 (IC80 dose). The soluble 

fraction was then extracted and quantified. A total of 50 μg of whole cell lysate was loaded 

in the first dimension gel at 800 V for 16 h. Gels were then equilibrated, separated on a 12% 

SDS-PAGE gel for the second dimension, stained with CyproRuby, and imaged by Typhoon 

9100 (Amersham Biosciences, Piscataway, NJ). All protein spots were quantified with 

PDQuest (Bio-Rad, Hercules, CA) and approximately 125 spots were identified as being 

significantly changed (> 2-fold) compared to the untreated control.

Tandem Mass Spectrometric Identification of Up-Regulated Proteins

The CyproRuby stained gel spots were dissected from the 2-D gel and subjected to in-gel 

trypsin digestion. At the end of the digestion, the digested peptidic products were extracted 

and analyzed by a Thermofinnigan LTQ linear ion trap mass spectrometer by loading onto a 

Michrom Bioresources peptide cap trap at 95% solvent A (2% acetonitrile, 1.0 % formic 

acid) and 5% solvent B (95% acetonitrile, 1.0% formic acid) and eluting with a linear 

gradient from 5-90% solvent B. The mass spectrometer was equipped with a nanospray ion 

source (Thermo Electron) using an uncoated 10 μm–ID SilicaTipTM PicoTipTM nanospray 

emitter (New Objective, Woburn, MA). The spray voltage of the mass spectrometer was 1.9 

kV and the heated capillary temperature was 180 °C. Tandem MS/MS spectra were acquired 

with Xcalibur 1.4 software. A full MS scan was followed by three consecutive MS/MS scans 

of the top three ion peaks from the preceding full scan. Dynamic exclusion was enabled after 

three occurrences of an ion within 1 min, and the ion was placed on the exclusion list for 3 

min. Other mass spectrometric data generation parameters were as follows: collision energy 

35%, full scan MS mass range 400-1800m/z, minimum MS signal 5×104 counts, minimum 

MS/MS signal 5×103 counts. At the end of LC/MS/MS analysis, tandem mass spectra were 

analyzed using Bioworks 3.1, Beta-test site version from ThermoFinnigan, utilizing the 

SEQUESTTM algorithm to determine cross-correlation scores between acquired spectra and 

an NCBI mouse protein FASTA database. The following parameters were used for the 

TurboSEQUEST search analyses: No enzymes were chosen for the protease as not all 

proteins were digested to completion; molecular weight range: 400-4500; threshold: 1000; 

monoisotopic; precursor mass: 1.4; group scan: 10; minimum ion count: 20; charge state: 

auto; peptide: 1.5; fragment ions: 0; and differential amino acid modifications: Cys 57.0520. 

Results were filtered using SEQUEST cross-correlation scores greater than 1.5 for +1 ions, 

2.0 for +2 ions, and 2.5 for +3 ions.
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Confocal Microscopy

MDA-MB-435 cells were grown on glass chamber slides (Lab-Tek™, Nunc™, Rochester, 

NY) overnight at 37 °C and treated with 5 μM SC23 for 24 h. After the treatment, cells were 

fixed with 3.7% formaldehyde/PBS for 10 min at room temperature and washed with 1× 

PBS three times for 5 min each. After washing with PBS, cells were permeabilized with 

100% ice-cold methanol for 15 min at −20 °C and washed again with 1× PBS for 5 min at 

room temperature. The permeabilized cells were blocked with 5% goat serum in PBS for 1 h 

at room temperature and incubated with anti-β-tubulin antibody (Santa Cruz Biotechnology) 

for 2 h at room temperature, followed by three 1× PBS washes. Cells were then exposed to 

Cy5-conjugated secondary antibody (Amersham) in the dark for 1 h at room temperature 

and residual secondary antibody was removed by three PBS washes. The signals from cells 

were examined using LSM510 image system (Carl Zeiss, Thornwood, NY).

Flow Cytometry

MDA-MB-435 cells were treated with 5 μM of SC23 for various durations. After treatment, 

cells were collected by centrifugation and fixed in 3.7 % formaldehyde for 10 min at 37 °C 

and chilled on ice for 1 min. After fixation, the cells were permeabilized by adding ice-cold 

100% methanol slowly to a final concentration of 90% methanol and incubated on ice for 30 

min. Cells were washed with incubation buffer (0.5% BSA/PBS) two times and then blocked 

in 100 μL incubation buffer. Cells were then exposed to anti-β-tubulin antibody for 1 h at 

room temperature, washed with the incubation buffer (three times), exposed to Cy3-

conjugated secondary antibody, and washed again in the incubation buffer (three times). The 

stained cells were resuspended in PBS and analyzed using a BD LSRII flow cytometer (BD 

Biosciences, San Jose, CA). Data were analyzed with BD FACSDiva (BD Biosciences, San 

Jose, CA) and WinMDI software packages (Joe Trotter, Scripps Research Institute, San 

Diego, CA).

Kinexus™ Antibody Microarray

MDA-MB-435 cells were treated with 0.1 μM and 1 μM of SC21 and SC23, respectively, for 

24 h. After treatment, cells were washed in ice-cold PBS to remove residual medium. The 

cells were then lysed in 200 μL of lysis buffer (20 mM MOPS, pH 7.0, 2 mM EGTA, 5 mM 

EDTA, 30 mM sodium fluoride, 60 mM β-glycerophosphate, pH 7.2, 20 mM sodium 

pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonylfluoride, 3 mM 

benzamidine, 5 μM pepstatin A, 10 μM leupeptin, 1% Triton X-100, 1 mM dithiothreitol) 

and collected. The cell lysates were sonicated four times (10 s each) with 15 s intervals on 

ice to rupture the cells and shear DNA. After sonication, the homogenates were centrifuged 

at 90,000×g for 30 min at 4 °C. The supernatants were transferred to a clean microcentrifuge 

tube and the protein concentrations were measured with the BCA protein assay (Thermo 

Fisher Scientific, Rockford, IL). A 250 μL aliquots of the whole cell lysates were submitted 

to Kinexus™ for 628-antibody microarray analysis.

Ingenuity Pathway Analysis

Potential signaling pathways induced by SC21 and SC23 were analyzed by the IPA software 

based on the Kinexus™ antibody microarray results. Statistically significant up-regulated or 
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down-regulated pan-specific proteins with their Swiss-Prot accession numbers and the ratio 

changes were uploaded as an Excel spreadsheet file to the IPA server. SC21- and SC23-

mediated signaling pathways were analyzed individually by core analysis. To compare their 

biological functions, the signaling networks were further analyzed by the IPA compare 

analysis.
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CPT camptothecin

IN HIV-1 integrase

IPA ingenuity pathway analysis

JAK/STAT Janus kinase-signal transducer and activator of transcription

MPB-1 myc promoter-binding protein

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NSCLC non-small cell lung cancer

RAR Retinoic acid receptor

ROS Reactive oxygen species
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Fig. 1. 
Chemical structures of SC21 and SC23.
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Fig. 2. Flow cytometric analysis of the cell cycle profiles of A549 and H1299 cells treated with 
SC21 and SC23.
Cells were treated with SC21 (15 μM, A549 and H1299 cells, panels A and C, respectively) 

and SC23 (10 μM, A549 and H1299 cells, panels B and D, respectively) for 0, 24, 48 and 72 

h. The cells were then harvested, stained with propidium iodide and analyzed for cell cycle 

perturbation.
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Fig. 3. SC23 triggers apoptosis in HCT116 p53+/+ and HCT116 p53−/− cells.
(A). SC23 exhibits cytotoxicity in the tested cell lines as shown by colony formation assay. 

(B). Detection of mitochondrial reactive oxygen species (ROS) levels in SKOV-3 cells. 

SKOV-3 cells were treated with SC21 and SC23 for 24 h. The untreated and treated cells 

were incubated with MitoSOX, trypsinized, washed with Hank’s Balanced Salt Solution, 

and subjected to flow cytometric analysis. (C). SC23 causes DNA fragmentation in both 

HCT116 p53+/+ and HCT116 p53−/− cells. Cells were treated with 5 μM of SC23 for the 

indicated duration. Cells were then lysed with lysis buffer. Precipitated DNA was 

resuspended in TE buffer and digested with RNase A and the digested product was separated 

on 1 % agarose gel. (D). SC23 decreases the anti-apoptotic Bcl-2 protein levels in both cell 

lines. HCT116 p53+/+ and HCT116 p53−/− cells were treated with increasing concentrations 

of SC23 for 24 h. Whole cell lysates were extracted and equal amounts of total protein were 

separated on 10% SDS-PAGE. The proteins were transferred to nitrocellulose membranes 

and subjected to immunoblotting with anti-Bcl-2 antibodies. (E). SC21 and SC23 up-

regulate the expressions of p21 and acetylated histone H3 in MDA-MD-435 cells. Cells 

were treated with SC21 and SC23 for 24 h. Whole cell lysates were subjected to Western 

blotting analysis with the appropriate antibodies. (F). SC21 and SC23 up-regulate acetylated 

histone H3 in SKOV-3 cells. Cells were treated with SC21 and SC23 for 24 h. Whole cell 

lysates were analyzed with Western blotting with the appropriate antibodies.
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Fig. 4. Proteomic analysis of SC23-treated cells.
(A). Selected regions from a 2D gel of untreated and SC23-treated T24 cells. (B). 

Representative tandem MS spectrum of β-tubulin isolated from 2-D gel electrophoresis 

analysis of SC23-treated cells. (C). Representative tandem MS spectrum of myc promoter-

binding protein (MPB-1) isolated from 2-D gel electrophoresis analysis of SC23-treated 

cells. (D). SC23 increases β-tubulin expression in MDA-MB-435 cells. MDA-MB-435 cells 

were treated with the indicated concentrations of SC23 for 24 h. Whole cell lysates were 

extracted and equal amounts of total protein were subjected to Western blotting analysis. 

(E). Confocal microscopy indicates that SC23 increases β-tubulin expression in MDA-

MB-435 cells. Cells were treated with 5 μM of SC23 for 24 h. After the treatment, cells 

were fixed with 100% ice-cold methanol. Anti-β-tubulin primary antibody and Cy3-

conjugated goat-anti-rabbit secondary antibody were used to visualize the proteins. (F). 

Flow cytometry analyses show that SC23 increases β-tubulin expression in a time-dependent 

manner. MDA-MB-435 cells were treated with 5 μM of SC23 for the indicated durations. At 

the end of the treatment, cells were fixed with 3.7% formaldehyde and stained with the 

appropriate antibodies. The stained cells were subjected to flow cytometry analyses.

Cao et al. Page 18

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Comparison of SC21- and SC23-mediated signaling pathways using bioinformatics tools.
(A). The Kinex™ antibody microarray of SC21- and SC23-treated MDA-MB-435 cell 

lysates. MDA-MB-435 cells were treated with 0.1 μM and 1 μM of SC21 and SC23, 

respectively, for 24 h. The total proteins were harvested and subjected to 628-protein 

microarray analysis using Kinexus™ Kinex antibody microarray platform. (B). Ingenuity 

pathway network of SC21 (score 39) obtained on a set of altered proteins. Proteins with their 

ratio changes and corresponding Swiss-Prot accession numbers were uploaded into IPA 

software. —: Direct interaction; - - - -: Indirect interaction. (C). Ingenuity pathway network 

of SC23 (score 41) obtained on a set of altered proteins. Proteins with their ratio changes 

and corresponding Swiss-Prot accession numbers were uploaded into IPA software. —: 

Direct interaction; - - - -: Indirect interaction. (D). Biological function comparison of SC21 

and SC23. The biological functions of SC21 and SC23 were compared with IPA comparison 

analysis. 16 biological functions of interest were selected. 1. Cell death, 2. Cell cycle, 3. 

Cancer, 4. Cellular growth and proliferation, 5. DNA replication, recombination and repair, 

6. Post-translational modification, 7. Small molecule biochemistry, 8. Cellular development, 

9. Molecular transport, 10. Cell morphology, 11. Gene expression, 12. Cellular movement, 

13. Cell signaling, 14. Immunological disease, 15. Cell-cell signaling and interaction, 16. 

Drug metabolism.

Cao et al. Page 19

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cao et al. Page 20

Ta
b

le
 1

.

C
yt

ot
ox

ic
ity

 o
f 

SC
21

 a
nd

 S
C

23
 in

 th
e 

N
C

I 
60

 H
um

an
 C

an
ce

r 
C

el
l L

in
es

C
el

l L
in

e
SC

21
SC

23

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

L
eu

ke
m

ia

C
C

R
F-

C
E

M
1.

00
E

-0
8

1.
00

E
-0

8
1.

03
E

-0
7

5.
10

E
-0

7

H
L

-6
0(

T
B

)
1.

00
E

-0
8

4.
95

E
-0

8
1.

79
E

-0
7

K
-5

62
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

3.
32

E
-0

7

M
O

LT
-4

1.
00

E
-0

8
1.

00
E

-0
8

1.
35

E
-0

7
6.

17
E

-0
7

R
PM

I-
82

26
1.

00
E

-0
8

1.
00

E
-0

8
1.

28
E

-0
7

6.
17

E
-0

7

SR
4.

01
E

-0
8

4.
55

E
-0

8

N
on

-S
m

al
l C

el
l L

un
g 

C
an

ce
r

A
54

9/
A

T
C

C
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

1.
85

E
-0

5

E
K

V
X

1.
00

E
-0

8
2.

25
E

-0
6

1.
48

E
-0

6
8.

36
E

-0
7

H
O

P-
62

1.
00

E
-0

8
1.

00
E

-0
8

H
O

P-
92

1.
00

E
-0

8
1.

00
E

-0
8

3.
45

E
-0

8

N
C

I-
H

22
6

2.
10

E
-0

5
1.

00
E

-0
8

3.
15

E
-0

8

N
C

I-
H

23
1.

00
E

-0
8

1.
00

E
-0

8
2.

33
E

-0
7

N
C

I-
H

32
2M

1.
73

E
-0

7
4.

52
E

-0
8

1.
00

E
-0

4
2.

60
E

-0
6

N
C

I-
H

46
0

1.
00

E
-0

8
1.

00
E

-0
8

1.
83

E
-0

7

N
C

I-
H

52
2

1.
00

E
-0

8
2.

75
E

-0
7

3.
52

E
-0

7

C
ol

on
 C

an
ce

r

C
O

L
O

20
5

3.
03

E
-0

6
4.

21
E

-0
6

1.
00

E
-0

4
1.

00
E

-0
4

H
C

C
-2

99
8

2.
14

E
-0

6
1.

00
E

-0
8

1.
00

E
-0

4
2.

41
E

-0
5

H
C

T-
11

6
1.

00
E

-0
8

1.
00

E
-0

8
2.

12
E

-0
7

2.
97

E
-0

7

H
C

T-
15

1.
00

E
-0

8
1.

00
E

-0
8

1.
49

E
-0

7
6.

04
E

-0
7

H
T

29
1.

73
E

-0
6

3.
32

E
-0

6
1.

00
E

-0
8

1.
11

E
-0

7

K
M

12
1.

38
E

-0
5

7.
03

E
-0

7
8.

37
E

-0
7

SW
-6

20
1.

00
E

-0
8

1.
52

E
-0

8
2.

28
E

-0
7

2.
13

E
-0

6

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cao et al. Page 21

C
el

l L
in

e
SC

21
SC

23

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

C
N

S 
C

an
ce

r

SF
-2

68
1.

00
E

-0
8

1.
00

E
-0

8
2.

32
E

-0
8

SF
-2

95
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

6.
97

E
-0

8

SF
-5

39
1.

00
E

-0
8

1.
00

E
-0

8
2.

21
E

-0
7

SN
B

-1
9

1.
00

E
-0

8
5.

23
E

-0
8

SN
B

-7
5

1.
00

E
-0

8
3.

45
E

-0
8

U
25

1
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

2.
73

E
-0

6

M
el

an
om

a

L
O

X
 I

M
V

I
1.

00
E

-0
8

1.
00

E
-0

8
8.

31
E

-0
8

M
A

L
M

E
-3

M
4.

02
E

-0
8

1.
00

E
-0

8
1.

29
E

-0
7

M
14

2.
70

E
-0

8
1.

00
E

-0
8

1.
00

E
-0

8
7.

39
E

-0
8

SK
-M

E
L

-2
1.

00
E

-0
8

1.
41

E
-0

7

SK
-M

E
L

-2
8

5.
94

E
-0

6
2.

47
E

-0
6

4.
14

E
-0

6
1.

00
E

-0
4

SK
-M

E
L

-5
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

4.
99

E
-0

8

U
A

C
C

-2
57

6.
65

E
-0

8
4.

30
E

-0
7

U
A

C
C

-6
2

1.
00

E
-0

8
1.

00
E

-0
8

1.
00

E
-0

8
4.

17
E

-0
8

O
va

ri
an

 C
an

ce
r

IG
R

O
V

1
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

5.
03

E
-0

8

O
V

C
A

R
-3

1.
22

E
-0

7
1.

50
E

-0
8

3.
25

E
-0

7

O
V

C
A

R
-4

1.
00

E
-0

8
1.

40
E

-0
6

3.
85

E
-0

7
1.

22
E

-0
6

O
V

C
A

R
-5

2.
06

E
-0

6
1.

00
E

-0
4

1.
00

E
-0

4
1.

00
E

-0
4

O
V

C
A

R
-8

1.
00

E
-0

8
1.

71
E

-0
8

2.
33

E
-0

7

SK
-O

V
-3

1.
00

E
-0

8
1.

00
E

-0
8

R
en

al
 C

an
ce

r

78
6-

0
1.

00
E

-0
8

1.
00

E
-0

8
1.

98
E

-0
7

A
49

8
1.

00
E

-0
8

A
C

H
N

1.
00

E
-0

8
1.

00
E

-0
8

1.
00

E
-0

8
2.

61
E

-0
8

C
A

K
I-

1
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

5.
01

E
-0

8

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cao et al. Page 22

C
el

l L
in

e
SC

21
SC

23

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

E
xp

er
im

en
t 

1
G

I 5
0

E
xp

er
im

en
t 

2
G

I 5
0

R
X

F 
39

3
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
4

SN
12

C
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
4

T
K

-1
0

1.
00

E
-0

8
1.

00
E

-0
8

2.
18

E
-0

5
2.

97
E

-0
7

U
O

-3
1

1.
00

E
-0

8
1.

00
E

-0
8

1.
00

E
-0

8
1.

28
E

-0
8

Pr
os

ta
te

 C
an

ce
r

PC
-3

6.
25

E
-0

8
3.

47
E

-0
6

2.
14

E
-0

5

D
U

-1
45

1.
00

E
-0

8
1.

00
E

-0
8

1.
00

E
-0

4
1.

00
E

-0
4

B
re

as
t C

an
ce

r

M
C

F7
1.

32
E

-0
8

1.
00

E
-0

8
2.

37
E

-0
7

4.
94

E
-0

7

N
C

I/
A

D
R

-R
E

S
1.

00
E

-0
8

1.
00

E
-0

8
7.

42
E

-0
8

M
D

A
-M

B
-2

31
/A

T
C

C
1.

00
E

-0
8

1.
00

E
-0

8

M
D

A
-M

B
-4

35
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
8

3.
24

E
-0

8

M
D

A
-N

1.
00

E
-0

8
1.

00
E

-0
8

T-
47

D
1.

00
E

-0
8

1.
00

E
-0

8
1.

00
E

-0
4

1.
00

E
-0

4

B
T-

54
9

1.
00

E
-0

8
1.

00
E

-0
4

H
S 

57
8T

1.
00

E
-0

8

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cao et al. Page 23

Ta
b

le
 2

.

A
na

ly
si

s 
of

 P
ro

te
in

 P
ho

sp
ho

ry
la

tio
n 

C
ha

ng
es

 b
y 

SC
21

 in
 M

D
A

-M
B

43
5 

C
el

ls
 U

si
ng

 K
in

ex
us

™
 K

in
ex

 A
nt

ib
od

y 
M

ic
ro

ar
ra

y 
Sc

re
en

Ta
rg

et
 P

ro
te

in
P

ho
sp

ho
ry

la
te

d 
P

ro
te

in

P
ho

sp
ho

-s
it

e
F

ol
d 

C
ha

ng
e

eI
F

2α
S3

6
0.

33

Z
ap

70
Y

31
5 

+
 Y

31
9

0.
55

C
av

eo
lin

S3
6

0.
56

H
is

to
ne

 H
3

S2
8

0.
56

R
ad

17
S6

45
0.

62

H
sp

27
S1

5
2.

04

PT
E

N
S3

70
2.

06

P
K

C
ε

S7
29

2.
25

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cao et al. Page 24

Table 3.

Analysis of Total Protein Level Changes by SC21 in MDA-MB435 Cells Using Kinexus™ Kinex Antibody 

Microarray Screen

Target Protein Total Protein

Fold Change

CDK4 0.42

BUB1A 0.52

CDK1 0.57

PCK2 0.60

SIRPα1 0.60

CASK/Lin2 0.62

FasL 0.64

Tyro3 0.65

CDC2L5 0.66

Erk1/2 1.54

JAK2 1.67

Vrk1 1.72

TrkA 1.82

STAT2 1.88

CASP8 2.35

PKBg 3.2
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Table 4.

Analysis of Protein Phosphorylation Changes by SC23 in MDA-MB435 Cells Using Kinexus™ Kinex 

Antibody Microarray Screen

Target Protein Phosphorylated Protein

Phospho-site Fold Change

JNK T183 + Y185 0.35

Dab1 Y198 0.38

Rb T356 0.54

PKCh T655 0.58

MLC S20 0.60

PKA Cα/β T197 0.60

PKA Cβ1/2 T500 0.61

IR (INSR) Y999 0.65

MEK1 S297 1.56

FAK Y577 1.60

BLNK Y84 1.75

Shc1 Y349 + Y350 1.83

Mnk1 T209 + T214 2.30

PTEN S370 3.14

B23 (NPM) T234 + T237 3.39
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Table 5.

Analysis of Total Protein Level Changes by SC23 in MDA-MB435 Cells Using Kinexus™ Kinex Antibody 

Microarray Screen

Target Protein Total Protein

Fold Change

Csk 0.32

CDK1 0.33

CDK4 0.38

HSF4 0.42

Cyclin A 0.45

PKA Cα/β 0.47

Cyclin D 0.49

LAR 0.49

CDK6 0.51

Hsp60 0.51

eIF4E 0.52

PP2Cα/β 0.60

CDK8 0.62

JNK2 1.55

MAPKAPK2 1.55

PKM2 1.55

PP4/’2 1.55

STAT5B 1.57

NME6 1.60

PP2A/Aα/β 1.61

STAT1α/β 1.68

SOD(Cu/Zn) 1.88

CASP12 1.96

ROKβ (ROCK1) 2.46

ROR2 2.60

Plk1 3.36
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