www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

Novel Analytical Platform For
Robust Identification of Cell
Migration Inhibitors

Parinyachat Somchail, Kriengkrai Phongkitkarun®?2, Patipark Kueanjinda®?,
Supawan Jamnongsong?, Kulthida Vaeteewoottacharn?, Vor Luvira*, Seiji Okada®*,
Siwanon Jirawatnotai® & Somponnat Sampattavanich®*

Wound healing assay is a simple and cost-effective in vitro assay for assessing therapeutic impacts on
cell migration. Its key limitation is the possible confoundment by other cellular phenotypes, causing
misinterpretation of the experimental outcome. In this study, we attempted to address this problem by
developing a simple analytical approach for scoring therapeutic influences on both cell migration and
cell death, while normalizing the influence of cell growth using Mitomycin C pre-treatment. By carefully
mapping the relationship between cell death and wound closure rate, contribution of cell death and cell
migration on the observed wound closure delay can be quantitatively separated at all drug dosing. We
showed that both intrinsic cell motility difference and extrinsic factors such as cell seeding density can
significantly affect final interpretation of therapeutic impacts on cellular phenotypes. Such discrepancy
can be rectified by using the actual wound closure time of each treatment condition for the calculation
of phenotypic scores. Finally, we demonstrated a screen for strong pharmaceutical inhibitors of cell
migration in cholangiocarcinoma cell lines. Our approach enables accurate scoring of both migrastatic
and cytotoxic effects, and can be easily implemented for high-throughput drug screening.

By acquiring genomic lesions in the forms of mutations, chromosomal aberrations, or modification of epigenetic
marks, transformed (cancer) cells gain abilities to replicate, and eventually invade through the surrounding tissue
boundaries. While cancer cells may acquire different phenotypic hallmarks!, ability of cancer cells to migrate
out of their original niche is the major cause of cancer aggressiveness that underlies the demise of most cancer
patients.

In recent years, pharmaceutical industries have gained more attentions in developing drug candidates that
can specifically target molecular mechanisms related to cell motility, cell migration and metastasis®. Such ‘antimi-
grastics; or drugs with ability to prevent cancer invasion and metastasis, can be complementary to the existing
cytotoxic drugs that only focus in inducing tumor shrinkage. To identify candidate compounds that target cancer
cell invasion, drug screeners often require in vitro assays for scoring therapeutic influence on cell migration.
Wound healing assay is one of the most commonly used bioassays for evaluating the therapeutic impact on cell
migration mainly due to its simplicity in experimental setup and data analysis at post processing. By scratching
cell monolayer to create a wound, one can consistently perform wound healing assays across thousands of treat-
ment conditions. Automated imaging platform with environmental control recently makes possible real-time
monitoring of the wound closure, allowing quantification of wound closure rates to be easily assessed. One major
challenge in quantifying the therapeutic impacts on cell migration is the interdependent roles of different cellu-
lar phenotypes during wound closure®. Prior studies have tried to suppress influence of cell growth on wound
closure by pre-treating cells with Mitomycin C (MMC) or growing cells in low serum condition prior to drug
treatment®~¢. Cytotoxicity associated with most anti-cancer drugs is another confounding phenotype, which can
cause an apparent delay in wound closure®’. Because of such complexity, some drug candidates were mistakenly
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interpreted as cell migration inhibitors, although they were later found to be cytotoxic drugs in different cell lines
or other treatment conditions®. An experimental approach that can separate the pharmacological impacts of
different phenotypes will help ensure accuracy in screening for cell migration inhibitors while maintaining the
simplicity of the conventional wound healing assay.

To address this limitation, we present in this study an analytical approach to improve the standard wound
healing for accurate quantification of therapeutic impacts on different phenotypes. In addition to the ability to
separate cell migration from cell death, our approach can robustly identify cell migration inhibitors across dif-
ferent cell lines at different seeding densities. We demonstrated the use of this new technique for identifying
inhibitors of cell migration in cholangiocarcinoma cell lines. Our study offers a simple approach for quantitative
scoring of both migrastatic and cytotoxic effects that can be readily scalable for high-throughput drug screening.

Results
Standard wound healing assay cannot accurately distinguish contributions of cell migration
from cell growth or cell death. The standard wound healing assay is one of the commonly used assays
for assessing therapeutic impacts on cell migration although it is known to be confounded by complex interde-
pendent roles of different cellular phenotypes™®. To minimize impact of cell growth when adopting the standard
wound healing assay, one often pre-incubate cells with MMC (3-5 hours) to limit cell growth, prior to assessing
drug involvement on wound closure (Fig. 1A). We preliminarily assessed how effective the MMC pre-treatment
protocol could inhibit cell proliferation and whether it also affects the rate of wound closure in different cell lines.
We found that MMC pre-treatment protocol significantly affect the wound closure rate in some cell lines such as
KKU-055 (cholangiocarcinoma) and A549 (lung) in addition to prohibiting cell proliferation (Fig. 1B). This result
is not ideal since it implies that MMC pre-treatment itself can perturb cell migration in some biological models.
Choosing appropriate cell lines for drug screening is thus a critical step when we implement MMC pre-treatment
protocol, to ensure minimal influence of cell growth and accurate scoring of therapeutic impact on cell migration.
We next attempted to compare therapeutic impacts of two distinct compounds, sorafenib (pan-receptor
tyrosine kinase inhibitor) and PD0325901 (potent MEK1/2 inhibitor) on cellular phenotypes during the use of
wound healing assay. The KKK-D068 bile duct cancer cell line was chosen for this experiment because MMC
pre-treatment could successfully inhibit its proliferation without affecting the baseline wound closure rate
(Fig. 1B). At 5pM which is a typical drug concentration for screening phenotypic effects, both compounds
showed delays of wound closure, although PD0325901 exhibited more pronounced changes (the change of area
under the curve [AUC] due to PD0325901 treatment is > 1.5 fold higher than that of Sorafenib) (Fig. 1C). To
determine the cellular phenotypes that underlie the observed delay in wound closure, we quantified, using sep-
arate assays, impacts of each drug on apoptosis with caspase 3/7 activity kit and on cell proliferation with the
EdU incorporation assay (Fig. 1D, E). Sorafenib showed no significant changes of caspase 3/7 activity (p =0.22),
while PD0325901 caused a significant increase in cell apoptosis (p =0.0017) (Fig. 1D). EAU incorporation assay
exhibited reduction of proliferative cells after PD0325901 treatment (p = 0.0047, 0.0018 and 0.00027 at 24, 48, and
72hours, respectively), whereas Sorafenib showed negligible effects on EQU incorporation (p=0.198, 0.024, and
0.477 at 24, 48 and 72 hours, respectively) (Fig. 1E). These results implied that the changes of wound closure rate
from PD0325901 treatment must be contributed significantly by cell death. On the other hand, Sorafenib did not
cause significant changes of cell proliferation or cell death; therefore, it could be inferred as a potential inhibitor of
cell migration. These experiments demonstrate the typical inference of therapeutic effects on cell migration using
the standard wound healing assay. And even with the implementation of MMC pre-treatment protocol, the quan-
titative therapeutic impact on cell migration still could not be quantitatively measured. An analytical framework
that can quantify the confounders involved in the standard wound healing assay will enable accurate scoring of
cell migration during primary drug screening.

Concurrent measurement of cell death and wound closure rates enables quantitative scoring of
different phenotypic contributions. We next attempted to understand how different cellular phenotypes
contribute towards the observed delay of wound closure when we implemented wound healing assay for drug
screening. We took advantage of the automated time-lapse microscopy to monitor cell death directly from our
experimental setup of wound healing assay using the caspase 3/7 dye for apoptosis measurement (Supplementary
Fig. S1B). To ensure no contribution of cell proliferation, we still applied the MMC pre-treatment protocol at
the beginning of the experiment and selected the KKK-DO068 cell line as our experimental model. We moni-
tored changes of wound closure together with apoptosis caused by three drugs: Staurosporine, PD0325901, and
Sorafenib, each at 8 concentrations ranging from 0.1-10 uM (Fig. 2A). At the highest drug concentration (10 pM),
Staurosporine and PD0325901 showed significant cell death which could be observed concurrently with the
delay of wound closure (Fig. 2A, left and middle panels). For Sorafenib, we again observed no effect on cell death
although wound closure rate was slightly reduced (Fig. 2A, right panel). Since cell proliferation is suppressed by
MMC pre-treatment in KKK-DO068 cells, we assumed that the observed delay of wound closure in this cell line
can be caused by either cell death or cell migration. By plotting the relationship between the cumulative changes
in AUC of caspase signal and those from the relative wound density (RWD) changes at different drug concentra-
tions, we were able to generate the dose-dependent multi-phenotypic contributions of each drug (Fig. 2B; also
see Supplementary Fig. S2A for similar results from PD0325901 and Sorafenib treatment). With Staurosporine
treatment, we observed a gradual increase of both cell death and wound closure changes at small drug doses,
inferring that cell death and cell migration both contributed towards the observed wound closure delay (Fig. 2B;
left panel). Such changes gradually leveled off at higher drug concentrations. A similar outcome was observed
with PD0325901 treatment (Supplementary Fig. S2A; left panel). Notably, the relationship between cell death
and wound closure is distinctly different in Sorafenib treatment where we observed a straight vertical line in this
apoptosis-wound closure landscape (Supplementary Fig. S2A, right panel). Based on this outcome, we reasoned
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Figure 1. Complex confoundment of cellular phenotypes during standard wound healing assay. (A) Common
procedures when implementing wound healing assay with or without Mitomycin C (MMC) pre-treatment. (B)
Effects of Mitomycin C treatment on wound closure rate and cell proliferation across different cell lines. See
also Supplementary Fig. S1A for example analysis of KKU-055, KKK-D068, and HCT116. (C) Measurement
of RWD changes of KKK-D068 cell line treated with either Sorafenib (5uM) or PD0325901 (5uM), with (red
solid line) or without (red dot line) MMC pre-treatment, in comparison with DMSO control (black solid line).
(D) Relative caspase 3/7 intensity of KKK-D068 treated with Sorafenib (5uM) or PD0325901 (5uM) (red)

in comparison with DMSO control (black). AUC was used for comparison between different conditions. (E)
Relative fraction of EAU™ cells from similar conditions at 24, 48, and 72 hours, All data points were averaged
from 2 biological replicates, (* vs **) represent significant differences of relative EQU™ fraction (p < 0.05 and
0.01, respectively).

that the vertical relationship should imply a sole phenotypic contribution by cell migration whereas an inclining
relationship would imply partial influences by both phenotypes. To approximate the contribution of each pheno-
type, we tried to fit this dose-dependent relationship of wound closure and cell death using a simple 1*-order rate
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Figure 2. Relationships between changes of cell death and wound closure rates at different drug dosing.

(A) Concurrent measurement of wound closure rates and caspase 3/7 signal from KKK-D068 cells treated
with Staurosporine, PD0325901, and Sorafenib in comparison with DMSO control. Examples images at 24
and 72 hours (top) are shown together with the calculated relative wound density (middle) and caspase 3/7
signal (bottom). (B) Relationship of ‘wound closure change’ and ‘cell death change’ at different concentrations
of Staurosporine (left), shown with examples of migration and death scores at three increasing drug
concentrations (right). (C) Comparison of cell migration and cell death scores when treating KKK-D068 with
Staurosporine (left), PD0320591 (middle) and Sorafenib (right).

equation and determined the contributions of cell death or cell migration based on the angular contribution at
any specific points along the fitted curve, namely the angle between the fitted curve towards the vertical axis for
cell death and the angle between the fitted curve towards the horizontal axis for cell migration (Fig. 2B, small inset
on left panel). With this approximation, we could assign scores of phenotypic contributions for both cell death
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and cell migration at different drug concentrations (Fig. 2B, compare the contributions of cell migration and cell
death at three different concentrations of Staurosporine).

We applied the developed approach for comparison of therapeutic influences on different phenotypes by
Staurosporine, PD0325901, and Sorafenib treatment on the KKK-D068 cell line (Fig. 2C). Although all drugs
actively inhibited their respective kinase targets (Supplementary Fig. S3), we found that Staurosporine caused
inhibition of cell migration up to approximately 1M and switched to promote cell death more dominantly at
higher drug concentrations. PD0325901 mainly caused cell death at all drug concentrations. Sorafenib inhibited
cell migration at higher drug doses. We compared the ability of our technique to capture the relationship between
cell death and wound closure changes in more cell lines and drug treatment (6 drugs across 5 CCA cell lines)
and found that our approach could give reasonable fitting quality across all conditions (with median R*>> 0.6)
(Supplementary Fig. S2B).

Normalizing the variability of wound closure time improves robustness of phenotypic scor-
ing. Although the previous experiment gave us some evidence that the developed analytical approach works
adequately to help score therapeutic influences on both cell migration and cell death, we wanted to ensure that
the developed method can be applied to other biological models. When we compared the natural speed of wound
closure time (i.e. no MMC pre-treatment) across 13 bile duct cancer cell lines and 1 cholangiocyte cell line
(MMNK-1), we found that these cell lines could exhibit drastically different wound closure rates, ranging from
2.7 to 34.8 hours for closing 50% of the wound. Interestingly, the observed variability of wound closure rates was
found to be independent of growth rate (quantified by doubling time) across cell lines (Fig. 3A). With MMC
pre-treatment, some cells took longer time to close the wound (e.g. KKU-055, KKU-100, and RBE) as we previ-
ously showed, but the fast-moving cell lines including KKU-213, KKU-214 and HuCCT1 still take equally long
for wound closure (Fig. 3B). In addition to the intrinsic variability of cell migration rate, we also explored how
cell plating density, a potential extrinsic experimental artifact, may also influence wound closure speed. Choosing
one cell line to represent each of the three classes of wound closure rate (KKU-213 for fast, KKK-D068 for inter-
mediate, and RBE for cell line with slow wound closure rate), we compared the time that each cell line requires to
close 50% of the wound when the cells were plated at different seeding densities, from 20,000 to 40,000 cells/well
(Fig. 3C). In general, cells at higher seeding density filled the wound faster, although the intrinsic difference of cell
motility across cell lines still dominated the impact of cell seeding density. Therefore, it is necessary that we ensure
that the developed platform can give a robust interpretation of the therapeutic impacts on cellular phenotypes,
regardless of these potentially variable intrinsic and extrinsic noises in different experimental setups.

To solve this issue, we investigated whether our approximation of migration and death scores can be made
more robustly by choosing a more appropriate analytical period for each treatment condition. In particular,
we evaluated 3 different endpoint criteria for our analysis of phenotypic scores: A) using the experiment end-
point (72hours) as previously done, B) using the time that the rate of wound closure is declining (slope of the
RWD < =0.02 for the no-drug control) and C) using the time where 50% of the wound is filled for each condi-
tion. For comparison, we monitored changes of wound closure speed using three different cell lines (KKK-D068,
KKU-213, and RBE), each plated at 20,000, 30,000, and 40,000 cells/well (Supplementary Fig. S4A). Choosing
Staurosporine as our test compound, we then determined cell death and cell migration scores at each drug con-
centration using these different endpoint criteria (Supplementary Fig. S4A; blue and red solid lines represent
cell migration and cell death scores at different drug concentrations, respectively). Phenotypic bias (death score
- migration score) was calculated at each drug concentration for comparison of robust scoring among the three
different analytical approaches (Supplementary Fig. S4A; blue bars represent migration bias whereas red bars
show cell death bias). Specifically, we used the Kolmogorov-Smirnov test (KS-test) to measure the distance of
the cumulative phenotypic bias across all cell densities (Fig. 3D and Supplementary Fig. S4B). Method A showed
the largest discrepancy of phenotypic bias among the different cell seeding densities while method B and method
C were more agnostic to cell density changes (p-value > 0.05) consistently across all cell lines (Fig. 3D). We then
tested how well the three endpoint criteria can be used to approximate phenotypic scores for other drugs, namely
Sorafenib and Vandetanib. Instead of comparing phenotypic bias, we lumped the cell migration and cell death
scores across concentrations into single cumulative scores, by calculating the normalized AUC for each pheno-
type score (Supplementary Fig. S4C). For the KKK-D068 cell line, the lumped migration and death scores from
method B showed the most robust inference of therapeutic impacts across all seeding densities and all three
drugs, while the scores showed scattered and non-uniform distributions when we used method A or C (Fig. 3E;
see similar results for KKU-213 and RBE in Supplementary Fig. S$4D). These results showed that using method
B as our analytical endpoint can help minimize extrinsic artifacts from cell seeding density, ensuring that our
approach can give more robust inference of different phenotypic contributions.

Concurrent screening of both migrastatic and cytotoxic drug candidates for cholangiocareci-
noma. We nextattempted to apply the developed platform for identifying drug candidates with either migra-
static or cytotoxic effect in cholangiocarcinoma cell lines. Using method B (declining slope) to determine the
migration and death scores, we compared the phenotypic bias of six previously developed anti-cancer compounds
across five CCA cell lines (HuCCA-1, KKK-D068, KKK-D131, KKU-213, and RBE). We reasoned that different
drugs may cause similar phenotypic bias but the strength of the therapeutic impact could potentially be variable
(compare A vs. D or B vs. E in Supplementary Fig. S5A). To compare the similarity of phenotypic bias for different
drug candidates, we, therefore, developed two measures: 1) based on the actual distance away from the no-bias
line and 2) based only on the angle of each condition away from the no-bias line (Supplementary Fig. S5B). First,
when comparing the magnitude of phenotypic bias, we found that each drug can exhibit different phenotypic
outcomes across different cell lines (Fig. 4A). For example, Cytochalasin D caused migrastatic lumped response
in KKK-D131 and HuCCA-1 but gave cytotoxic lumped response in KKK-D068, RBE, and KKU-213. More
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Figure 3. Contribution of intrinsic and extrinsic noises on the scoring of phenotypic contribution. (A) Intrinsic
heterogeneity of cell motility across cell lines. Baseline wound closure rates (as measured by time to fill 50%

of the generated wound) were compared against doubling times of CCA cell lines. (B) Comparison of wound
closure rates (time to fill 50% of the wound) with or without MMC pre-treatment. (C) Influences of initial cell
seeding density on wound closure rates. Wound closure time was compared among different cell lines with
different initial seeding densities: 20K, 30K, and 40K cells/well. (D) Comparison of measurement robustness
using three different analytical endpoints. KS-test analysis was used to measure discrepancy of cumulative
phenotypic biases among three different seeding densities (20K, 30K, and 40K), from three different CCA cell
lines. KS distances between different cell density pairs were measured and highlighted in red if the discrepancy
is significant (p < 0.05). (E) Comparison of lumped phenotypic scores from three different endpoint criteria
when KKK-DO068 cells at different seeding densities (different marker sizes) were treated with Sorafenib
(yellow), Staurosporine (red), or Vandetanib (blue).
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Figure 4. Compound screening for migrastatic and cytotoxic effects in cholangiocarcinoma cell lines. (A)
Comparison of the phenotypic bias magnitudes. Blue and red grids represent compounds with migrastatic and
cytotoxic effects, respectively. Cell lines are also annotated with their baseline motility (fast in red, moderate in
green, and slow in blue), as well as their subgrouping based on hierarchical clustering (MG-subgroup 1 in yellow
and MG-subgroup 2 in purple). (B) Comparison of the angular phenotypic bias across all six compounds.
Different data points represent data from different CCA cell lines, also annotated here based on their MG-
subgroups. (C) Development of subgroup classification biomarkers. Twenty leading-edge genes across different
cancer hallmarks were identified using GSEA analysis for separating MG-subgroup 1 and MG-subgroup 2 cell
lines. (D) PCA analysis of gene expression showing similarity among the 5 different CCA cell lines with ovals
showing 95% confidence boundaries. (E) Loading plot showing eigenvectors of top-20 leading edge genes.

interestingly, different drugs can inhibit both cell migration and cell death at different concentrations. For exam-
ple, in KKK-D068, Staurosporine exhibited migrastatic effect at lower drug concentrations, but caused cytotoxic
response at higher doses; a similar effect was observed in HuCCA-1 with Vandetanib treatment (Supplementary

SCIENTIFIC REPORTS | (2020) 10:931 | https://doi.org/10.1038/s41598-020-57806-0


https://doi.org/10.1038/s41598-020-57806-0

www.nature.com/scientificreports/

Fig. S5C). We next compared the phenotypic bias across the different drug candidates without considering the
magnitude of the phenotypic bias. Specifically, the angle of phenotypic bias was used instead of measuring the
actual distance from the no-bias line. PD0325901 and Staurosporine exhibited a uniform cytotoxic effect while
Sorafenib showed migrastatic response from three out of five cell lines. Similarly, Simvastatin showed migrastatic
response from two out of five cell lines with mild magnitude of the response (Fig. 4B, Supplementary Fig. S5C).
Vandetanib caused migrastatic response only in KKK-D068. Cytochalasin D exhibited a cytotoxic response in
most cells except KKK-D131 and HuCCA-1 that show migrastatic response.

Based on the similarity of phenotypic bias, we could group these cell lines into two major subgroups: (1)
KKK-D068 and RBE, and (2) HuCCA-1, KKU-213, and KKK-D131 (Fig. 4A). We were interested to examine
potential similarity of underlying molecular wiring among cell lines within the same phenotypic subgroup, based
on basal transcriptomics. Using previously established gene sets of cancer hallmarks® as our reference, we iden-
tified 20 leading-edge genes from the significantly enriched hallmark gene sets (NES score > 1 with adjusted
p-value and g-value < 0.05) that can be used to classify the two cell line subgroups. In particular, MG-subgroup
1 (RBE and KKK-D068) showed enrichment of genes associating with epithelial-to-mesenchymal transition
(EMT), myogenesis and xenobiotic metabolism, while MG-subgroup 2 (HuCCA-1, KKU-213, and KKK-D131)
showed enrichment of genes that are associated with estrogen response, apoptosis, p53, KRAS signaling, and
inflammatory response (Fig. 4C). In addition to cancer hallmark gene set analysis, we performed GO term
biological function analysis and the result showed that extracellular matrix organization term was enriched in
MG-subgroup 1 cells while terms related to apoptosis were enriched in MG-subgroup 2 cells (Supplementary
Table S2). Similarity in gene expression within each of the two subgroups can also be best illustrated using the
principal component space (Fig. 4D). The expression of the previously identified 20 leading-edge genes can serve
as biomarkers for classifying cancer cell lines with similar therapeutic response (Fig. 4E). These results demon-
strate the capability of our platform for assessing the multi-phenotypic effects of different drug candidates, lever-
aging from our ability to quantitatively score phenotypic contributions from the standard wound healing assays.
Together with transcriptomic profiling, our platform can be used for developing predictive biomarkers to accom-
pany the identified drug candidates.

Discussion

Wound healing assay has been used ubiquitously for the assessment of cell migration in biomedical research but
was also known to be confounded by complex influences of multiple cellular phenotypes in wound closure. We
have demonstrated in this study how to modify the standard wound healing assay for accurate scoring of different
phenotypic contributions. We showed that the conventional wound healing assay cannot be used to quantify
accurately the contributions of different phenotypes, often leading to misinterpretation of phenotypic influences
by each compound. By combining the MMC pre-treatment protocol with concurrent monitoring of cell death, we
showed that the therapeutic effects on cellular phenotypes can be quantitated based on the established relation-
ship of wound closure rate and changes of cell death at different drug concentrations. Fractional contribution of
cell death and cell migration can then be approximated from the slope of the fitted relationship. We demonstrated
the use of this simple analytical approach for robust screening of both migrastatic and cytotoxic compounds in
cholangiocarcinoma cell lines. In addition to identifying potential drug candidates for this rare cancer type, we
demonstrated the heterogeneity of therapeutic influences across cell lines and identified common similarity of
cell lines based on basal gene expression profiling. Our GSEA analysis of basal transcriptomics identifies cell
apoptosis and cell migration as the major differential hallmarks between the two cell line subgroups, confirming
the robustness of our platform in faithfully capturing therapeutic effects on different cellular phenotypes. We have
made the developed tool available for public use at https://sisp.shinyapps.io/MGCalculator/.

The main advantage of our approach is its simplicity in scoring both of cell migration and cell death within a
single assay. This is consistent with the recent focus of pharmaceutical industry to take into account polypharma-
cologic effects'®, and current interest in drug repurposing”'"'2. Recent studies began to adopt the standard wound
healing assay for screening multi-phenotypic responses of compounds with polypharmacologic effects'. Other
studies tried to investigate the effect of compounds or natural extract by integrating results from two independ-
ent phenotypic assays including both cell viability assay and wound healing assay”*!*!>. However, such previous
studies still required the primary screening to eliminate false positive compound with cytotoxic effect. The dis-
advantage in interpreting the therapeutic effects using separate assays is the inability to separate out compounds
or natural extract that exhibit multi-phenotypic effects at different drug dosing. In contrast, our technique enable
scoring of both migration and death impacts at different drug concentrations, and therefore can avoid misinter-
pretation of therapeutic effects due to drug toxicity as previously seen with Cytochalasin D or Latrunculin A% In
our own study to identify migrastatic drug candidates for CCA, Cytochalasin D exhibited heterogeneous pheno-
typic response in different CCA cell lines (Fig. 4). Therefore, the ability to score phenotypic effects as a function of
drug dosing is critical for identifying truly migrastatic inhibitors that should exhibit increasing inhibitory effect
on cell migration at elevated drug concentrations, instead of showing cytotoxicity.

Finally, most phenotypic assays are vulnerable to experimental artifacts such as cell plating density or intrinsic
variability from different biological models. Measurement of drug response on cell viability has been re-visited
recently. Different cell seeding densities have been shown to exhibit different growth rates, and such extrinsic
variability can give rise to the conflicting conclusion of therapeutic response on cell viability from different lab-
oratories. To rectify this problem, prior studies have come up with approaches to normalize the variable growth
rates both from experimental artifacts like cell seeding density as well as the variable growth rate between cell
lines'®"”. For wound healing assay, we carefully characterized the influences of cell proliferation and cell seeding
density on wound closure rate. While we observed that wound closure rate can be significantly affected by both
intrinsic cell motility differences of different cell lines as well as extrinsic noise such as variability of cell seeding
density (Fig. 3A-C), we showed that a simple modification of the analytical endpoint time can make our analysis
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more robust. Specifically, changing the assay endpoint time from the actual experimental endpoint (72hours) to
the time that the wound closure begins to saturate in each treatment condition can ensure more consistent infer-
ence of therapeutic effects (Fig. 3D, E).

One possible limitation of our technique is the inability to distinguish cell proliferation inhibitors from cyto-
toxic drugs since our analysis tried to normalize the contribution of cell proliferation by MMC pre-treatment.
To rectify this problem, we perhaps can include scoring of growth inhibition in our platform by allowing cells
to grow regularly and monitoring changes of cell count using nuclear staining or lineage tracer dyes, similar to
the previous report>®. An improved version of the platform could be set up without additional labelling steps, by
using engineered cell lines with nuclear reporters together with caspase activity reporter. Such platform may not
be as generalizable for all biological systems since it could be difficult to genetically engineer primary cell culture,
or terminally differentiated cells. For generic drug screening platform, one can prepare engineered cell lines with
different reporters for the most accurate scoring of different phenotypes, although the relationship between the
contribution of each phenotype on wound closure will have to be reassessed individually.

Methods

Experimental methods and data processing. Cell line and culture condition. KKU-213, KKU-214,
KKU-156, KKU-100, KKU-055, HuCCA-1, HuCCT1 and MMNK-1 were obtained from Japanese Collection
of Research Bioresources (JCRB) Cell Bank, Japan. RBE, SSP-25, and TFK-1 were obtained from RIKEN Cell
bank, Japan. KKK-D068, KKK-D131, KKK-D138 were obtained from Khon Kaen University, Thailand'®.
MCEF7, HCT116, HeLa, A549 were purchased from ATCC. All cells were maintained at 37 °C in a humidified 5%
CO, atmosphere using growth media that were recommended by original cell sources (see complete details in
Supplementary Table S1). The cell line panel consists of cancer of bile duct, which is known to be relatively migra-
tive. Other cell lines with similar migratory property also include breast cancer (MCF7), lung cancer (A549),
colorectal cancer (HCT116), and cervical cancer (HeLa). However, to test our novel method we selected a set of
bile duct carcinoma cell lines known to be migrative as our model.

Drugs and dyes. Mitomycin C (S8146), Staurosporine (S1421), PD0325091 (S1036), Simvastatin (S1792),
Sorafenib (S7397), Anisomycin (S7409), SP600125 (S1460) were purchased from Selleckchem. For Cytochalasin
D (C8273) was purchased from Sigma-Aldrich and A443654 (HY-10425) was purchased from MedChemExpress.
For drug treatment experiments, we treated cells at eight different concentrations using two-fold serial dilu-
tion starting from 10 uM. Each drug was dissolved first in DMSO. All treatment conditions contain the same
final concentration of DMSO at 0.5% (v/v). Cell death was quantified using the CellEvent™ Caspase-3/7 Green
dye (Thermo Fisher Scientific) at final concentration of 1% (v/v). For cell proliferation assay, cells were pulsed
with ethynyl deoxyuridine (EdU) at the final concentration of 10 uM for 90 minutes. After cell fixation, EAU was
tagged using click chemistry reaction containing 10 uM of carboxyrhodamine-110 azide dye, 4 mM of CuSO, and
50 mM Ascorbic acid in 0.1 M Tris buffer at pH 8.5. Nuclear staining was performed using DAPI (Thermo Fisher
Scientific).

Mitomycin C pre-treatment.  Cells were seeded at specified densities and incubated overnight. Cells were then
replaced with fresh media containing 5uM MMC and incubated for 3 hours'. After being washed 3 times with
1xPBS, cells were incubated with specified conditions for 72 hours. At each time point (0, 24 and 72 hours), we
then fixed the cells with 4% paraformaldehyde for 15 minutes at room temperature and stored in 1xPBS. For
quantification of cell proliferation, cells were stained with DAPI (Thermo Fisher) and imaged with the Operetta
high-content imaging system (PerkinElmer) at 10x magnification. Image analysis and object count were con-
ducted via Columbus 4.8 (PerkinElmer).

Wound healing assay. Cells were seeded at specified densities on 96-well IncuCyte® ImageLock Plates (Essen
Bioscience) and incubated overnight. Growth media were replaced with fresh media containing 5uM MMC and
incubated for 3hours. After being washed 3 times with 1xPBS and replenished with fresh media, cell monolayers
were scratched to create a wound (700-800 micron wide) using the IncuCyte® 96-well WoundMaker Tool (Essen
Bioscience). Cells were then washed with 1xPBS three times and replaced with 100 pL fresh media. For concur-
rent monitoring of cell death, media were supplemented with CellEvent™ Caspase-3/7 Green dye (Thermo Fisher
Scientific) at 1% (v/v). For drug screening, 10 L of compounds were directly added to the cell medium to achieve
specified final drug concentrations immediately after labeling with Caspase-3/7 Green dye.

Live microscopy.  Cells with scratched wound were monitored every 2 hours for 3 days using IncuCyte imaging
system?® (Essen Bioscience) at 10x magnification. To monitor wound closure rate, the percent RWD was gener-
ated at each time point for all treatment conditions. For measurement of cell death using the caspase 3/7 activity
dye, integrated signal intensity was obtained from different treatment conditions using the same images acquired
for the wound closure quantification.

Immunofluorescent staining and ICs, calculation. KKK-D068 cells were seeded at specified densities on
CellCarrier-384 Ultra Microplates (PerkinElmer) and incubated at 37°C, 5% CO, overnight. Cells were then
treated with different drugs or vehicle controls at specified conditions. For activation of ERK, AKT, and JNK
signaling pathway, we used 100 ng/mL of EGF, IGF (AF-100-15 and AF-100-11, respectively, from PeproTech),
and Anisomycin, respectively. For inhibition controls, we used 10 uM of PD0325901, A443654, and SP600125 to
inhibit ERK, AKT, and JNK signaling pathways, respectively. Cells were treated with drugs for 6 hours followed
by fixation using 4% paraformaldehyde for 15 minutes at room temperature and washed 3 times with 1xPBS.
Then, the cells were permeabilized with absolute methanol for 1 hour at —20 °C followed by washing 3 times with
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1xPBS. Prior to primary antibody staining, the cells were incubated with Odyssey® Blocking Buffer (LI-COR
Biosciences™) for 1 hour at room temperature to block nonspecific protein binding. After that, anti-rabbit
mAB specific to phospho-p44/42 MAPK (Erk1/2) (THR202/Tyr204) (1:300), phospho-Akt (Ser473) (1:300), or
phospho-c-Jun (Ser73) (1:300) (#4370, #4060, #3270, respectively, Cell Signaling Technology) was added to the
cells followed by an overnight incubation at 4 °C. On the next day, the cells were washed 3 times with 1x PBST
followed by staining with donkey anti-rabbit IgG (H 4 L)-Alexa Fluor® 647 secondary antibody (1:1000) (#4414,
Cell Signaling Technology) for 2 hours at room temperature. Afterward, the excessive secondary antibody was
washed out 3 times with 1xPBST and once with 1xPBS prior to nuclear staining using DAPI (1:2000) (#D1306,
Thermo Fisher) and whole-cell staining using HCS CellMask Green stain (1:1000) (#H32714, Life Science
Technology) for 1 hour at room temperature. After 3 washes with 1xPBS, the cells were filled with 200 ul of 1xPBS
and the plate was sealed. Cell images were collected at 10X magnification using CLS high-content imaging sys-
tem (PerkinElmer) and segmented. The phosphorylation levels of kinases were reported as mean fluorescence
intensity (MFI) using Columbus 4.8 software (PerkinElmer). For analysis of phosphorylation activity, MFI of
kinases in nuclear compartment was used for p-p44/42 and p-c-Jun whereas MFI of kinases in membrane region
was used for p-Akt. IC,, values that inhibit phosphorylation of kinases were calculated from drug concentration
versus normalized MFI curve fit using GraphPad Prism version 8.0.1 for Windows (GraphPad Software).

Metrics of multi-phenotypic responses.  Calculation of cell migration/death scores. To separate the con-
tribution of cell migration and cell death from the observed delayed in wound closure, we generated the relation-
ship of the cumulative changes of cell death signal and the relative wound density.

For calculation of “wound closure change” (WC,,), we determined the AUC of the RWD from each drug treat-
ment condition (AUC(RWD),;) and normalized this value by that from the DMSO control group (AUC(RWD),,,)),
all with MMC pre-treatment, using the following formula.

WC,, = (AUC(RWD),,, — AUC(RWD),,)/AUC(RWD)

ctrl

It is important to note that some drug cannot completely inhibit wound closure. For example, with
PD0325901, the generated wound still close to 50% even at the maximum drug dose (Fig. 2A, middle panel). On
the other hand, Staurosporine at 10 uM can inhibit wound closure almost entirely (Fig. 2A, left panel). To con-
sider this difference, we define another parameter called drug-independent wound closure change (WC,,;). We
can summarize the relationship between the two types of wound closure by the following equation.

1= WC,; + WC,,
where
WC,,; = AUC(RWD),;,/AUC(RWD),,;

For “Death change” (DC,;), we determined the area under curve from caspase 3/7 activity (AUC(D),;) at each
drug treatment condition and normalized this value by that of the DMSO control (AUC(D).,,), both with MMC
pre-treatment.

)/AUC(D)

ctr max

DC, = (AUC(D), — AUC(D)

The data obtained from WC,; and DC,; were used to determine the contribution of cell death and cell migra-
tion from the drug-induced wound closure change. We attempted to capture this relationship by fitting with
1t-order rate equation. If the fitting quality is inadequate (i.e. 7 < 0.6), a straight line is used instead. If the fitting
of straight line is favorable, we concluded that the observed wound change is dependent only on one cellular phe-
notype. An example of the linear fit is that from Sorafenib treatment where no cell death is observed at any drug
concentration (Fig. 2A, right panel and Supplementary Fig. S2A).

When the relationship is explainable by 1* order rate equation, we approximated the fractional contribution of
cell migration and cell death by calculating the arctan of the slope (6,; in radian). The summation of the migration
score (Migration,;) and death score (Death,,;) should be equal to the drug-induced wound closure change (WC,;).
Mathematically, such relationship can be defined as follows:

WC,; = Migration,; + Death,,,

where

Death,; = WC,; x [@d[%]]-

Phenotypic bias calculation. To determine the phenotypic bias, we can look at the landscape of Migration,; (as x
axis) and Death,; (as y axis). In this landscape, the diagonal line (y =x) represents all conditions without any phe-
notypic bias, i.e. no-bias line. To measure the phenotypic bias, one can use the no-bias line as the reference, and
calculate 1) the perpendicular distance away from the no-bias line or 2) the angular deviation away from the
no-bias line. To calculate the perpendicular distance of each condition away from the no-bias line, we can prove

. ™

sin( =
mathematically that this distance is equal to (4 ) (Death,; — Migration,;) (Supplementary Fig. S5A). Therefore,
we can use the normalized difference between death score and migration score to represents the magnitude of
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phenotypic bias. Alternatively, we can measure the angular deviation of the migration/death scores from the
no-bias line, to measure the radial component of the phenotypic bias (Fig. 4B).

Transcriptome analysis, gene set enrichment analysis, and GO term analysis of MG-subgroup.  Total RNA samples
were extracted from CCA cell lines using Trizol-based protocol (Geneaid) and purified by RNA specific column
(Invitrogen). The quality of RNA was evaluated by Nanodrop (Thermo Scientific), Qubit RNA BR kit (Invitrogen)
and Bioanalyzer 2100 (Agilent Technologies). The RNA sequencing libraries were constructed following stand-
ard protocol using Illumina-compatible NEBNext® Ultra™ Directional RNA Library Prep Kit (New England
BioLabs, MA, USA). The libraries were sequenced on an Illumina Hiseq2000 using paired-end reads (150-2bp)
at depth 20-25 million reads per sample. STAR method version v2.5.3a is performed to align RNA sequence?’.
Phred quality score (Q score) at 10 was used to filter data with low quality?’. The measurement of gene expres-
sion, transcription per million (TPM), is used for only genes that have a median of TPM greater than zero. Gene
expression data were log-transformed (log, (TPM + 1)), and processed with R programming language®. Finally,
RNA sequencing data were cleaned by surrogate variable analysis (SVA), before further analysis*. Prior to gene
set enrichment analysis, average expression levels of genes in CCA cell lines identified as MG-subgroup 1 or
2 were calculated. We then converted the averaged expression level to fold-change level of gene expression of
MG-subgroup 1 over 2, ranked the genes based on the fold-change levels from high to low, and performed GSEA
using 50 cancer hallmark gene sets from MSigDB® (version 6.2) and ‘clusterProfiler’ (version 3.10.1) R package®.

As a result, we obtained the cancer hallmark gene sets with normalized enrichment scores (NES) and p-values,
representing ‘bird eye-view’ of the transcriptomic profiles of MG-subgroup 1 compared to subgroup 2. Significant
cancer hallmark pathways were selected based on Benjamini-Hochberg adjusted p-value?® < 0.05 and FDR
g-value?” < 0.05. After identification of significantly enriched gene sets, leading-edge genes, which highly con-
tribute to NES, from each of the gene sets were collected. From this gene list, we identified 20 genes that were also
expressed in our cell lines and further considered as potential MG subgroup biomarkers. Principle component
analysis was also performed to confirm the correlation between the identified biomarkers and MG subgroups.
These data were processed and visualized using ‘pheatmap’ (version 1.0.12) and ‘factoextra’ (version 1.0.5) R
packages.

To analyze GO term biological functions of our novel MG subgroup biomarkers, the web-based enrichment
tool Enrichr®®?® was used and we collected the enrichment results from ‘GO biological process 2018’ feature. Any
GO terms with nominal p-value < 0.05 and FDR-adjusted p-value < 0.5 were excluded and we selected the top 5
GO terms from each MG subgroup.

Data availability
Raw data from the current study are available at https://doi.org/10.6084/m9.figshare.8856974.

Received: 15 July 2019; Accepted: 8 January 2020;
Published online: 22 January 2020

References
1. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646-674, https://doi.org/10.1016/j.
cell.2011.02.013 (2011).
2. Gandalovicova, A. et al. Migrastatics- Anti-metastatic and Anti-invasion Drugs: Promises and Challenges. Trends Cancer 3, 391-406,
https://doi.org/10.1016/j.trecan.2017.04.008 (2017).

. Trepat, X., Chen, Z. & Jacobson, K. Cell migration. Compr Physiol 2, 2369-2392, https://doi.org/10.1002/cphy.c110012 (2012).

4. Di, J. et al. Rap2B promotes proliferation, migration, and invasion of human breast cancer through calcium-related ERK1/2
signaling pathway. Sci. Rep. 5, 12363, https://doi.org/10.1038/srep12363 (2015).

5. Glenn, H. L., Messner, J. & Meldrum, D. R. A simple non-perturbing cell migration assay insensitive to proliferation effects. Sci. Rep.
6, 31694, https://doi.org/10.1038/srep31694 (2016).

6. Yue, P. Y. K,, Leung, E. P. Y., Mak, N. K. & Wong, R. N. S. A Simplified Method for Quantifying Cell Migration/Wound Healing in
96-Well Plates. ] Biomol Screen 15, 427-433, https://doi.org/10.1177/1087057110361772 (2010).

7. Shah, E. T. et al. Repositioning “old” drugs for new causes: identifying new inhibitors of prostate cancer cell migration and invasion.
Clin. Exp. Metastasis 33, 385-399, https://doi.org/10.1007/s10585-016-9785-y (2016).

8. Liao, X.-H. et al. A High-Throughput, Multi-Cell Phenotype Assay for the Identification of Novel Inhibitors of Chemotaxis/
Migration. Scientific reports 6, 22273-22273, https://doi.org/10.1038/srep22273 (2016).

9. Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell systems 1, 417-425, https://doi.
org/10.1016/j.cels.2015.12.004 (2015).

10. Reddy, A. S. & Zhang, S. Polypharmacology: drug discovery for the future. Expert Rev. Clin. Pharmacol 6, 41-47, https://doi.
org/10.1586/ecp.12.74 (2013).

11. Li, Y. Y. & Jones, S. J. Drug repositioning for personalized medicine. Genome Med. 4, 27, https://doi.org/10.1186/gm326 (2012).

12. Sun, W,, Sanderson, P. E. & Zheng, W. Drug combination therapy increases successful drug repositioning. Drug Discov Today 21,
1189-1195, https://doi.org/10.1016/j.drudis.2016.05.015 (2016).

13. Gujral, T. S., Peshkin, L. & Kirschner, M. W. Exploiting polypharmacology for drug target deconvolution. Proc. Natl. Acad. Sci. USA
111, 5048-5053, https://doi.org/10.1073/pnas.1403080111 (2014).

14. Chen, M. et al. The serrulatane diterpenoid natural products RAD288 and RAD289 stimulate properties of olfactory ensheathing
cells useful for neural repair therapies. Scientific Reports 8, 10240, https://doi.org/10.1038/s41598-018-28551-2 (2018).

15. Muhammad, A. A, Pauzi, N. A. S., Arulselvan, P,, Abas, F. & Fakurazi, S. In vitro wound healing potential and identification of
bioactive compounds from Moringa oleifera Lam. BioMed research international 2013, 974580-974580, https://doi.
org/10.1155/2013/974580 (2013).

16. Hafner, M., Niepel, M., Chung, M. & Sorger, P. K. Growth rate inhibition metrics correct for confounders in measuring sensitivity
to cancer drugs. Nature methods 13, 521-527, https://doi.org/10.1038/nmeth.3853 (2016).

17. Rao, S. et al. A multi-targeted probe-based strategy to identify signaling vulnerabilities in cancers. J. Biol. Chem., https://doi.
org/10.1074/jbc. RA118.006805 (2019).

18. Vaeteewoottacharn, K. et al. Establishment of Highly Transplantable Cholangiocarcinoma Cell Lines from a Patient-Derived
Xenograft Mouse Model. Cells 8, https://doi.org/10.3390/cells8050496 (2019).

W

SCIENTIFIC REPORTS |

(2020) 10:931 | https://doi.org/10.1038/s41598-020-57806-0


https://doi.org/10.1038/s41598-020-57806-0
https://doi.org/10.6084/m9.figshare.8856974
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.trecan.2017.04.008
https://doi.org/10.1002/cphy.c110012
https://doi.org/10.1038/srep12363
https://doi.org/10.1038/srep31694
https://doi.org/10.1177/1087057110361772
https://doi.org/10.1007/s10585-016-9785-y
https://doi.org/10.1038/srep22273
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1586/ecp.12.74
https://doi.org/10.1586/ecp.12.74
https://doi.org/10.1186/gm326
https://doi.org/10.1016/j.drudis.2016.05.015
https://doi.org/10.1073/pnas.1403080111
https://doi.org/10.1038/s41598-018-28551-2
https://doi.org/10.1155/2013/974580
https://doi.org/10.1155/2013/974580
https://doi.org/10.1038/nmeth.3853
https://doi.org/10.1074/jbc.RA118.006805
https://doi.org/10.1074/jbc.RA118.006805
https://doi.org/10.3390/cells8050496

www.nature.com/scientificreports/

19. Sribenja, S. et al. Suppression of thymosin 310 increases cell migration and metastasis of cholangiocarcinoma. BMC Cancer 13, 430,
https://doi.org/10.1186/1471-2407-13-430 (2013).

20. Johnston, S. T., Shah, E. T., Chopin, L. K., Sean McElwain, D. L. & Simpson, M. J. Estimating cell diffusivity and cell proliferation rate
by interpreting IncuCyte ZOOM assay data using the Fisher-Kolmogorov model. BMC Syst Biol 9, 38, https://doi.org/10.1186/
§12918-015-0182-y (2015).

21. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21, https://doi.org/10.1093/bioinformatics/bts635
(2013).

22. Williams, C. R., Baccarella, A., Parrish, J. Z. & Kim, C. C. Trimming of sequence reads alters RNA-Seq gene expression estimates.
BMC Bioinformatics 17, 103, https://doi.org/10.1186/s12859-016-0956-2 (2016).

23. R: A language and environment for statistical computing (R Foundation for Statistical Computing, 2013).

24. Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E. & Storey, J. D. The sva package for removing batch effects and other unwanted
variation in high-throughput experiments. Bioinformatics 28, 882-883, https://doi.org/10.1093/bioinformatics/bts034 (2012).

25. Yu, G., Wang, L.-G., Han, Y. & He, Q.-Y. clusterProfiler: an R package for comparing biological themes among gene clusters. Omics:
a journal of integrative biology 16, 284-287, https://doi.org/10.1089/0mi.2011.0118 (2012).

26. Benjamini, Y., Drai, D., Elmer, G., Kafkafi, N. & Golani, I. Controlling the false discovery rate in behavior genetics research. Behav
Brain Res. 125, 279-284, https://doi.org/10.1016/s0166-4328(01)00297-2 (2001).

27. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles.
Proceedings of the National Academy of Sciences of the United States of America 102, 15545-15550, https://doi.org/10.1073/
pnas.0506580102 (2005).

28. Chen, E. Y. et al. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinformatics 14, 128,
https://doi.org/10.1186/1471-2105-14-128 (2013).

29. Kuleshov, M. V. et al. Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 44, W90-97,
https://doi.org/10.1093/nar/gkw377 (2016).

Acknowledgements
This work was funded by NSTDA (P-15-50208) and partially supported by Faculty of Medicine Siriraj Hospital,
Mabhidol University.

Author contributions

Conceptualization, S.S. and P.S.; Methodology, S.S. and P.S.; Computation, K.P,, P.S. and P.K,; Investigation,
PS. and S.J.; Formal analysis, P.S., K.P. and P.K.; Manuscript preparation: writing the initial draft, P.S. and S.S.,
Manuscript preparation: critical review and revision, S.S., S.J., K.V,, S.O., V.L. and PX.; Manuscript preparation:
visualization, P.S., K.P. and P.K,; Resources: S.S., S.J., K.V,, S.0. and V.L,; Funding Acquisition, S.S., S.J. and K..

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-57806-0.

Correspondence and requests for materials should be addressed to S.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:931 | https://doi.org/10.1038/s41598-020-57806-0


https://doi.org/10.1038/s41598-020-57806-0
https://doi.org/10.1186/1471-2407-13-430
https://doi.org/10.1186/s12918-015-0182-y
https://doi.org/10.1186/s12918-015-0182-y
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s12859-016-0956-2
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/s0166-4328(01)00297-2
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1038/s41598-020-57806-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Novel Analytical Platform For Robust Identification of Cell Migration Inhibitors

	Results

	Standard wound healing assay cannot accurately distinguish contributions of cell migration from cell growth or cell death. 
	Concurrent measurement of cell death and wound closure rates enables quantitative scoring of different phenotypic contribut ...
	Normalizing the variability of wound closure time improves robustness of phenotypic scoring. 
	Concurrent screening of both migrastatic and cytotoxic drug candidates for cholangiocarcinoma. 

	Discussion

	Methods

	Experimental methods and data processing. 
	Cell line and culture condition. 
	Drugs and dyes. 
	Mitomycin C pre-treatment. 
	Wound healing assay. 
	Live microscopy. 
	Immunofluorescent staining and IC50 calculation. 

	Metrics of multi-phenotypic responses. 
	Calculation of cell migration/death scores. 
	Phenotypic bias calculation. 
	Transcriptome analysis, gene set enrichment analysis, and GO term analysis of MG-subgroup. 


	Acknowledgements

	Figure 1 Complex confoundment of cellular phenotypes during standard wound healing assay.
	Figure 2 Relationships between changes of cell death and wound closure rates at different drug dosing.
	Figure 3 Contribution of intrinsic and extrinsic noises on the scoring of phenotypic contribution.
	Figure 4 Compound screening for migrastatic and cytotoxic effects in cholangiocarcinoma cell lines.




