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 50 

 51 

Abstract 52 

Cancer metastasis is a major cause of death. Traditional Chinese medicines (TCM) are 53 

promising sources of new anti-metastatic agents. Compound Kushen Injection (CKI), 54 

extracted from medicinal plants, Kushen (Sophora flavescens) and Baituling (Heterosmilax 55 

chinensis), contains a mixture of alkaloids and flavonoids known to disrupt cell cycle and 56 

induce apoptosis in breast cancer (MCF7). However, effects on cancer cell migration and 57 

invasion have remained unknown. CKI, fractionated mixtures, and single identified 58 

components were tested in migration assays with colon (HT-29, SW-480, DLD-1), brain (U-59 

87 MG, U-251 MG), and breast (MDA-MB-231) cancer cell lines. Human embryonic kidney 60 

(HEK-293) and human foreskin fibroblast (HFF) served as non-cancerous controls. Wound 61 

closure, transwell invasion, and live cell imaging assays showed that CKI reduced motility in 62 

all eight cell lines. The greatest inhibition of migration occurred in HT-29 and MDA-MB-63 

231, and the least in HEK-293. Fractionation and reconstitution of CKI showed that 64 

combinations of compounds were required for activity. Live cell imaging confirmed CKI 65 

strongly reduced migration of HT-29 and MDA-MB-231 cells, moderately slowed brain 66 

cancer cells, and had no effect on HEK-293. CKI uniformly blocked invasiveness through 67 

extracellular matrix. Apoptosis was increased by CKI in MDA-MB-231 cells but not in non-68 

cancerous cells. Cell viability in CKI was unaffected in all cell lines. Transcriptomic analyses 69 

of MDA-MB-231 with and without CKI indicated down-regulated expression of actin 70 

cytoskeletal and focal adhesion genes, consistent with the observed impairment of cell 71 

migration.  The pharmacological complexity of CKI is important for its effective block of 72 

cancer cell migration and invasion.  73 

 74 
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Introduction 75 

Cancer progression results from uncontrolled migration of cells away from the primary 76 

tumor, intravasation into lymphatic or vascular circulation, invasion into secondary tissues 77 

and the formation of metastasized tumors (1, 2) which are the main cause of cancer-related 78 

deaths (3-5). Migrating cells generate a driving force for cell motility based on the extension 79 

of filipodia and lamellipodia using actin polymerization at the leading edges of the cell  (6). 80 

New approaches for enhancing cancer treatment by impairing cell migration and metastasis 81 

might offer promise for curing patients with malignancies. Combinations of anticancer 82 

therapeutic regimens that not only reduce cell proliferation but also limit metastasis would be 83 

advantageous (7-9).  84 

Herbal medicines are used in complementary and traditional medicines  (10-12).  85 

Traditional Chinese medicine (TCM) relies on natural product extracts containing complex 86 

mixtures of components,  suggested to deliver therapeutic benefit to individuals suffering 87 

from non-small cell lung cancer, liver, breast, and colorectal cancers (12-14). The inherent 88 

complexity of TCM suggests principle components might act in concert with adjuvant 89 

components, explaining an apparent synergy in therapeutic benefits seen from the whole 90 

extract as compared to individual compounds (15). Modulation of multiple regulatory 91 

signaling targets has been proposed as essential for the anti-proliferative, anti-migratory and 92 

anti-metastatic properties of TCMs (16, 17).  93 

Compound Kushen Injection (CKI) has been used in combination with chemotherapies such 94 

as oxaliplatin and 5-fluorouracil in China since 1995 for the treatment of  gastric, liver and 95 

non-small cell lung carcinomas (18). Composed of alkaloids, flavonoids, organic acids 96 

and saccharides (19), CKI has been reported to boost immunity, decrease inflammation, and  97 

decrease metastasis (20), for example by repressing RNA markers associated with tumor 98 

metastasis  in MCF-7 cells (17, 18), and impairing migration in hepatocellular carcinoma 99 
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cells (21).  The challenge for defining mechanisms of action of TCMs such as CKI is to 100 

understand the differential activities of chemical components not only singly but in 101 

combination, recognizing the likely involvement of multiple gene expression and signaling 102 

pathways in the beneficial outcomes (22).  103 

Work here is the first to show that CKI and defined chemical fractions slow cancer cell 104 

migration and invasion, and to use systems biology to identify sets of genes linked to cell 105 

migration that are regulated by CKI treatment. Differential expression of genes in the actin 106 

cytoskeleton and focal adhesion pathways supports the idea that the therapeutic activity of 107 

CKI in humans involves a serendipitous combination of effects on cancer cell properties. 108 

 109 

Materials and Methods 110 

Cell lines  111 

MDA-MB-231, HT-29, SW-480, DLD-1, U-87 MG, U-251 MG and HEK-293 were 112 

purchased from the American Type Culture Collection (ATCC, Manassas, VA) and human 113 

foreskin fibroblast (HFF) was kindly provided by Dr. Eric Smith (Basil Hetzel Institute, The 114 

Queen Elizabeth Hospital, SA, Australia). DLD-1 cells were grown in RPMI (Roswell Park 115 

Memorial Institute) culture medium (Thermo Fisher Scientific, MA, USA) with 10 % fetal 116 

bovine serum (FBS, Thermo Fisher Scientific). All other cell lines were cultured in Dulbecco 117 

Modified Eagle Medium ( DMEM, Thermo Fisher Scientific) with 10 % FBS, except for HFF 118 

(which contained 15 % FBS), at 370C in 5 % CO2.  119 

 120 

CKI preparation and other chemicals  121 

CKI (Batch No: 20170322, total alkaloid concentration of 25 mg/ml) was obtained from 122 

Zhendong Pharmaceutical Co. Ltd (Shanxi, China). High performance liquid chromatography 123 

(HPLC) fractionation and liquid chromatography-mass spectrometry (LC-MS/MS) were used 124 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 6 

to analyse single compounds and confirm their concentrations in CKI.  Fractionation of CKI 125 

was done by using Shimadzu HPLC SPC-M20A photodiode-array UV-Vis detector (Japan) 126 

equipped with a C18 column (5 µm, 250 x 10 mm; Phenomenex, CA, USA), with methods for 127 

fractionation and concentration determinations as described previously (23) (Supplementary 128 

Figs 2 and 3).   The nine compounds comprising the major fraction (MJ): oxymatrine, 129 

oxysophocarpine, n-methylcytisine, matrine, sophocarpine, trifolirhizin, adenine, and 130 

sophoridine were purchased as isolated compounds from Beina Biotechnology Institute Co., 131 

Ltd (Shanxi, China), and macrozamin was obtained from Zhendong Pharmaceutical Co. Ltd 132 

(Beijing, China). Two-fold serial dilutions from 2 mg/ml through to 0.25 mg/ml of total 133 

alkaloids in CKI, as well as equivalent dilutions of the MJ and minor (MN) fractions were 134 

used for bioassay experiments on the cancer and non-cancerous cell lines and compared with 135 

effects of vehicle control treatments; 0.25 % Tween 80 (Sigma-Aldrich, MO, USA) and 10 136 

mM HEPES (Thermo Fisher Scientific) in the same cell lines.  137 

 138 

Circular wound closure assay 139 

Two-dimensional (2D) cell migration was measured using circular wound closure rates  (24). 140 

CKI-based and vehicle control treatments were applied in low serum DMEM, with the 141 

mitotic inhibitor 5-fluoro-2'-deoxyuridine (FUDR). Initial wound areas were imaged at 0 h 142 

(10x objective) with a Canon EOS 6D camera (Canon, Tokyo, Japan) on an Olympus 143 

inverted microscope (Olympus Corp., Tokyo, Japan); XnConvert software was used to 144 

standardize the images. NIH ImageJ software (U.S. National Institutes of Health, MD, USA) 145 

was used to quantify wound areas at 0 h and at a second timepoint (18 to 24 h), set for each 146 

cell line to ensure wounds were not completely closed. Experiments were independently 147 

repeated three times, with four to eight replicates. 148 

 149 
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Transwell invasion assay 150 

Invasion assays were performed in 24-well transwell inserts (6.5 mm, 8 µm pore size; 151 

Corning® Transwell polycarbonate; Sigma-Aldrich). The upper surface of the filter was 152 

layered with extracellular matrix (ECM) gel from Sigma-Aldrich (at dilutions empirically 153 

optimized for each cell line; Supplementary Table 2), allowed to dry overnight, and 154 

rehydrated with 50 µl of serum-free media per insert for 1 h prior to cell seeding. Cultures 155 

were grown to 40 % confluence and then starved in medium with 2 % FBS serum for 24 h 156 

prior to seeding. Cells were detached (at ≤ 80 % confluency) and resuspended in serum-free 157 

culture media (Supplementary Table 2). Cells were then seeded in transwell inserts (total 150 158 

µl of cell suspension per transwell, including 50 µl of rehydration medium added earlier) at 159 

appropriate number of cells per well in the presence of CKI, MN or MJ at 2 mg/ml, or 160 

vehicle control medium. The chemoattractant gradient was created with 700 µl of culture 161 

medium (containing the relevant CKI-based or vehicle treatment), with 5 %, 10 %, or 15 % 162 

FBS for HEK-293, cancerous cells, or HFF, respectively. Depending on invasion 163 

characteristics, cells from each line were incubated for an optimized time period ranging 164 

from 5 to 24 h at 37°C in 5 % CO2. Non-invasive cells were scraped from the upper surface 165 

of the filter with a cotton swab; migrated cells on the bottom surface were counted after 166 

staining with crystal violet (Sigma-Aldrich). The average number of invasive cells was 167 

calculated from three randomly selected fields (x100 magnification). Cell counts were 168 

normalized to numbers in the vehicle control treatment. Three independent experiments were 169 

carried out with two replicates. 170 

 171 

Cytotoxicity assay 172 

Cell viability was measured with the Alamar Blue assay (25)  according to the manufacturer's 173 

instructions (Thermo Fisher Scientific). Cells were seeded in 96-well plates in media with 2 174 
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% FBS and FUDR. After overnight incubation, treatments were applied, and cultures were 175 

incubated for 24 h. After application of 10 % Alamar Blue solution (30-90 min), fluorescence 176 

was measured by using FLUOstar Optima microplate reader. Mercuric chloride (2.5 mM) 177 

served as a positive control, inducing cytotoxic cell death. A control sample with medium 178 

and treatment agent only (no cells) was included for background color subtraction. 179 

 180 

Apoptosis assay  181 

Apoptosis assays based on annexin V and propidium iodide staining were performed as 182 

described previously (17). Briefly, MDA-MB-231, HEK-293 and HFF cells were seeded in 183 

6-well trays and treated with 2 mg/ml of CKI. After 24 h of treatment, cells were harvested, 184 

and levels of apoptotic cells were measured using the Annexin V-FITC detection kit (Thermo 185 

Fisher Scientific) according to the manufacturer's guidelines. Cells were acquired on a 186 

LSRFortessa X-20 (BD Biosciences, NJ, USA) and data were analyzed using FlowJo 187 

software (TreeStar Inc., OR, USA). 188 

 189 

Live cell imaging 190 

Cells in 96 well plates were cultured to 80 % confluency, then serum-starved for 12-18 h in 191 

optimal culture media with 2 % FBS and 400 nM FUDR. Wounds were created as circular 192 

lesions in the confluent monolayers, and treatments were added as described for the circular 193 

wound closure assay above. Plates were placed in an enclosed humidified chamber at 37°C 194 

with 5 % CO2 for 20 h, and images were acquired at 15-min intervals with a Nikon Ti E Live 195 

Cell Microscope (Nikon, Tokyo, Japan) using Nikon NIS-Elements software. Time-lapse 196 

movies as AVI files were exported from NIS-Elements. ImageJ (U.S. National Institutes of 197 

Health) was used to convert the exported files into TIFF files and converted files were then 198 

analyzed using Fiji software (26).  199 
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 200 

Immunofluorescence labelling and confocal microscopy  201 

Cells were plated in µ-Plate 8 Well dishes (Ibidi, Munich, Germany), in 2 % FBS with FUDR 202 

400 nM in optimal culture media and incubated 12-18 h at 37°C in 5 % CO2. The following 203 

day, 2 mg/ml of CKI, MN, MJ or vehicle control treatments were applied, and cells were 204 

incubated for 24 h. After washing with phosphate-buffered saline (PBS), cells were fixed in 4 205 

% paraformaldehyde (at room temperature for 10-30 min), rinsed 2-3 times with PBS, and 206 

permeabilized with 200 µl of 0.1 % Triton X-100 in PBS (3-5 min at room temperature). 207 

After 2-3 washes with PBS, Phalloidin-iFluor 488 Reagent CytoPainter (ab176753; Abcam, 208 

MA, USA) at 200 µl per well was used to stain F-actin cytoskeleton (room temperature in 209 

the dark for 1-2 h) and washed again 2-3 times with PBS. Cell nuclei were labelled with 210 

200 µl of 1:1000 Hoechst stain (cat # 861405; Sigma-Aldrich) for 5-10�min. Cells were 211 

visualized using a SP5 laser scanning confocal microscope (Leica, Germany). 212 

 213 

Pathway enrichment analysis of migratory genes affected by CKI 214 

RNA-seq (RNA-sequencing) data (23) of MDA-MB-231 cells treated with CKI were used to 215 

identify cell migration genes affected by CKI. Gene Ontology (GO) enrichment analyses 216 

were carried out with R package clusterProfiler 3.8.0 (27). The following parameters for GO 217 

enrichment analysis were used: biological process at the third level; right-sided 218 

hypergeometric test; and Benjamini-Hochberg method to correct p values. Pvalue cutoff 0.05 219 

and FDR (false discovery rate) 0.1 values were used to identify significantly over-represented 220 

GO terms. Pathways that were significantly perturbed by CKI treatment were identified with 221 

Signaling Pathway Impact Analysis (SPIA) (28), and visualized using the pathview package 222 

in R (29). KEGG (Kyoto Encyclopedia of Genes and Genomes) functional analysis was 223 

performed with R package clusterProfiler 3.8.0 (27) and OmicCircos v 1.18.0 (30). Venn 224 
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diagrams were generated using an online tool 225 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). 226 

 227 

Intracellular protein staining and quantification by flow cytometry  228 

Cells cultured in 6-well trays were treated with CKI, MN or MJ as described above, 229 

harvested after 24 h, fixed and permeabilized using Nuclear Factor Fixation and 230 

Permeabilization Buffer Set (Biolegend, CA, USA) according to the manufacturer’s 231 

instructions. 2×105 cells were labelled with rabbit anti-Cyclin D1 (CCND1) (92G2, Cell 232 

Signaling Technologies, MA USA), rabbit anti-β-actin (ACTB) (D6A8, Cell Signaling 233 

Technologies), rabbit anti-protein kinase B (AKT1, 2, 3) (Ab32505, Abcam) or rabbit IgG 234 

isotype control (Cell Signaling Technologies), and these antibodies were detected with anti-235 

rabbit IgG-PE (Cell Signaling Technologies). For detection of β-catenin, rabbit anti-β-catenin 236 

(CTNNB1)-Alexa Fluor 647 and isotype control for CTNNB1 rabbit IgG-Alexa Fluor 647 237 

(Abcam) were used. The cells were then sorted, and the data were acquired on a BD 238 

LSRFortessa X-20. Sorting parameters were set to gate and exclude small particles such as 239 

cell debris and large duplex cells. The data were analysed using FlowJo software.   240 

 241 

Statistical tests 242 

Statistical analyses were carried out using GraphPad Prism 8 software (San Diego, CA, USA) 243 

with one-way ANOVA. Statistically significant results were represented as p<0.05 (*) or 244 

p<0.01 (**) p<0.001 (***), or p<0.0001 (****); ns (not significant). All data are shown as 245 

mean ± standard deviation (SD); n values for independent samples are indicated in italics 246 

above the x-axes in histogram figures, unless otherwise stated. 247 

 248 

Results 249 
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Functional annotation of MDA-MB-231 transcriptome treated by CKI 250 

Transcriptome (23) analyses were performed to identify over-represented Gene Ontology 251 

(GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) for all differentially 252 

expressed (DE) genes by comparing MDA-MB-231 gene expression profiles with and 253 

without CKI treatment (Fig 1 and Supplementary Fig 1).  Differences in gene expression 254 

levels were used to identify migration related GO terms and pathways of interest, which were 255 

classified by functional roles via GO and KEGG over-representation analyses. Enriched GO 256 

terms connected to cell migration such as “positive regulation of locomotion”, “tissue 257 

migration “and “leucocyte migration” emerged from analyses of DE genes in CKI-treated 258 

MDA-MB-231 cells (Supplementary Fig 1 and Supplementary Data 1). Integration of DE 259 

genes associated with CKI treatment into KEGG pathways showed that some of the most 260 

over-represented pathways were “focal adhesion”, “regulation of actin cytoskeleton”, 261 

“pathways in cancer”, “TGF-β signaling pathway” and “adherens junction” (Fig 1). These 262 

results indicated that many of the genes affected by CKI treatment were involved in cell 263 

migration-related pathways.  264 

 265 

Identification of CKI components  266 

CKI was fractionated and components were selectively recombined to create MJ and MN 267 

fractions (Supplementary Fig 2) as treatments for bioassays on cultured cells. Concentrations 268 

of the nine major compounds in CKI were measured using LC-MS/MS (see Methods). The 269 

concentrations of MJ components were determined (Supplementary Figs 3 and 4) from 270 

calibration curves of nine standard compounds as previously described (23) and 271 

summarized in Supplementary Table 1. The total concentration of the nine major 272 

compounds in CKI was 9.99 mg/ml which accounted for approximately 40 % of the dry mass 273 

of CKI, and the total concentration of the nine compounds in MJ was 8.62 mg/ml, indicating 274 
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that the major compounds were clearly fractionated from CKI, and that MJ and MN 275 

components were well separated.   276 

 277 

Impairment of cell migration by CKI and fractionated mixtures  278 

Effects of CKI on two-dimensional cell migration were assessed using a circular wound 279 

healing assay (Fig 2A). Percent wound closure after 20 h was calculated based on the initial 280 

wound area. CKI-based treatments were tested on eight different cancer cell lines (HT-29, 281 

SW-480, DLD-1, U-87 MG, U-251 MG and MDA-MB-231) and two non-cancerous cell 282 

lines (HEK-293 and HFF), at five doses ranging from 0 to 2 mg/ml (Fig 2B). In all cell lines, 283 

net migration rates were inhibited more by CKI than by MN or MJ treatments alone, except 284 

in HEK-293 which showed low sensitivity to CKI. The retention of biological activity in the 285 

fractionated MJ and MN treatments was confirmed by demonstrating reconstituted CKI (in 286 

which MN and MJ were mixed together) was equally effective as CKI for blocking cell 287 

migration (Fig 2B). The most sensitive cell lines were breast cancer (MDA-MB-231) and 288 

colon cancer (HT-29).  DLD-1 and HEK-293 cell lines were the least sensitive.  289 

 290 

In all the CKI-sensitive cell lines, the inhibition of migration by MN alone was greater than 291 

that seen with MJ alone (Fig 2B), but neither treatment was as potent as CKI in any cell line. 292 

To determine if a single compound in MJ accounted for the enhanced inhibition seen with co-293 

application of MJ and MN, each of the isolated major compounds alone was added in turn to 294 

1 mg/ml MN, at a final concentration equal to its original concentration in 2 mg/ml CKI. 295 

Wound healing assays showed certain compounds added to MN produced a significantly 296 

greater inhibition than MN alone, but the effective compounds and levels of potency differed 297 

between cell lines (Fig 2C and Supplementary Fig 5). Matrine was effective in MDA-MB-298 

231, HT-29 and U-251 MG cell lines; sophocarpine was effective in HEK-293; trifolirhizin 299 
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was effective in HT-29, SW-480 and U-251 MG; and adenine was effective in HT-29 cells, 300 

as determined by a significant decrease in migration as compared to MN alone. More than 301 

one compound in MJ appeared to contribute to the activity of CKI in blocking cell migration.  302 

 303 

None of the CKI-based treatments induced significant cytotoxicity at 1 or 2 mg/ml, as 304 

assessed by Alamar Blue assays (Figs 3A, B, C). The lack of cytotoxicity suggested that the 305 

observed impairment of the two-dimensional cell migration was not an indirect consequence 306 

of reduced cell viability. However, CKI at 2 mg/ml substantially increased apoptosis in 307 

MDA-MB-231 and moderately increased apoptosis in HEK-293 cells, without a significant 308 

effect on HFF (Figs 3D, E, F, G). These data extend prior work which showed CKI increased 309 

apoptosis in MCF-7 breast cancer cells (Qu et al., 2016), and support the idea that multiple 310 

responses induced by CKI could contribute to its overall anti-cancer effects.  311 

 312 

To quantify the effects of CKI on two-dimensional cell motility in vitro in more detail, 313 

trajectories of individual cells were monitored in real time using live cell imaging (Fig 4). 314 

Vehicle-treated cells were compared with those treated with 2 mg/ml CKI, or 1 mg/ml MN 315 

or MJ (doses equal to their concentration in CKI). Data were compiled for representative 316 

cells from six cancer and two non-cancerous cell lines. Positions of individual cells as a 317 

function of time over 20 h were determined by the location of the cell nucleus (Fig 4A).  318 

Distances moved per unit time interval showed a Gaussian distribution; the peak position 319 

illustrates the mean distance travelled per increment. Significant displacement of the curve to 320 

the left (representing a decreased mean distance travelled per time interval) was evident for 321 

CKI treatment in all cell lines as compared to vehicle-treated controls (Fig 4B, and 322 

Supplementary video). Significant reductions in mean distance by either MN or MJ were 323 

observed in HT-29 and SW-480 cells. Reductions in mean distance by MN but not MJ were 324 
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seen in U-87 MG, MDA-MB-231 and HFF cells. U-251 MG and DLD-1 cancer cells 325 

responded only to whole CKI. The effectiveness of CKI in blocking migration depended on 326 

the simultaneous presence of multiple minor and major compounds, but the specific agents 327 

conferring anti-migration activity appeared to depend on the cell line. 328 

 329 

Impairment of invasiveness by CKI treatments in cancer and non-cancer cell lines  330 

A transwell Boyden chamber assay with ECM-coated filters was used to measure the 331 

invasiveness of cells in response to a serum chemoattractant gradient in vehicle control, CKI, 332 

MN, and MJ treatment conditions (Fig 5). CKI treatment and the combined MN+MJ 333 

treatment (i.e., reconstituted CKI) both significantly reduced invasiveness in all cell types. 334 

Smaller but significant decreases in invasiveness were seen with MN alone in all cell types 335 

except SW-480 and were seen with MJ alone in all but SW-480 and MDA-MB-231 cell lines. 336 

These results suggested that a combination of major and minor components of CKI was 337 

required for maximal inhibition of invasiveness through extracellular matrix barriers.  338 

Transcriptome analysis of MDA-MB-231 cells treated with CKI 339 

Functional enrichment analysis was used to narrow the field of candidate mechanisms 340 

potentially associated with the anti-migratory effects of CKI. Perturbations of KEGG 341 

Pathways that were significantly over-represented in DE genes affected by CKI treatment 342 

were further analysed using SPIA (Fig 6A and Supplementary Data 2). “Melanogenesis”, 343 

“TGF-β signaling pathway”, “focal adhesion”, “regulation of actin cytoskeleton”, “ErbB 344 

signaling pathway”, and “GnRH signaling pathway” were significantly perturbed based on 345 

'global perturbation values' (pG<0.05), consistent with the results of the KEGG analysis. 346 

Together, these analyses provided evidence that CKI was likely to impair cell migration by 347 

altering both adhesion and motility (Figs 6B and C). To explore this idea, genes from two 348 

strongly affected pathways (“focal adhesion” and “actin cytoskeleton”) were characterised by 349 
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comparing three independent gene datasets: (i) a set containing 135 Tumor Alterations 350 

Relevant for Genomics driven Therapy (TARGET) genes; (ii) a set containing 140 migration 351 

related genes collected from published articles; and (iii) a set containing 1381 genes from 352 

KEGG pathways. We identified 14 clinically relevant DE genes, which were:  CTNNB1, 353 

CDH1, AKT1, AKT2, AKT3, CCND1, MAPK1, JAK2, APC, CDK4, RB1, PIK3CA, and 354 

PTEN, all of which have been shown to affect cell migration (Fig 6D, Supplementary Table 3 355 

and Supplementary Data 3), suggesting that the slowing of cell migration could be clinically 356 

relevant to CKI treatment outcomes.  357 

 358 

CKI interrupts F-actin polymerization  359 

The results of functional enrichment analysis highlighted the actin cytoskeleton and focal 360 

adhesion pathways as potential targets of CKI. As a result, we decided to examine the effect 361 

of CKI on F-actin polymerization, filopodia formation and lamellipodia extension using 362 

confocal microscopy in all eight cell lines (Fig 7). Cells in all lines treated with CKI, MN 363 

and MJ (at doses equal to those in 2 mg/ml CKI) at 24 h were smaller and lacked cellular 364 

processes such as lamellipodia as compared to vehicle control treated. Abundant 365 

lamellipodia seen in the control treatment were visibly diminished in the treatment groups. 366 

Comparing responses within the treatment groups, CKI disrupted the lamellipodia 367 

extensions more than was seen with MN or MJ alone. The impairment of F-actin 368 

polymerization was consistent with the idea that MN and MJ fractions both contribute 369 

slowing cell migration. 370 

 371 

CKI and fractionated mixtures perturb the actin cytoskeleton 372 

To validate the gene expression changes at the protein level, we performed flow cytometry 373 

analyses of four proteins; CTNNB1, AKT (1, 2, 3), CCND1, and ACTB, selected for their 374 
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significant contributions in actin cytoskeleton and focal adhesion pathways in MDA-MB-231 375 

and HEK-293 cell lines. Results shown in Fig 8 indicated that CKI, MN and MJ significantly 376 

downregulated the protein expression, confirming the gene expression data. While there was 377 

prominent down-regulation of CTNNB1 expression in MDA-MB-231 by all treatments, AKT 378 

(1, 2, 3) was downregulated by CKI and MN but not MJ treatments. In HFF cells, all 379 

treatments downregulated ACTB and CCND1 significantly; CKI and MN significantly 380 

reduced AKT (1, 2, 3) expression whereas MJ caused significant increase. In contrast, in the 381 

HFF cell line, CTNNB1 protein expression was significantly increased by CKI and MN, but 382 

significantly downregulated by MJ. In HEK cells, CKI upregulated ACTB, AKT and 383 

CCND1, whereas MN upregulated ACTB and downregulated CCND1; MJ had no significant 384 

impact on these four proteins (Fig 8). These results showed that CKI, MN and MJ 385 

significantly downregulated the four proteins in MDA-MB-231 cells, with similar although 386 

not identical results in the two non-cancer cell lines, providing additional support for the idea 387 

that CKI affects cancer cell migration by altering cytoskeletal structure. 388 

 389 

 390 

 391 

Discussion 392 

Natural compounds with anti-cancer activities have been suggested to include potential anti-393 

metastatic agents  (17, 21, 31, 32). Clinical chemotherapeutics for cancers are targeted 394 

mainly to killing rapidly dividing cells (33), but  cause serious side effects including 395 

immunosuppression, hair loss and infertility, without eliminating risks of secondary 396 

neoplasms (34). Non-toxic treatments to reduce metastasis as adjuncts to primary cancer 397 

therapies are greatly needed. CKI increased apoptotic activity in breast cancer MCF-7 and 398 

hepatocellular carcinoma HCC cell lines (17, 21). Results here showed that CKI also 399 
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significantly slowed cell migration and invasion, an outcome consistent with its beneficial 400 

clinical effects. The complexity of TCM presents a challenge for identifying single active 401 

compounds. By separating components of CKI into major and minor groups, and by adding 402 

novel screens for migration and invasion into the analyses of CKI biological activity, we have 403 

shown that co-application of multiple compounds was far more effective in blocking cell 404 

migration than single agents alone, and that different compounds (serendipitously combined 405 

in CKI) are required for activity across diverse cell types.   406 

 407 

Components of CKI have both anti-proliferation and anti-migration activities which differ 408 

between cell lines, suggesting that refinement of the TCM composition could enable 409 

customized management for different cancer types. A subset of the major compounds in CKI 410 

have been investigated previously.  For example, oxymatrine impaired angiogenesis in mouse 411 

breast cancer in vitro and in vivo, by altering NF-κB pathway and VEGF signaling (35). 412 

Matrine inhibited migration and proliferation of mouse lung adenocarcinoma in vitro and 413 

slowed xenograft growth  in vivo, by reducing expression of a calcium-dependent chloride 414 

channel shown to be upregulated in multiple cancer types (36, 37). Consistent with these 415 

findings, we found matrine added to the CKI minor fraction further impaired cancer cell 416 

migration (Fig 2C); however, in contrast, addition of oxymatrine to the CKI minor fraction 417 

did not affect the control of migration in any of the cell lines we tested. Oxysophocarpine 418 

slowed metastasis of oral squamous cell carcinoma in vitro and in vivo, by altering 419 

transcription factor Nrf2 and stress protein signaling pathways (38). In contrast, our results 420 

showed oxysophocarpine partially reversed the inhibition of migration observed with the CKI 421 

minor fraction.  Work here showed that the major components trifolirhizin and adenine, not 422 

previously characterized, when added to CKI minor fraction further slowed cell migration, 423 

suggesting these agents merit further study as potential therapeutics, singly and in 424 
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combination.  Not all components of CKI enhance its anti-cancer activities; for example, 425 

depletion of three compounds (oxymatrine, oxysophocarpine and macrozamin) increased the 426 

anti-proliferative activity of CKI (23). 427 

 428 

Rational analysis of the differential effects of agents in a TCM mixture can benefit from 429 

quantitative systems biology approaches. Transcriptomics has proven valuable for identifying 430 

altered patterns of global gene expression in response to complex agents such as CKI (18). 431 

Our pathway analysis of the transcriptome of CKI-treated MDA-MB-231 cells revealed a 432 

strong association with genes linked to “TGF-β signaling”, “focal adhesion”, “GnRH 433 

signaling”, and “regulation of actin cytoskeleton”. These pathways are linked with migratory 434 

phenotype, actin polymerization and lamellipodia protrusion (39)  (40) (41). Focal adhesion 435 

sites are points of contact with extracellular matrix, anchoring actin filaments via protein 436 

complexes with transmembrane integrin  receptors (42). Matrine has been reported to 437 

disrupt actin filament organization in DLD-1 colorectal adenocarcinoma cells (43). Work 438 

here is the first to show that treatment with whole CKI significantly perturbed “focal 439 

adhesion” and “regulation of actin cytoskeleton” pathways, and to confirm predictions of the 440 

transcriptomic results by showing CKI reduced lamellipodial abundance, length of extension, 441 

and area of F-actin polymerization.  442 

 443 

Two striking outcomes of our pathway analyses were the significant negative perturbation 444 

of the cytokine TGF-β (transforming growth factor beta) and positive perturbation of 445 

GnRH (Gonadotropin-releasing hormone) signaling pathways by CKI treatment. 446 

Multifunctional TGF-β promotes the process of epithelial-mesenchymal transition, which 447 

facilitates cell migration, invasion and metastasis  (44, 45). Reduced TGF-β signaling 448 

would be consistent with our findings of impaired invasion and migration with CKI 449 
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treatment. Conversely, GnRH activity has been associated with attenuating migration of 450 

DU145 human prostatic carcinoma cells by remodelling the actin cytoskeleton (46). 451 

Increased GnRH signaling would be consistent with beneficial effects of CKI treatment. 452 

Further work is needed to fully understand the mechanisms of action of CKI on cell 453 

migration and invasion, the signaling pathways involved, the synergistic effects of 454 

combined therapeutic agents, and the translational potential by extending these analyses to 455 

metastatic cancer cells in vivo.  456 

 457 

Conclusion 458 

The primary outcome of this study is the demonstration that cancer cell migration and 459 

invasion rates are significantly reduced by CKI, suggesting that therapeutic activity of CKI in 460 

human cancer patients may arise in part from downregulation of a panel of key molecular 461 

targets necessary for adhesion and motility in metastasis. The secondary outcome of this 462 

study is that multiple compounds in CKI, acting together, are responsible for this effect.  463 

 464 

Acknowledgements 465 

The authors acknowledge Dr. Eric Smith for providing HFF cell line and Dr. Mohamad 466 

Kourghi, and Pak Hin Chow for valuable discussions. We also thank Dr. Agatha Labrinidis 467 

and Dr. Jane Sibbons for the facilities of Adelaide University Microscopy and technical 468 

assistance. 469 

 470 

Author contributions 471 

S.N, T.N.A, D.L.A and A.J.Y designed the study, analysed the data and wrote the 472 

manuscript. S.N and T.N.A conducted the experiments and J.C, J.V.P, M.L.D, Y.H-L and 473 

Z.Q assisted with the experiments and analysis.  474 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 20

 475 

Conflict of interest 476 

The authors declare no conflicts of interest. 477 

 478 

Funding 479 

This work was supported by the special international corporation project of traditional 480 

Chinese medicine (GZYYGJ2017035); Australian Research Council (grant DP160104641); 481 

and The University of Adelaide, Zendong Australia China Centre for Molecular Chinese 482 

Medicine.   483 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 21

References 484 

1. Steeg PS. Targeting metastasis. Nature reviews cancer. 2016;16(4):201. 485 

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. cell. 486 

2011;144(5):646-74. 487 

3. Riihimäki M, Hemminki A, Sundquist J, Hemminki K. Patterns of metastasis in colon 488 

and rectal cancer. Scientific reports. 2016;6:29765. 489 

4. Weigelt B, Peterse JL, Van't Veer LJ. Breast cancer metastasis: markers and models. 490 

Nature reviews cancer. 2005;5(8):591. 491 

5. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science. 492 

2011;331(6024):1559-64. 493 

6. Fife C, McCarroll J, Kavallaris M. Movers and shakers: cell cytoskeleton in cancer 494 

metastasis. British journal of pharmacology. 2014;171(24):5507-23. 495 

7. Chowdhury FA, Hossain MK, Mostofa A, Akbor MM, Sayeed B, Shahdaat M. 496 

Therapeutic Potential of Thymoquinone in Glioblastoma Treatment: Targeting Major 497 

Gliomagenesis Signaling Pathways. BioMed research international. 2018;2018. 498 

8. Roth P, Weller M. Challenges to targeting epidermal growth factor receptor in 499 

glioblastoma: escape mechanisms and combinatorial treatment strategies. Neuro-oncology. 500 

2014;16(suppl_8):viii14-viii9. 501 

9. Ratajczak MZ, Suszynska M, Kucia M. Does it make sense to target one tumor cell 502 

chemotactic factor or its receptor when several chemotactic axes are involved in metastasis of 503 

the same cancer? Clinical and translational medicine. 2016;5(1):28. 504 

10. Reid R, Steel A, Wardle J, Trubody A, Adams J. Complementary medicine use by the 505 

Australian population: a critical mixed studies systematic review of utilisation, perceptions 506 

and factors associated with use. BMC complementary and alternative medicine. 507 

2016;16(1):176. 508 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 22

11. Gall A, Leske S, Adams J, Matthews V, Anderson K, Lawler S, et al. Traditional and 509 

Complementary Medicine Use Among Indigenous Cancer Patients in Australia, Canada, New 510 

Zealand, and the United States: A Systematic Review. Integrative cancer therapies. 511 

2018:1534735418775821. 512 

12. Guo Z, Jia X, Liu JP, Liao J, Yang Y. Herbal medicines for advanced colorectal 513 

cancer. Cochrane Database of Systematic Reviews. 2012(5). 514 

13. Chung VC, Wu X, Hui EP, Ziea ET, Ng BF, Ho RS, et al. Effectiveness of Chinese 515 

herbal medicine for cancer palliative care: overview of systematic reviews with meta-516 

analyses. Scientific reports. 2015;5:18111. 517 

14. Li X, Yang G, Li X, Zhang Y, Yang J, Chang J, et al. Traditional Chinese medicine in 518 

cancer care: a review of controlled clinical studies published in Chinese. PloS one. 519 

2013;8(4):e60338. 520 

15. Wang L, Zhou G-B, Liu P, Song J-H, Liang Y, Yan X-J, et al. Dissection of 521 

mechanisms of Chinese medicinal formula Realgar-Indigo naturalis as an effective treatment 522 

for promyelocytic leukemia. Proceedings of the National Academy of Sciences. 523 

2008;105(12):4826-31. 524 

16. Pan X, Han H, Wang L, Yang L, Li R, Li Z, et al. Nitidine chloride inhibits breast 525 

cancer cells migration and invasion by suppressing c-Src/FAK associated signaling pathway. 526 

Cancer letters. 2011;313(2):181-91. 527 

17. Qu Z, Cui J, Harata-Lee Y, Aung TN, Feng Q, Raison JM, et al. Identification of 528 

candidate anti-cancer molecular mechanisms of compound kushen injection using functional 529 

genomics. Oncotarget. 2016;7(40):66003. 530 

18. Aung TN, Qu Z, Kortschak RD, Adelson DL. Understanding the effectiveness of 531 

natural compound mixtures in cancer through their molecular mode of action. International 532 

journal of molecular sciences. 2017;18(3):656. 533 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 23

19. Ma Y, Gao H, Liu J, Chen L, Zhang Q, Wang Z. Identification and determination of 534 

the chemical constituents in a herbal preparation, Compound Kushen injection, by HPLC and 535 

LC-DAD-MS/MS. Journal of Liquid Chromatography & Related Technologies. 536 

2014;37(2):207-20. 537 

20. Wang W, You R-l, Qin W-j, Hai L-n, Fang M-j, Huang G-h, et al. Anti-tumor 538 

activities of active ingredients in Compound Kushen Injection. Acta Pharmacologica Sinica. 539 

2015. 540 

21. Gao L, Wang K-x, Zhou Y-z, Fang J-s, Qin X-m, Du G-h. Uncovering the anticancer 541 

mechanism of Compound Kushen Injection against HCC by integrating quantitative analysis, 542 

network analysis and experimental validation. Scientific reports. 2018;8(1):624. 543 

22. Li X, Wu L, Liu W, Jin Y, Chen Q, Wang L, et al. A network pharmacology study of 544 

Chinese medicine QiShenYiQi to reveal its underlying multi-compound, multi-target, multi-545 

pathway mode of action. PloS one. 2014;9(5):e95004. 546 

23. Aung TN, Nourmohammadi S, Qu Z, Harata-Lee Y, Cui J, Shen H, et al. 547 

FRACTIONAL DELETION OF COMPOUND KUSHEN INJECTION, A NATURAL 548 

COMPOUND MIXTURE, INDICATES CYTOKINE SIGNALING PATHWAYS ARE 549 

CRITICAL FOR ITS PERTURBATION OF THE CELL CYCLE. bioRxiv. 2018:462135. 550 

24. De Ieso ML, Pei JV. An Accurate and Cost-Effective Alternative Method for 551 

Measuring Cell Migration with the Circular Wound Closure Assay. Bioscience Reports. 552 

2018:BSR20180698. 553 

25. O'brien J, Wilson I, Orton T, Pognan F. Investigation of the Alamar Blue (resazurin) 554 

fluorescent dye for the assessment of mammalian cell cytotoxicity. European journal of 555 

biochemistry. 2000;267(17):5421-6. 556 

26. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. 557 

Fiji: an open-source platform for biological-image analysis. Nature methods. 2012;9(7):676. 558 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 24

27. Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing 559 

biological themes among gene clusters. Omics: a journal of integrative biology. 560 

2012;16(5):284-7. 561 

28. Tarca AL, Draghici S, Khatri P, Hassan SS, Mittal P, Kim J-s, et al. A novel signaling 562 

pathway impact analysis. Bioinformatics. 2008;25(1):75-82. 563 

29. Luo W, Brouwer C. Pathview: an R/Bioconductor package for pathway-based data 564 

integration and visualization. Bioinformatics. 2013;29(14):1830-1. 565 

30. Hu Y, Yan C, Hsu C-H, Chen Q-R, Niu K, Komatsoulis GA, et al. OmicCircos: a 566 

simple-to-use R package for the circular visualization of multidimensional omics data. 567 

Cancer informatics. 2014;13:CIN. S13495. 568 

31. Zhu H, Hao J, Niu Y, Liu D, Chen D, Wu X. Molecular targets of Chinese herbs: a 569 

clinical study of metastatic colorectal cancer based on network pharmacology. Scientific 570 

reports. 2018;8(1):7238. 571 

32. De Ieso ML, Yool AJ. Mechanisms of Aquaporin-Facilitated Cancer Invasion and 572 

Metastasis. Frontiers in Chemistry. 2018;6. 573 

33. Gerber DE. Targeted therapies: a new generation of cancer treatments. American 574 

family physician. 2008;77(3). 575 

34. Brydøy M, Fosså SD, Dahl O, Bjøro T. Gonadal dysfunction and fertility problems in 576 

cancer survivors. Acta Oncologica. 2007;46(4):480-9. 577 

35. Chen H, Zhang J, Luo J, Lai F, Wang Z, Tong H, et al. Antiangiogenic effects of 578 

oxymatrine on pancreatic cancer by inhibition of the NF-κB-mediated VEGF signaling 579 

pathway. Oncology reports. 2013;30(2):589-95. 580 

36. Guan L, Song Y, Gao J, Gao J, Wang K. Inhibition of calcium-activated chloride 581 

channel ANO1 suppresses proliferation and induces apoptosis of epithelium originated 582 

cancer cells. Oncotarget. 2016;7(48):78619. 583 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 25

37. Guo S, Chen Y, Pang C, Wang X, Shi S, Zhang H, et al. Matrine is a novel inhibitor 584 

of the TMEM16A chloride channel with antilung adenocarcinoma effects. Journal of cellular 585 

physiology. 2018. 586 

38. Liu R, Peng J, Wang H, Li L, Wen X, Tan Y, et al. Oxysophocarpine Retards the 587 

Growth and Metastasis of Oral Squamous Cell Carcinoma by Targeting the Nrf2/HO-1 Axis. 588 

Cellular Physiology and Biochemistry. 2018;49(5):1717-33. 589 

39. Li S, Butler P, Wang Y, Hu Y, Han DC, Usami S, et al. The role of the dynamics of 590 

focal adhesion kinase in the mechanotaxis of endothelial cells. Proceedings of the National 591 

Academy of Sciences. 2002;99(6):3546-51. 592 

40. Yamaguchi H, Condeelis J. Regulation of the actin cytoskeleton in cancer cell 593 

migration and invasion. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research. 594 

2007;1773(5):642-52. 595 

41. Janet MT, Cheng G, Tyrrell JA, Wilcox-Adelman SA, Boucher Y, Jain RK, et al. 596 

Mechanical compression drives cancer cells toward invasive phenotype. Proceedings of the 597 

National Academy of Sciences. 2012;109(3):911-6. 598 

42. Chorev DS, Moscovitz O, Geiger B, Sharon M. Regulation of focal adhesion 599 

formation by a vinculin-Arp2/3 hybrid complex. Nature communications. 2014;5:3758. 600 

43. Zhang B, Wang X, Li Y, Wu M, Wang S-Y, Li S. Matrine is identified as a novel 601 

macropinocytosis inducer by a network target approach. Frontiers in pharmacology. 602 

2018;9:10. 603 

44. Heldin C-H, Vanlandewijck M, Moustakas A. Regulation of EMT by TGFβ in cancer. 604 

FEBS letters. 2012;586(14):1959-70. 605 

45. Tan E-J, Olsson A-K, Moustakas A. Reprogramming during epithelial to 606 

mesenchymal transition under the control of TGFβ. Cell adhesion & migration. 607 

2015;9(3):233-46. 608 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 26

46. Enomoto M, Utsumi M, Park MK. Gonadotropin-releasing hormone induces actin 609 

cytoskeleton remodeling and affects cell migration in a cell-type-specific manner in TSU-Pr1 610 

and DU145 cells. Endocrinology. 2006;147(1):530-42. 611 

.CC-BY-ND 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 19, 2018. ; https://doi.org/10.1101/500124doi: bioRxiv preprint 

https://doi.org/10.1101/500124
http://creativecommons.org/licenses/by-nd/4.0/


 27

Figure Legends 612 

Fig. 1:  Summary of the KEGG analyses of over-represented pathways for differentially 613 

expressed genes after CKI treatment in MDA-MB-231 cells. From outer to inner, the first 614 

circle indicates the pathways; the second shows the genes involved; and the third summarizes 615 

significant changes in expression for transcript levels that were upregulated (red) or 616 

downregulated (blue) following CKI treatment. P-value cutoff for KEGG analysis was 0.05.  617 

 618 

Fig. 2: Dose-dependent inhibition of cell migration by CKI, MJ and MN fractions in eight 619 

cell lines, measured by wound closure assays. (A) Wound areas were imaged at 0 hour 620 

(initial) and after 20 hours of treatment. (B) Graphs show percent inhibition of cell migration 621 

standardized to the initial wound area, as a function of dose for treatments with CKI (blue), 622 

MJ (green), MN (red), and reconstituted CKI with major and minor fractions combined 623 

(MN+ MJ; purple). (C) Combinatorial analysis of effects on wound closure for the MN 624 

fraction tested in combination with each of nine individual major compounds of CKI, 625 

summarized as a heatmap. Data were normalized to values for percentage of migration 626 

blocked with MN alone at 0.5 mg/ml. Boxes display the net effects of added single major 627 

compounds, as no change (white), increased percentage block (red), or reduced percentage of 628 

migration blocked (blue). Statistically significant differences are shown as p < 0.05 (*), p < 629 

0.01 (**), and p < 0.001 (***).  No symbol in a box indicates the response was not 630 

significantly different from that with MN alone. 631 

 632 

Fig. 3: Assessment of the effects of CKI and fractions on cell viability and incidence of 633 

apoptosis. Viability was measured by Alamar Blue assay in eight cell lines treated with (A) 634 

CKI, (B) MN or (C) MJ fractions (at doses present in 2 mg/ml CKI). Cell viability responses 635 

standardized as a percentage to mean values for vehicle control were not significantly 636 
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different (ns) in any condition, based on repeated experiments with 8 replicates total. 637 

Apoptosis was compared in three cell lines with and without CKI treatment, for (D) MDA-638 

MB-231, (E) HEK-293, and (F) HFF cells, analyzed by flow cytometry (see Methods for 639 

details).  Pseudo-color plots illustrate the percentages of cells in the late (quadrant Q2) and 640 

early (Q3) stages of apoptosis. (G) Histogram summarizing compiled data (mean ± SD) 641 

depicting percentage apoptosis in three cell lines with and without CKI treatment. 642 

 643 

Fig. 4: Live-cell imaging of individual cell migration trajectories, with and without the 644 

treatments in eight cell lines. Six representative cells located near wound boundaries were 645 

selected at time zero and tracked by time-lapse imaging at 10-minute intervals for 20 hours 646 

by the positions of cell nuclei. (A) Trajectory plots of individual cells, starting at the graph 647 

origin at time 0, were assigned in quadrants based on treatment groups: VC (vehicle control, 648 

blue), CKI (red), MN (green), and MJ (violet). X and Y axis values are in µm. (B) Frequency 649 

histograms of distances moved by individual cells per 10-minute interval over 20 hours. 650 

Colours indicate treatment groups, as above. Total cumulative distances moved per cell are 651 

collated in box plots (insets). Boxes enclose 50 % of values; error bars show the full range; 652 

and horizontal lines are median values.  Statistically significant difference is indicated as p < 653 

0.05 (*), p < 0.01 (**), and p < 0.001 (***).  654 

 655 

Fig. 5:  Effects of CKI and fractions on cell invasiveness in eight cell lines.  Migration 656 

efficiencies of cells across an extracellular matrix barrier after treatment with CKI, minor 657 

(MN), major (MJ), or combined (MN+MJ) fractions were measured by transwell invasion 658 

assays. (A) Images show stained cells that had passed through the filter to reach the opposite 659 

side of the transwell membrane.  CKI, MN and MJ were applied at doses equal to those 660 

present in 2 mg/ml CKI; Ctrl is vehicle control. (B) Compiled results are shown in 661 
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histograms; n-values are in italics in corresponding figure key. Statistically significant 662 

differences compared to vehicle control are indicated as p < 0.01 (**), p < 0.001 (***), and p 663 

< 0.0001 (****); ns is not significant. 664 

Fig. 6: Identification of significantly perturbed pathways using SPIA analysis. (A) 101 665 

significantly perturbed pathways in MDA-MB-231 treated by CKI 2 mg/ml were observed.  666 

Total perturbation values are shown on the x-axis, and pathway IDs are on the y-axis. The 667 

global perturbation P value (pG < 0.05) was used. (B) Significantly perturbed “focal 668 

adhesion” pathway in MDA-MB-231 treated by CKI 2 mg/ml. (C) Significantly perturbed 669 

“regulation of actin cytoskeleton” pathway in MDA-MB-231 treated by CKI 2 mg/ml. Up- 670 

and down-regulated genes are shown in red and green respectively and genes that were not 671 

affected by CKI treatment are shown in white or grey. (D) 14 "core genes" that are found 672 

across three different datasets (see Methods). 673 

 674 

Fig. 7:  Patterns of distribution of polymerized F-actin after CKI-based treatments in eight 675 

cell lines, visualized by confocal microscopy. (A) F-actin was labelled with phalloidin 676 

(green), and nuclei with Hoechst (blue), for treatment groups (from left to right): vehicle 677 

control (Ctrl), CKI, minor and major fractions at doses present in 2 mg/ml CKI. Scale bars 678 

are 50 μm. (B) Areas (µm2) of F-actin staining per cell are summarized in box plots. 679 

Statistically significant results are shown as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 680 

0.0001 (****) and (#) for not significant. 681 

 682 

Fig. 8: Flow cytometry analyses of four proteins: CTNNB1, AKT (1, 2, 3), CCND1, and 683 

ACTB compared in three cell lines with and without CKI-based treatments. The levels of 684 

protein expression for four genes predicted by transcriptomic analysis to be significantly 685 

down-regulated were evaluated by FACS in three cell lines (A) MDA-MB-231, (B) HEK-686 
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293, and (C) HFF. Statistically significant differences compared to vehicle controls were 687 

analysed using one-way ANOVA and post hoc tests and are shown as p < 0.05 (*), p < 0.01 688 

(**), p < 0.001 (***), p < 0.0001 (****), and not significant (ns).  689 

 690 

Supplementary Fig.1: Functional classification of genes by GO over-representation 691 

analyses. Over-represented GO terms (Biological Process, BP=3) for differentially expressed 692 

(DE) genes were identified from MDA-MB-231 cells treated by CKI. Upregulated and 693 

downregulated genes contained in each term were shown in red and green respectively. GO 694 

terms shown above the blue line were significant terms related to migration.  695 

 696 

Supplementary Fig. 2: HPLC profiles of the components present in (A) CKI, (B) MJ and 697 

(C) MN fractions.  Samples (50 µl at 1 mg/ml) were run through a C18 semi-preparative 698 

column.  Numbers indicate the nine major compounds; 1: macrozamin, 2: adenine, 3: n-699 

methylcytisine, 4: sophoridine, 5: matrine, 6: sophocarpine, 7: oxysophocarpine, 8: 700 

oxymatrine, and 9: trifolirhizin.  701 

  702 

Supplementary Fig. 3: (A) Total ion chromatogram (TIC) for CKI in 1 in 100 dilution from 703 

25 mg/ml of stock concentration. Single peaks were extracted based on the molecular mass. 704 

(B) cytisine (spike in control), (C) macrozamin, (D) adenine, (E) n-methylcytisine, (F) 705 

sophoridine and matrine (similar molecular mass with different retention time) (G) 706 

oxysophocarpine, (H) oxymatrine, (I) sophocarpine and (J) trifolirhizin. 707 

 708 

Supplementary Fig. 4: (A) Total ion chromatogram (TIC) for MJ in 1 in 100 dilution from 709 

25 mg/ml of stock concentration. Single peaks were extracted based on the molecular mass. 710 

(B) adenine, (C) cytisine (spike in control), (D) macrozamin, (E) n-methylcytisine, (F) 711 
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sophoridine and matrine (similar molecular mass with different retention time) (G) 712 

oxysophocarpine, (H) oxymatrine, (I) sophocarpine and (J) trifolirhizin. 713 

 714 

Supplementary Fig. 5: Combinatorial analysis of the effects of MN with each of the nine 715 

major individual compounds, analyzed in eight cell lines with wound closure assays. Data 716 

were normalized to results with 0.5 mg/ml minor (MN) alone. Significantly increased or 717 

decreased percent block of migration resulting from the addition of major compounds is 718 

shown as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and not significant (ns). Data are mean 719 

± SD. 720 

 721 

Supplementary Video: Live-cell imaging of the migration blocking effect of CKI in MDA-722 

MB-231 cells in the wound closure migration assay. Videos show cell motility and wound 723 

closure rate in CKI at 2 mg/ml was reduced as compared to untreated control. Images were 724 

captured at 10-minute intervals for 20 hours.   725 

 726 

Supplementary Data1: Significantly over-represented functional GO terms, as determined 727 

by GO analysis of the transcriptome from CKI treated MDA-MB-231 cells. (P < 0.05).  728 

 729 

Supplementary Data 2: Significantly perturbed pathways, as determined by SPIA analysis 730 

of the transcriptome from CKI treated MDA-MB-231 cells.  (pG < 0.05).  731 

 732 

Supplementary Data 3: Matching of genes in two strongly affected pathways (“focal 733 

adhesion” and “actin cytoskeleton”) against three independent gene datasets containing: (i) a 734 

set TARGET gene and (ii) migration related genes from published articles. 14 core DE genes 735 
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from three datasets including CTNNB1, CDH1, AKT1, AKT2, AKT3, CCND1, MAPK1, JAK2, 736 

APC, CDK4, RB1, PIK3CA, and PTEN, are known to have effects on cell migration.  737 

 738 

Supplementary Table 1: Concentration of 9 major compounds in CKI (Batch No:20151139) 739 

and MJ. Total alkaloid content in CKI (Batch No:20151139) = 25 mg/ml based on 740 

manufacturer’s assay. Regression line for the calculation of compounds has previously been 741 

described (Aung et al., 2018). 742 

 743 

Supplementary Table 2: Concentrations of Matrigel and number of cells used for each cell 744 

line in transwell invasion assay.  745 

 746 

Supplementary Table 3: Fourteen clinically relevant DE genes from three independent gene 747 

datasets (see methods). 748 
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