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Minor (MN)

Traditional Chinese Medicine (TCM)

Human Foreskin Fibroblast (HFF)

High Performance Liquid Chromatography (HPLC)
Gene Ontology (GO)

5-fluoro-2'-deoxyuridine (FUDR)

RNA-sequencing (RNA-seq)

Kyoto Encyclopedia of Genes and Genomes (KEGG)
Signalling Pathway Impact Analysis (SPIA)

B-actin (ACTB)

Protein kinase B (AKT1, 2, 3)

B-catenin (CTNNBL1)

Cyclin D1 (CCND1)

Tumor Alterations Relevant for Genomics driven Therapy (TARGET)
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50

51

52  Abstract

53 Cancer metastasis is a mgor cause of death. Traditiona Chinese medicines (TCM) are
54  promising sources of new anti-metastatic agents. Compound Kushen Injection (CKIl),
55  extracted from medicina plants, Kushen (Sophora flavescens) and Baituling (Heterosmilax
56 chinensis), contains a mixture of alkaloids and flavonoids known to disrupt cell cycle and
57  induce apoptosis in breast cancer (MCF7). However, effects on cancer cell migration and
58 invasion have remaned unknown. CKI, fractionated mixtures, and single identified
59  components were tested in migration assays with colon (HT-29, SW-480, DLD-1), brain (U-
60 87 MG, U-251 MG), and breast (MDA-MB-231) cancer cell lines. Human embryonic kidney
61 (HEK-293) and human foreskin fibroblast (HFF) served as non-cancerous controls. Wound
62  closure, transwell invasion, and live cell imaging assays showed that CKI reduced motility in
63 al eight cell lines. The greatest inhibition of migration occurred in HT-29 and MDA-MB-
64 231, and the least in HEK-293. Fractionation and reconstitution of CKI showed that
65 combinations of compounds were required for activity. Live cell imaging confirmed CKI
66 strongly reduced migration of HT-29 and MDA-MB-231 cells, moderately slowed brain
67  cancer cells, and had no effect on HEK-293. CKI uniformly blocked invasiveness through
68  extracellular matrix. Apoptosis was increased by CKI in MDA-MB-231 cells but not in non-
69 cancerous cells. Cell viability in CKI was unaffected in all cell lines. Transcriptomic analyses
70 of MDA-MB-231 with and without CKI indicated down-regulated expression of actin
71 cytoskeletal and focal adhesion genes, consistent with the observed impairment of cell
72  migration. The pharmacological complexity of CKI is important for its effective block of
73 cancer cell migration and invasion.

74
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75 Introduction

76  Cancer progression results from uncontrolled migration of cells away from the primary
77  tumor, intravasation into lymphatic or vascular circulation, invasion into secondary tissues
78 and the formation of metastasized tumors (1, 2) which are the main cause of cancer-related
79  deaths (3-5). Migrating cells generate a driving force for cell motility based on the extension
80 of filipodia and lamellipodia using actin polymerization at the leading edges of the cell (6).
81 New approaches for enhancing cancer treatment by impairing cell migration and metastasis
82 might offer promise for curing patients with malignancies. Combinations of anticancer
83  therapeutic regimens that not only reduce cell proliferation but also limit metastasis would be
84  advantageous (7-9).

85 Herbal medicines are used in complementary and traditional medicines (10-12).
86  Traditional Chinese medicine (TCM) relies on natural product extracts containing complex
87  mixtures of components, suggested to deliver therapeutic benefit to individuals suffering
88  from non-small cell lung cancer, liver, breast, and colorectal cancers (12-14). The inherent
89 complexity of TCM suggests principle components might act in concert with adjuvant
90 components, explaining an apparent synergy in therapeutic benefits seen from the whole
91 extract as compared to individual compounds (15). Modulation of multiple regulatory
92  signaling targets has been proposed as essential for the anti-proliferative, anti-migratory and
93  anti-metastatic properties of TCMs (16, 17).

94  Compound Kushen Injection (CKI) has been used in combination with chemotherapies such
95 as oxdiplatin and 5-fluorouracil in China since 1995 for the treatment of gastric, liver and
96 non-small cell lung carcinomas (18). Composed of akaloids, flavonoids, organic acids
97  and saccharides (19), CKI has been reported to boost immunity, decrease inflammation, and
98 decrease metastasis (20), for example by repressing RNA markers associated with tumor

99 metastasis in MCF-7 cells (17, 18), and impairing migration in hepatocellular carcinoma
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100 cels (21). The challenge for defining mechanisms of action of TCMs such as CKIl is to
101 understand the differential activities of chemical components not only singly but in
102  combination, recognizing the likely involvement of multiple gene expression and signaling
103  pathways in the beneficial outcomes (22).

104  Work here is the first to show that CKI and defined chemical fractions slow cancer cell
105 migration and invasion, and to use systems biology to identify sets of genes linked to cell
106  migration that are regulated by CKI trestment. Differential expression of genes in the actin
107  cytoskeleton and focal adhesion pathways supports the idea that the therapeutic activity of
108 CKI in humans involves a serendipitous combination of effects on cancer cell properties.

109

110 Materialsand Methods

111 Cdllines

112 MDA-MB-231, HT-29, SwW-480, DLD-1, U-87 MG, U-251 MG and HEK-293 were
113  purchased from the American Type Culture Collection (ATCC, Manassas, VA) and human
114  foreskin fibroblast (HFF) was kindly provided by Dr. Eric Smith (Basil Hetzel Ingtitute, The
115 Queen Elizabeth Hospital, SA, Australia). DLD-1 cells were grown in RPMI (Roswell Park
116  Memoria Institute) culture medium (Thermo Fisher Scientific, MA, USA) with 10 % fetal
117  bovine serum (FBS, Thermo Fisher Scientific). All other cell lines were cultured in Dulbecco
118 Modified Eagle Medium (DMEM, Thermo Fisher Scientific) with 10 % FBS, except for HFF
119  (which contained 15 % FBS), at 37°Cin 5 % CO..

120

121  CKI preparation and other chemicals

122  CKI (Batch No: 20170322, total alkaloid concentration of 25 mg/ml) was obtained from
123 Zhendong Pharmaceutical Co. Ltd (Shanxi, China). High performance liquid chromatography

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


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

bioRxiv preprint doi: https://doi.org/10.1101/500124; this version posted December 19, 2018. The copyright holder for this preprint (which was
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
under a CC-BY-ND 4.0 International license.

125 to anayse single compounds and confirm their concentrations in CKI. Fractionation of CKI
126  was done by using Shimadzu HPLC SPC-M20A photodiode-array UV-Vis detector (Japan)
127  equipped with a C,g column (5 pm, 250 x 10 mm; Phenomenex, CA, USA), with methods for
128 fractionation and concentration determinations as described previously (23) (Supplementary
129 Figs 2 and 3). The nine compounds comprising the magor fraction (MJ): oxymatrine,
130 oxysophocarpine, n-methylcytisine, matrine, sophocarpine, trifolirhizin, adenine, and
131  sophoridine were purchased as isolated compounds from Beina Biotechnology Institute Co.,
132  Ltd (Shanxi, China), and macrozamin was obtained from Zhendong Pharmaceutical Co. Ltd
133 (Bejing, China). Two-fold serial dilutions from 2 mg/ml through to 0.25 mg/ml of total
134  akaloids in CKIl, as well as equivalent dilutions of the MJ and minor (MN) fractions were
135 used for bioassay experiments on the cancer and non-cancerous cell lines and compared with
136  effects of vehicle control treatments; 0.25 % Tween 80 (Sigma-Aldrich, MO, USA) and 10
137 mM HEPES (Thermo Fisher Scientific) in the same cell lines.

138

139  Circular wound closur e assay

140 Two-dimensional (2D) cell migration was measured using circular wound closure rates (24).
141  CKl-based and vehicle control treatments were applied in low serum DMEM, with the
142  mitotic inhibitor 5-fluoro-2'-deoxyuridine (FUDR). Initial wound areas were imaged at O h
143  (10x objective) with a Canon EOS 6D camera (Canon, Tokyo, Japan) on an Olympus
144  inverted microscope (Olympus Corp., Tokyo, Japan); XnConvert software was used to
145 standardize the images. NIH ImageJ software (U.S. National Institutes of Health, MD, USA)
146  was used to quantify wound areas at 0 h and at a second timepoint (18 to 24 h), set for each
147  cell line to ensure wounds were not completely closed. Experiments were independently
148  repeated three times, with four to eight replicates.

149
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150 Transwell invasion assay

151 Invasion assays were performed in 24-well transwell inserts (6.5 mm, 8 um pore size;
152  Corning® Transwell polycarbonate; Sigma-Aldrich). The upper surface of the filter was
153 layered with extracellular matrix (ECM) gel from Sigma-Aldrich (at dilutions empirically
154  optimized for each cell line; Supplementary Table 2), allowed to dry overnight, and
155 rehydrated with 50 pl of serum-free media per insert for 1 h prior to cell seeding. Cultures
156  were grown to 40 % confluence and then starved in medium with 2 % FBS serum for 24 h
157  prior to seeding. Cells were detached (at < 80 % confluency) and resuspended in serum-free
158  culture media (Supplementary Table 2). Cells were then seeded in transwell inserts (total 150
159  ul of cell suspension per transwell, including 50 ul of rehydration medium added earlier) at
160  appropriate number of cells per well in the presence of CKI, MN or MJ at 2 mg/ml, or
161  vehicle control medium. The chemoattractant gradient was created with 700 ul of culture
162  medium (containing the relevant CKl-based or vehicle treatment), with 5 %, 10 %, or 15 %
163 FBS for HEK-293, cancerous cells, or HFF, respectively. Depending on invasion
164  characteristics, cells from each line were incubated for an optimized time period ranging
165 from5to24 hat 37°Cin5 % CO,. Non-invasive cells were scraped from the upper surface
166 of the filter with a cotton swab; migrated cells on the bottom surface were counted after
167 staining with crystal violet (Sigma-Aldrich). The average number of invasive cells was
168 caculated from three randomly selected fields (x100 magnification). Cell counts were
169 normalized to numbers in the vehicle control treatment. Three independent experiments were
170 carried out with two replicates.

171

172  Cytotoxicity assay

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

174  instructions (Thermo Fisher Scientific). Cells were seeded in 96-well plates in media with 2
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175 % FBS and FUDR. After overnight incubation, treatments were applied, and cultures were
176  incubated for 24 h. After application of 10 % Alamar Blue solution (30-90 min), fluorescence
177  was measured by using FLUOstar Optima microplate reader. Mercuric chloride (2.5 mM)
178 served as a positive control, inducing cytotoxic cell death. A control sample with medium
179  and treatment agent only (no cells) was included for background color subtraction.

180

181  Apoptosis assay

182  Apoptosis assays based on annexin V and propidium iodide staining were performed as
183  described previously (17). Briefly, MDA-MB-231, HEK-293 and HFF cells were seeded in
184  6-well trays and treated with 2 mg/ml of CKI. After 24 h of treatment, cells were harvested,
185 and levels of apoptotic cells were measured using the Annexin V-FITC detection kit (Thermo
186 Fisher Scientific) according to the manufacturer's guidelines. Cells were acquired on a
187 LSRFortessa X-20 (BD Biosciences, NJ, USA) and data were analyzed using FlowJo
188  software (TreeStar Inc., OR, USA).

189

190 Livecdl imaging

191 Cellsin 96 well plates were cultured to 80 % confluency, then serum-starved for 12-18 h in
192  optimal culture media with 2 % FBS and 400 nM FUDR. Wounds were created as circular
193 lesions in the confluent monolayers, and treatments were added as described for the circular
194  wound closure assay above. Plates were placed in an enclosed humidified chamber at 37°C
195 with 5% CO,for 20 h, and images were acquired a 15-min intervals with a Nikon Ti E Live
196 Cell Microscope (Nikon, Tokyo, Japan) using Nikon NIS-Elements software. Time-lapse
197 movies as AVI files were exported from NIS-Elements. ImageJ (U.S. National Institutes of
198 Health) was used to convert the exported files into TIFF files and converted files were then

199 analyzed using Fiji software (26).
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200

201  Immunofluorescence labelling and confocal microscopy

202  Cellswere plated in p-Plate 8 Well dishes (1bidi, Munich, Germany), in 2 % FBS with FUDR
203 400 nM in optimal culture media and incubated 12-18 h at 37°C in 5 % CO,. The following
204  day, 2 mg/ml of CKI, MN, MJ or vehicle control treastments were applied, and cells were
205 incubated for 24 h. After washing with phosphate-buffered saline (PBS), cells were fixed in 4
206 % paraformaldehyde (at room temperature for 10-30 min), rinsed 2-3 times with PBS, and
207  permeabilized with 200 pl of 0.1 % Triton X-100 in PBS (3-5 min a room temperature).
208  After 2-3 washes with PBS, Phalloidin-iFluor 488 Reagent CytoPainter (ab176753; Abcam,
209 MA, USA) at 200 pl per well was used to stain F-actin cytoskeleton (room temperature in
210 the dark for 1-2 h) and washed again 2-3 times with PBS. Cell nuclei were labelled with
211 200 pl of 1:1000 Hoechst stain (cat # 861405; Sigma-Aldrich) for 5-10L/min. Cells were
212  visualized using a SP5 laser scanning confocal microscope (Leica, Germany).

213

214  Pathway enrichment analysis of migratory genes affected by CKI

215 RNA-seq (RNA-sequencing) data (23) of MDA-MB-231 cells treated with CK| were used to
216  identify cell migration genes affected by CKI. Gene Ontology (GO) enrichment analyses
217  were carried out with R package clusterProfiler 3.8.0 (27). The following parameters for GO
218 enrichment analysis were used: biological process at the third level; right-sided
219 hypergeometric test; and Benjamini-Hochberg method to correct p values. Pvalue cutoff 0.05
220 and FDR (false discovery rate) 0.1 values were used to identify significantly over-represented
221 GO terms. Pathways that were significantly perturbed by CKI treatment were identified with
222  Signaling Pathway Impact Analysis (SPIA) (28), and visualized using the pathview package
223 in R (29). KEGG (Kyoto Encyclopedia of Genes and Genomes) functional analysis was

224  performed with R package clusterProfiler 3.8.0 (27) and OmicCircos v 1.18.0 (30). Venn
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225  diagrams were generated using an online tool
226  (http://bioinformatics.psb.ugent.be/webtools/Venry).

227

228 Intracellular protein staining and quantification by flow cytometry

229 Cells cultured in 6-well trays were treated with CKI, MN or MJ as described above,
230 harvested after 24 h, fixed and permesbilized using Nuclear Factor Fixation and
231 Permesbilization Buffer Set (Biolegend, CA, USA) according to the manufacturer's
232  instructions. 2x10° cells were labelled with rabbit anti-Cyclin D1 (CCND1) (92G2, Cell
233 Signaing Technologies, MA USA), rabbit anti-B-actin (ACTB) (D6A8, Cell Signaling
234  Technologies), rabbit anti-protein kinase B (AKT1, 2, 3) (Ab32505, Abcam) or rabbit 1gG
235 isotype control (Cell Signaling Technologies), and these antibodies were detected with anti-
236  rabbit IgG-PE (Cell Signaling Technologies). For detection of 3-catenin, rabbit anti-f-catenin
237 (CTNNB1)-Alexa Fluor 647 and isotype control for CTNNB1 rabbit 1gG-Alexa Fluor 647
238 (Abcam) were used. The cells were then sorted, and the data were acquired on a BD
239 LSRFortessa X-20. Sorting parameters were set to gate and exclude small particles such as
240  cell debrisand large duplex cells. The data were analysed using FlowJo software.

241

242  Statistical tests

243  Statistical analyses were carried out using GraphPad Prism 8 software (San Diego, CA, USA)
244  with one-way ANOVA. Statistically significant results were represented as p<0.05 (*) or
245 p<0.01 (**) p<0.001 (***), or p<0.0001 (****); ns (not significant). All data are shown as
246  mean * standard deviation (SD); n values for independent samples are indicated in italics
247  above the x-axesin histogram figures, unless otherwise stated.

248

249 Results

10
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250 Functional annotation of M DA-MB-231 transcriptome treated by CKI

251  Transcriptome (23) analyses were performed to identify over-represented Gene Ontology
252 (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) for al differentially
253  expressed (DE) genes by comparing MDA-MB-231 gene expression profiles with and
254  without CKI treatment (Fig 1 and Supplementary Fig 1). Differences in gene expression
255 levels were used to identify migration related GO terms and pathways of interest, which were
256 classified by functiona roles via GO and KEGG over-representation anayses. Enriched GO
257 terms connected to cell migration such as “positive regulation of locomotion”, “tissue
258 migration “and “leucocyte migration” emerged from analyses of DE genes in CKl-treated
259 MDA-MB-231 cells (Supplementary Fig 1 and Supplementary Data 1). Integration of DE
260 genes associated with CKI treatment into KEGG pathways showed that some of the most
261  over-represented pathways were “focal adhesion”, “regulation of actin cytoskeleton”,
262  “pathways in cancer”, “TGF-B signading pathway” and “adherens junction” (Fig 1). These
263  results indicated that many of the genes affected by CKI treatment were involved in cell
264  migration-related pathways.

265

266 Identification of CKI components

267 CKI was fractionated and components were selectively recombined to create MJ and MN
268 fractions (Supplementary Fig 2) as treatments for bioassays on cultured cells. Concentrations
269  of the nine mgjor compounds in CKI were measured using LC-MSM S (see Methods). The
270  concentrations of MJ components were determined (Supplementary Figs 3 and 4) from
271 calibration curves of nine standard compounds as previously described (23) and
272 summarized in Supplementary Table 1. The total concentration of the nine maor
273  compounds in CKI was 9.99 mg/ml which accounted for approximately 40 % of the dry mass

274  of CKI, and the total concentration of the nine compounds in MJ was 8.62 mg/ml, indicating

11
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275 that the maor compounds were clearly fractionated from CKI, and that MJ and MN
276  components were well separated.

277

278 Impairment of cell migration by CKI and fractionated mixtures

279  Effects of CKI on two-dimensional cell migration were assessed using a circular wound
280 hedling assay (Fig 2A). Percent wound closure after 20 h was calculated based on the initia
281 wound area. CKl-based treatments were tested on eight different cancer cell lines (HT-29,
282 SW-480, DLD-1, U-87 MG, U-251 MG and MDA-MB-231) and two non-cancerous cell
283  lines (HEK-293 and HFF), at five doses ranging from 0 to 2 mg/ml (Fig 2B). In al cell lines,
284  net migration rates were inhibited more by CKI than by MN or MJ treatments alone, except
285  in HEK-293 which showed low sensitivity to CKI. The retention of biological activity in the
286 fractionated MJ and MN treatments was confirmed by demonstrating reconstituted CKI (in
287  which MN and MJ were mixed together) was equally effective as CKI for blocking cell
288 migration (Fig 2B). The most sensitive cell lines were breast cancer (MDA-MB-231) and
289  colon cancer (HT-29). DLD-1 and HEK-293 cell lines were the |east sensitive.

290

291 In al the CKl-sensitive cell lines, the inhibition of migration by MN alone was greater than
292  that seen with MJ aone (Fig 2B), but neither treatment was as potent as CK1 in any cell line.
293 Todetermineif asingle compound in MJ accounted for the enhanced inhibition seen with co-
294  application of MJ and MN, each of the isolated major compounds alone was added in turn to
295 1 mg/ml MN, at a final concentration equal to its original concentration in 2 mg/ml CKI.
296 Wound healing assays showed certain compounds added to MN produced a significantly
297  greater inhibition than MN alone, but the effective compounds and levels of potency differed
298  between cell lines (Fig 2C and Supplementary Fig 5). Matrine was effective in MDA-MB-

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

12
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300 was effective in HT-29, SW-480 and U-251 MG; and adenine was effective in HT-29 cells,
301 as determined by a significant decrease in migration as compared to MN aone. More than
302  onecompound in MJ appeared to contribute to the activity of CKI in blocking cell migration.

303

304 None of the CKl-based treatments induced significant cytotoxicity at 1 or 2 mg/ml, as
305  assessed by Alamar Blue assays (Figs 3A, B, C). The lack of cytotoxicity suggested that the
306  observed impairment of the two-dimensional cell migration was not an indirect conseguence
307  of reduced cell viability. However, CKIl at 2 mg/ml substantialy increased apoptosis in
308 MDA-MB-231 and moderately increased apoptosis in HEK-293 cells, without a significant
309 effect on HFF (Figs 3D, E, F, G). These data extend prior work which showed CKI increased
310 apoptosis in MCF-7 breast cancer cells (Qu et a., 2016), and support the idea that multiple
311 responsesinduced by CKI could contribute to its overall anti-cancer effects.

312

313 To quantify the effects of CKI on two-dimensional cell matility in vitro in more detail,
314 trajectories of individua cells were monitored in real time using live cell imaging (Fig 4).
315 Vehicle-treated cells were compared with those treated with 2 mg/ml CKI, or 1 mg/ml MN
316 or MJ (doses equal to their concentration in CKI1). Data were compiled for representative
317 cells from six cancer and two non-cancerous cell lines. Positions of individual cells as a
318 function of time over 20 h were determined by the location of the cell nucleus (Fig 4A).
319 Distances moved per unit time interval showed a Gaussian distribution; the peak position
320 illustrates the mean distance travelled per increment. Significant displacement of the curve to
321 the left (representing a decreased mean distance travelled per time interval) was evident for
322 CKI treatment in al cell lines as compared to vehicle-treated controls (Fig 4B, and
323  Supplementary video). Significant reductions in mean distance by either MN or MJ were

324  observed in HT-29 and SW-480 cells. Reductions in mean distance by MN but not MJ were

13
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325 seen in U-87 MG, MDA-MB-231 and HFF cells. U-251 MG and DLD-1 cancer cells
326  responded only to whole CKI. The effectiveness of CKI in blocking migration depended on
327 the simultaneous presence of multiple minor and major compounds, but the specific agents
328  conferring anti-migration activity appeared to depend on the cell line.

329

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

331 A transwell Boyden chamber assay with ECM-coated filters was used to measure the
332 invasiveness of cellsin response to a serum chemoattractant gradient in vehicle control, CKI,
333 MN, and MJ treatment conditions (Fig 5). CKI treatment and the combined MN+MJ
334 treatment (i.e., reconstituted CKI) both significantly reduced invasiveness in all cell types.
335 Smaller but significant decreases in invasiveness were seen with MN alone in al cell types
336  except SW-480 and were seen with MJ alonein al but SW-480 and MDA-MB-231 cell lines.
337 These results suggested that a combination of major and minor components of CKI was
338  required for maximal inhibition of invasiveness through extracellular matrix barriers.

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

340 Functiona enrichment analysis was used to narrow the field of candidate mechanisms
341 potentially associated with the anti-migratory effects of CKI. Perturbations of KEGG
342  Pathways that were significantly over-represented in DE genes affected by CKI treatment
343  were further analysed using SPIA (Fig 6A and Supplementary Data 2). “Melanogenesis”,
344  “TGF-B signaling pathway”, “foca adhesion”, “regulation of actin cytoskeleton”, “ErbB
345 dignaling pathway”, and “GnRH signaling pathway” were significantly perturbed based on
346 'global perturbation values (pG<0.05), consistent with the results of the KEGG analysis.
347  Together, these analyses provided evidence that CKI was likely to impair cell migration by
348  dltering both adhesion and motility (Figs 6B and C). To explore this idea, genes from two

349  strongly affected pathways (“focal adhesion” and “actin cytoskeleton”) were characterised by
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350 comparing three independent gene datasets: (i) a set containing 135 Tumor Alterations
351 Relevant for Genomics driven Therapy (TARGET) genes; (ii) a set containing 140 migration
352 related genes collected from published articles; and (iii) a set containing 1381 genes from
353 KEGG pathways. We identified 14 clinically relevant DE genes, which were:  CTNNBL,
354 CDH1, AKT1, AKT2, AKT3, CCND1, MAPK1, JAK2, APC, CDK4, RB1, PIK3CA, and
355 PTEN, al of which have been shown to affect cell migration (Fig 6D, Supplementary Table 3
356 and Supplementary Data 3), suggesting that the slowing of cell migration could be clinically
357  relevant to CKI treatment outcomes.

358

359 CKI interrupts F-actin polymerization

360 The results of functional enrichment analysis highlighted the actin cytoskeleton and focal
361 adhesion pathways as potential targets of CKI. As a result, we decided to examine the effect
362 of CKI on F-actin polymerization, filopodia formation and lamellipodia extension using
363 confocal microscopy in al eight cell lines (Fig 7). Cells in all lines treated with CKI, MN
364 and MJ (at doses equal to those in 2 mg/ml CKI1) at 24 h were smaller and lacked cellular
365 processes such as lamellipodia as compared to vehicle control treated. Abundant
366 lamellipodia seen in the control treatment were visibly diminished in the treatment groups.
367 Comparing responses within the treatment groups, CKI disrupted the lamellipodia
368 extensions more than was seen with MN or MJ alone. The impairment of F-actin
369 polymerization was consistent with the idea that MN and MJ fractions both contribute
370  slowing cell migration.

371

372  CKI and fractionated mixtures perturb the actin cytoskeleton

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

374  anayses of four proteins; CTNNB1, AKT (1, 2, 3), CCND1, and ACTB, selected for their
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375  dignificant contributions in actin cytoskeleton and focal adhesion pathwaysin MDA-MB-231
376  and HEK-293 cell lines. Results shown in Fig 8 indicated that CKI, MN and MJ significantly
377  downregulated the protein expression, confirming the gene expression data. While there was
378  prominent down-regulation of CTNNB1 expression in MDA-MB-231 by all treatments, AKT
379 (1, 2, 3) was downregulated by CKI and MN but not MJ treatments. In HFF cells, all
380 treatments downregulated ACTB and CCND1 significantly; CKI and MN significantly
381 reduced AKT (1, 2, 3) expression whereas MJ caused significant increase. In contrast, in the
382 HFF cell line, CTNNBL1 protein expression was significantly increased by CKI and MN, but
383 dgnificantly downregulated by MJ. In HEK cells, CKI upregulated ACTB, AKT and
384 CCND1, whereas MN upregulated ACTB and downregulated CCND21; MJ had no significant
385 impact on these four proteins (Fig 8). These results showed that CKI, MN and MJ
386 dignificantly downregulated the four proteins in MDA-MB-231 cells, with similar although
387 not identical resultsin the two non-cancer cell lines, providing additional support for the idea
388 that CKI affects cancer cell migration by altering cytoskeletal structure.

389

390

391

392 Discussion

393 Natural compounds with anti-cancer activities have been suggested to include potential anti-
394 metastatic agents (17, 21, 31, 32). Clinical chemotherapeutics for cancers are targeted
395 mainly to killing rapidly dividing cells (33), but cause serious side effects including
396 immunosuppression, hair loss and infertility, without eliminating risks of secondary
397 neoplasms (34). Non-toxic treatments to reduce metastasis as adjuncts to primary cancer
398 therapies are greatly needed. CKI increased apoptotic activity in breast cancer MCF-7 and

399 hepatocellular carcinoma HCC cell lines (17, 21). Results here showed that CKI also
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400 significantly slowed cell migration and invasion, an outcome consistent with its beneficial
401 clinical effects. The complexity of TCM presents a challenge for identifying single active
402  compounds. By separating components of CKI into major and minor groups, and by adding
403 novel screens for migration and invasion into the analyses of CKI biological activity, we have
404  shown that co-application of multiple compounds was far more effective in blocking cell
405 migration than single agents aone, and that different compounds (serendipitously combined
406 in CKIl) arerequired for activity across diverse cell types.

407

408 Components of CKI have both anti-proliferation and anti-migration activities which differ
409 between cell lines, suggesting that refinement of the TCM composition could enable
410  customized management for different cancer types. A subset of the major compounds in CKI
411 have been investigated previously. For example, oxymatrine impaired angiogenesis in mouse
412  breast cancer in vitro and in vivo, by altering NF-kB pathway and VEGF signaling (35).
413  Matrine inhibited migration and proliferation of mouse lung adenocarcinoma in vitro and
414  slowed xenograft growth in vivo, by reducing expression of a calcium-dependent chloride
415  channel shown to be upregulated in multiple cancer types (36, 37). Consistent with these
416 findings, we found matrine added to the CKI minor fraction further impaired cancer cell
417 migration (Fig 2C); however, in contrast, addition of oxymatrine to the CKI minor fraction
418 did not affect the control of migration in any of the cell lines we tested. Oxysophocarpine
419 dlowed metastasis of oral squamous cell carcinoma in vitro and in vivo, by altering
420 transcription factor Nrf2 and stress protein signaling pathways (38). In contrast, our results
421  showed oxysophocarpine partially reversed the inhibition of migration observed with the CKI
422  minor fraction. Work here showed that the major components trifolirhizin and adenine, not
423  previously characterized, when added to CKI minor fraction further slowed cell migration,

424  suggesting these agents merit further study as potential therapeutics, singly and in
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425 combination. Not all components of CKI enhance its anti-cancer activities; for example,
426  depletion of three compounds (oxymatrine, oxysophocarpine and macrozamin) increased the
427  anti-proliferative activity of CKI (23).

428

429 Rational analysis of the differential effects of agents in a TCM mixture can benefit from
430 quantitative systems biology approaches. Transcriptomics has proven valuable for identifying
431  adtered patterns of global gene expression in response to complex agents such as CKI (18).
432  Our pathway analysis of the transcriptome of CKl-treasted MDA-MB-231 cells revealed a
433 srong association with genes linked to “TGF-B signaling”, “foca adhesion”, “GnRH
434 signaling”, and “regulation of actin cytoskeleton”. These pathways are linked with migratory
435 phenotype, actin polymerization and lamellipodia protrusion (39) (40) (41). Focal adhesion
436 Sites are points of contact with extracellular matrix, anchoring actin filaments via protein
437 complexes with transmembrane integrin receptors (42). Matrine has been reported to
438  disrupt actin filament organization in DLD-1 colorectal adenocarcinoma cells (43). Work
439 here is the first to show that treatment with whole CKI significantly perturbed “focal
440 adhesion” and “regulation of actin cytoskeleton” pathways, and to confirm predictions of the
441  transcriptomic results by showing CKI reduced lamellipodial abundance, length of extension,
442  and area of F-actin polymerization.

443

444  Two striking outcomes of our pathway analyses were the significant negative perturbation
445  of the cytokine TGF- (transforming growth factor beta) and positive perturbation of
446  GnRH (Gonadotropin-releasing hormone) signaling pathways by CKI treatment.
447  Multifunctional TGF-3 promotes the process of epithelial-mesenchymal transition, which
448 facilitates cell migration, invasion and metastasis (44, 45). Reduced TGF-3 signaling

449 would be consistent with our findings of impaired invasion and migration with CKI

18


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

bioRxiv preprint doi: https://doi.org/10.1101/500124; this version posted December 19, 2018. The copyright holder for this preprint (which was
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
under a CC-BY-ND 4.0 International license.

450 treatment. Conversely, GnRH activity has been associated with attenuating migration of
451 DU145 human prostatic carcinoma cells by remodelling the actin cytoskeleton (46).
452 Increased GnRH signaling would be consistent with beneficial effects of CKI treatment.
453  Further work is needed to fully understand the mechanisms of action of CKI on cell
454 migration and invasion, the signaling pathways involved, the synergistic effects of
455  combined therapeutic agents, and the translational potential by extending these analyses to
456  metastatic cancer cellsin vivo.

457

458 Conclusion

459  The primary outcome of this study is the demonstration that cancer cell migration and
460 invasion rates are significantly reduced by CKI, suggesting that therapeutic activity of CKI in
461 human cancer patients may arise in part from downregulation of a panel of key molecular
462  targets necessary for adhesion and motility in metastasis. The secondary outcome of this
463  study isthat multiple compounds in CKl, acting together, are responsible for this effect.
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612 FigurelLegends

613 Fig. 1. Summary of the KEGG analyses of over-represented pathways for differentially
614  expressed genes after CKI treatment in MDA-MB-231 cells. From outer to inner, the first
615 circleindicates the pathways; the second shows the genes involved; and the third summarizes
616 significant changes in expression for transcript levels that were upregulated (red) or
617 downregulated (blue) following CKI treatment. P-value cutoff for KEGG analysis was 0.05.
618

619 Fig. 2: Dose-dependent inhibition of cell migration by CKI, MJ and MN fractions in eight
620 cell lines, measured by wound closure assays. (A) Wound areas were imaged at O hour
621 (initial) and after 20 hours of treatment. (B) Graphs show percent inhibition of cell migration
622  standardized to the initial wound area, as a function of dose for treatments with CKI (blue),
623 MJ (green), MN (red), and reconstituted CKI with major and minor fractions combined
624 (MN+ MJ; purple). (C) Combinatorial analysis of effects on wound closure for the MN
625 fraction tested in combination with each of nine individual maor compounds of CKI,
626 summarized as a heatmap. Data were normalized to values for percentage of migration
627  blocked with MN alone at 0.5 mg/ml. Boxes display the net effects of added single magjor
628 compounds, as no change (white), increased percentage block (red), or reduced percentage of
629 migration blocked (blue). Statistically significant differences are shown as p < 0.05 (*), p <
630 0.01 (**), and p < 0.001 (***). No symbol in a box indicates the response was not
631 dgnificantly different from that with MN alone.

632

633 Fig. 3: Assessment of the effects of CKI and fractions on cell viability and incidence of
634  apoptosis. Viability was measured by Alamar Blue assay in eight cell lines treated with (A)
635 CKI, (B) MN or (C) MJ fractions (at doses present in 2 mg/ml CKI1). Cell viability responses

636 standardized as a percentage to mean values for vehicle control were not significantly
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637 different (ns) in any condition, based on repeated experiments with 8 replicates total.
638 Apoptosis was compared in three cell lines with and without CKI treatment, for (D) MDA-
639 MB-231, (E) HEK-293, and (F) HFF cells, analyzed by flow cytometry (see Methods for
640 details). Pseudo-color plots illustrate the percentages of cells in the late (Quadrant Q2) and
641 early (Q3) stages of apoptosis. (G) Histogram summarizing compiled data (mean = SD)
642  depicting percentage apoptosis in three cell lines with and without CKI treatment.

643

644 Fig. 4: Live-cell imaging of individual cell migration trgectories, with and without the
645 treatments in eight cell lines. Six representative cells located near wound boundaries were
646 selected at time zero and tracked by time-lapse imaging at 10-minute intervals for 20 hours
647 by the positions of cell nuclei. (A) Trajectory plots of individual cells, starting at the graph
648 origin at time 0, were assigned in quadrants based on treatment groups: VC (vehicle contral,
649  blue), CKI (red), MN (green), and MJ (violet). X and Y axis values are in um. (B) Frequency
650 histograms of distances moved by individual cells per 10-minute interval over 20 hours.
651 Colours indicate treatment groups, as above. Total cumulative distances moved per cell are
652 collated in box plots (insets). Boxes enclose 50 % of values; error bars show the full range;
653 and horizontal lines are median values. Statistically significant difference is indicated as p <
654  0.05 (*), p<0.01 (**), and p < 0.001 (***).

655

656 Fig. 5. Effects of CKI and fractions on cell invasiveness in eight cell lines. Migration
657 efficiencies of cells across an extracellular matrix barrier after treatment with CKI, minor
658 (MN), major (MJ), or combined (MN+MJ) fractions were measured by transwell invasion
659 assays. (A) Images show stained cells that had passed through the filter to reach the opposite
660 sde of the transwell membrane. CKI, MN and MJ were applied at doses equal to those

661 present in 2 mg/ml CKI; Ctrl is vehicle control. (B) Compiled results are shown in
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662 histograms; n-values are in italics in corresponding figure key. Statisticaly significant
663 differences compared to vehicle control are indicated asp < 0.01 (**), p <0.001 (***), and p
664 < 0.0001 (****); nsisnot significant.

665 Fig. 6: Identification of significantly perturbed pathways using SPIA analysis. (A) 101
666  sgnificantly perturbed pathways in MDA-MB-231 treated by CKI 2 mg/ml were observed.
667 Total perturbation values are shown on the x-axis, and pathway 1Ds are on the y-axis. The
668 global perturbation P value (pG < 0.05) was used. (B) Significantly perturbed “focal
669 adhesion” pathway in MDA-MB-231 treated by CKI 2 mg/ml. (C) Significantly perturbed
670  “regulation of actin cytoskeleton” pathway in MDA-MB-231 treated by CKI 2 mg/ml. Up-
671 and down-regulated genes are shown in red and green respectively and genes that were not
672  affected by CKI treatment are shown in white or grey. (D) 14 "core genes" that are found
673  acrossthree different datasets (see M ethods).

674

675 Fig. 7: Patterns of distribution of polymerized F-actin after CKlI-based treatments in eight
676 cell lines, visualized by confocal microscopy. (A) F-actin was labelled with phalloidin
677  (green), and nuclei with Hoechst (blue), for treatment groups (from left to right): vehicle
678 control (Ctrl), CKI, minor and mgjor fractions at doses present in 2 mg/ml CKI. Scale bars
679 are 50 um. (B) Areas (um?) of F-actin staining per cell are summarized in box plots.
680 Statistically significant results are shown as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p <
681 0.0001 (****) and (#) for not significant.

682

683 Fig. 8: Flow cytometry analyses of four proteins. CTNNB1, AKT (1, 2, 3), CCND1, and
684 ACTB compared in three cell lines with and without CKI-based treatments. The levels of
685 protein expression for four genes predicted by transcriptomic analysis to be significantly

686  down-regulated were evaluated by FACS in three cell lines (A) MDA-MB-231, (B) HEK-
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687 293, and (C) HFF. Statistically significant differences compared to vehicle controls were
688 analysed using one-way ANOVA and post hoc tests and are shown as p < 0.05 (*), p < 0.01
689 (**), p<0.001 (***), p<0.0001 (****), and not significant (ns).

690

691 Supplementary Fig.l: Functional classification of genes by GO over-representation
692  analyses. Over-represented GO terms (Biological Process, BP=3) for differentially expressed
693 (DE) genes were identified from MDA-MB-231 cells treated by CKI. Upregulated and
694  downregulated genes contained in each term were shown in red and green respectively. GO
695 termsshown above the blue line were significant terms related to migration.

696

697  Supplementary Fig. 2: HPLC profiles of the components present in (A) CKI, (B) MJ and
698 (C) MN fractions. Samples (50 ul at 1 mg/ml) were run through a C,g semi-preparative
699 column. Numbers indicate the nine major compounds; 1: macrozamin, 2: adenine, 3: n-
700 methylcytisine, 4: sophoridine, 5: matrine, 6: sophocarpine, 7: oxysophocarpine, 8:
701  oxymatrine, and 9: trifolirhizin.

702

703  Supplementary Fig. 3: (A) Total ion chromatogram (TIC) for CKI in 1 in 100 dilution from
704 25 mg/ml of stock concentration. Single peaks were extracted based on the molecular mass.
705 (B) cytisine (spike in control), (C) macrozamin, (D) adenine, (E) n-methylcytisine, (F)
706 sophoridine and matrine (similar molecular mass with different retention time) (G)
707  oxysophocarpine, (H) oxymatrine, (1) sophocarpine and (J) trifolirhizin.

708

709  Supplementary Fig. 4: (A) Tota ion chromatogram (TIC) for MJin 1 in 100 dilution from
710 25 mg/ml of stock concentration. Single peaks were extracted based on the molecular mass.

711 (B) adenine, (C) cytisine (spike in control), (D) macrozamin, (E) n-methylcytisine, (F)
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712  sophoridine and matrine (similar molecular mass with different retention time) (G)
713  oxysophocarpine, (H) oxymatrine, (1) sophocarpine and (J) trifolirhizin.

714

715  Supplementary Fig. 5: Combinatorial analysis of the effects of MN with each of the nine
716  major individual compounds, analyzed in eight cell lines with wound closure assays. Data
717  were normalized to results with 0.5 mg/ml minor (MN) alone. Significantly increased or
718  decreased percent block of migration resulting from the addition of major compounds is
719 shownasp<0.05(*), p<0.01 (**), p<0.001 (***) and not significant (ns). Data are mean
720 £ SD.

721

722  Supplementary Video: Live-cell imaging of the migration blocking effect of CKI in MDA-
723  MB-231 cells in the wound closure migration assay. Videos show cell motility and wound
724 closure rate in CKI at 2 mg/ml was reduced as compared to untreated control. Images were
725  captured at 10-minute intervals for 20 hours.

726

727  Supplementary Datal: Significantly over-represented functional GO terms, as determined
728 by GO analysis of the transcriptome from CKI treated MDA-MB-231 cells. (P < 0.05).

729

730 Supplementary Data 2: Significantly perturbed pathways, as determined by SPIA analysis
731  of thetranscriptome from CKI treated MDA-MB-231 cells. (pG < 0.05).

732

733  Supplementary Data 3. Matching of genes in two strongly affected pathways (“focal
734 adhesion” and “actin cytoskeleton”) against three independent gene datasets containing: (i) a

735 set TARGET geneand (ii) migration related genes from published articles. 14 core DE genes
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736  from three datasets including CTNNB1, CDH1, AKT1, AKT2, AKT3, CCND1, MAPK1, JAK2,
737  APC, CDK4, RB1, PIK3CA, and PTEN, are known to have effects on cell migration.

738

739  Supplementary Table 1: Concentration of 9 major compounds in CKI (Batch N0:20151139)
740 and MJ. Tota akaloid content in CKI (Batch N0:20151139) = 25 mg/ml based on
741  manufacturer’s assay. Regression line for the calculation of compounds has previously been
742  described (Aung et al., 2018).

743

744 Supplementary Table 2: Concentrations of Matrigel and number of cells used for each cell
745  linein transwell invasion assay.

746

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

748  datasets (see methods).
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