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Abstract

Cancer cell migration represents an essential step toward metastasis and cancer deaths.
However, ntional drug discovery focuses on cytotoxic and growth-inhibiting
compounan inhibitors of migration. Drug screening assays generally measure the
average r many cells, masking distinct cell populations that drive metastasis and
resist tFeaffents®Here, we developed a high-throughput microfluidic migration platform that
coordinathic liquid handling and computer vision for rapidly quantifying individual

cellular mgtility.QJsing this innovative technology, we tested 172 compounds and found a

G

surprising rrelation between migration and growth inhibition. Notably, we discovered

that man ounds inhibited migration of most cells while leaving fast-moving

5

subpopul sg@We further pinpointed synergistic drug combinations, including Bortezomib
and Dani . stop fast-moving cells. To explain the observed cell behaviors, we
performeDcell morphological and molecular analysis. These studies establish a novel
technolog ntify promising migration inhibitors for cancer treatment and relevant
applicatio
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Introduction

Metastasis is the major cause of breast cancer deaths, accounting for over 40,000 deaths
per yea S. Despite advances in early detection and treatment, once metastases
develop, r remains incurable.”® While cancer metastasis is a complicated multi-
step proce ion and intravasation of tumor cells from the tumor stroma to a capillary
bed or®yAPHEHE" vessel represent critical early steps.® In addition, considerable evidence
suggests ncer metastasis can be driven by epithelial-to-mesenchymal transition
(EMT),*® e pmental program in which epithelial cells acquire migratory and invasive
phenotypmhibition or activation of EMT significantly limits or increases metastasis,
respectivelft’ o elucidate the correlation between cancer migration and metastasis, we
previouslmm a high-throughput microfluidic platform that can measure the individual
migratory ity of thousands of cancer cells and selectively isolate fast-moving
subpopulB

metastasi e than non-migratory cells.” Furthermore, through whole transcriptome
sequencirm

correlate mdcal outcomes in breast cancer were identified.”® The distinct gene

® As expected, we found that highly migratory breast cancer cells
igratory and control cancer cells, differentially expressed genes that

expressio

metastati pulation. As migratory breast cancer cells are key contributors to
metastatic ination, we expect that inhibition of cell migration can reduce the

of migratory cancer cells highlights the possibility to selectively inhibit this

metast rden of breast cancer.'®'""18

Despite the importance of cancer cell migration in metastasis, it has been neglected in
conventiow discovery. Conventional drug screening focuses mainly on compounds
that significe inhibit cell viability and/or growth.'® For instance, NCI-60 Human Tumor Cell
Lines Scré w performed a one-dose assay to quantify growth inhibition and lethality of
compound compounds that do not exhibit significant growth inhibition were not
consideregfuﬂher. However, compounds that inhibit cell migration might have potent clinical
value for ghetastatic disease. While there are some previous trials targeting cell functions
reIevanMon, including protease, integrin, and extracellular matrix (ECM), there is no

systematic scre@ning for cell migration inhibitors.”* More importantly, the screening

experime nerally measure the responses of many cells in bulk, masking a small

11-13

number nct cells that may drive metastasis.

Cellular heterog®heity is a hallmark of multicellular life which presents various forms and
functions in organisms by facilitating specialization. This heterogeneity controls physiological
processes of normal cells as well as pathological conditions of many diseases.?**” However,

most of our current biological knowledge is based on population-averaged measurements.
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While bulk analysis of many cells altogether measures the overall cellular responses,
regulations and mechanisms, the baseline assumption that all cells are identical can lead to
imprecisand opn incorrect assessments.?® With new engineering tools having single-cell
resolution, itshas become clear that cell-to-cell variability is pervasive and critical.?® Cancer
as a gese has an abnormal and unstable genome and epigenome.*® The
instabili&y can be caused by erroneous DNA repair mechanisms and an abnormal tumor

micro-envifonment, which is hypoxic, acidic, and lacks nutrition.®’** This molecular-level

instability faf to inter-patient and intra-patient tumor heterogeneity and generates

formidabl@{challefiges in identifying optimal treatments 283334

Popular d cell migration assays, such as wound healing and transwells, have

limited utMity’ faf detecting single-cell heterogeneity.®***® Wound healing assays present

challenge n the reproducibility of the scratch and the difficulty tracking individual
cells.®” Tr assays provide a binary migration measurement of cells, but tracking the
actual cell ent process is not possible. These fundamental limitations hinder the study
of cellular eneity and dynamics of cell migration. Due to the features of small reagent
volumes, isegfluid control, and small device footprint, microfluidics has emerged as a
cutting-ed nology to monitor the movement of individual cells.'* "% Despite
signific r single-cell tracking capability of microfluidic platforms, most existing
devices ar adily compatible and coordinated with robotic liquid handling and image
processi r high-throughput screening. To identify potent cell migration inhibitors and

consider cellular heterogeneity, there is an unmet need to measure single-cell motility in high
throughptgand at low cost. To address the limitations of existing platforms, we developed a

high-thro icrofluidic migration platform for tracking the movement of thousands of

cells. We on triple-negative breast cancer (TNBC), which is more aggressive and
has few ta therapies.*®*” Utilizing the cutting-edge screening capability of our system,
we scree stom library of 172 compounds to identify compounds that specifically
inhibitEtion, cell proliferation, or both. The experiments suggest that inhibition of

cell miH proliferation are not highly correlated, so conventional drug screening

experime t overlook promising migration inhibitors. In addition to the mean cell
migration , we characterized the movement of top-ranked fast-moving cells.

Interestingly ound many compounds that inhibited the migration of most cells but not

fast-m es. The cellular heterogeneity would not be revealed without individual cell

tracking. Base the throughput of the presented method, we tested drug combinations to
stop the movement of fast-moving cells. We also performed single-cell morphological and

molecular characterization to explain the observed cell migration phenotype.
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Results

High-throughput microfluidic migration assay with autonomous image processing

We develgpe@aa high-throughput microfluidic migration platform that can quantify the
migration 100 individual cells per condition and test 32 treatment conditions on a
single gevw 1A). After the migration assay of 24 hours, images were collected by a
motorized@Nikon Ti2-E fluorescence microscope. Based on our previously developed
MATLAB program for quantifying cell migration, we further established an autonomous

image pr@cessi toolkit with fully automatic image registration and quality control

functions.™ image registration was performed using two features on the images. (1) The
blue autosflugres€ence of Silicone on the ProPlate® 64-Well device was used to crop the
region of igration channels. (2) The brightfield image of migration channels was used
to calculate the r@tation angles of images and separate individual channels (Fig. 1B). Based
on the two features, the images can be automatically rotated and cropped for analysis. In
addition, ge implemented quality control functions to exclude images from defective
microfluidic devices and/or poor imaging conditions. The migration devices with leakage,
trapped were excluded. The over-exposed and out-of-focus images were also

eliminated "Qut®Matically. After quality control and image processing, the locations of cells
were C:Eei ?ased on cellular fluorescence. Point noise, debris, and dead cells were
excluded b small area and/or dim fluorescence. It takes around 2 seconds to process
an image® larged images tracking the movement of individual cells are shown in Fig.
S1. As a proof of the concept, we compared the presented microfluidics with conventional

transwell MUsing the same chemoattractant of serum. The side-by-side comparison

highlights vantages of the presented method. (1) The conventional transwell assay
cannot ¢ istinguish the effects of cell kiling and migration inhibition. As a
demonstra treated cells with a CD4/6 inhibitor (Abemaciclib) which inhibited cancer

cell growtRlbut did not stop cell migration and an IL8 inhibitor (Danirixin) which inhibited cell
migration ‘ut ng growth. Transwell assays showed negative for both treatments, yet the
presented microfluidic migration assay detected the differences (Fig. 1(C-E), Table $1,S2).

(2) The microﬂwsl'c approach tracked the actual moving process of individual cells, so not
lular migration distance but also the migration distance of the top-ranked

only the

(e.g., 9 entile) fast-moving cells could be measured. (3) The transwell inserts could
only tes ditions in the area of a well-plate (455 mm? per condition), while the
microfluidic assay tested 32 conditions in the area of a glass slide (59 mm? per condition).

The presented system has significantly higher throughput and saves reagents. In addition,

the device matches the pitch of 384-well plate, so it is fully compatible with robotic liquid
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handling. Using an Opentrons OT-2 pipetting robot, it takes 1 minute to load cells onto a
device and 3 minutes to add drugs for testing 32 conditions (Video S1). The manual and
robotic oglratiog' achieved similar experimental results (Fig. S2).

Correlatig @ een growth and migration inhibition

Using meMgh-throughput migration platform, we characterized the changes in cell

Autophag forming growth factor-beta (TGF-B), CDK4/6, Epidermal growth factor
receptor (EGFR)j Nuclear factor-kappa B (NF-kB), CXCR1, CXCR4, IL8, Rho-associated
protein kinase (ROCK), Colony-stimulating factor 1 receptor (CSF1R), Proto-oncogene
tein kinase Src, p21-activated kinase (PAK), Rac, Rho, CDC42, Focal Adhesion

nt, Aurora, and regulators of key cellular components, including

Lk

tyrosine-

Kinase (

mitochondlria otubule, integrin, kinesin, and myosin with multiple breast cancer cell lines

a

(Table S3,54)"A compound concentration of 10 yM was used in the screening experiments
followi -60 Human Tumor Cell Lines Screen project. In addition to cell migration
assays, Co nal growth inhibition experiments were performed to quantify the growth
inhibiti
Table S5). Interestingly, we found a weak correlation between migration and growth
jon coefficients of MDA-MB-231: 0.17, SUM149: 0.34, SUM159: 0.34). The

are not necessarily strong inhibitors of cell migration, and migration

\

ytotoxicity effects of compounds for three TNBC cell lines (Fig. 2 (A-D),

[

inhibition

growth in

inhibitors fight gbt stop cell growth. In addition to single-dose treatments, we further tested

9

5 concentrati f selected compounds to validate the screening experiment (Fig. 2E, F).
We foundWnteresting compounds, including Danirixin (GSK1325756), an IL8 inhibitor, which
inhibited
which stopped cell growth but not cell migration (Fig. 2G, H). IL8 inhibitor (Aprepitant) and
CDKa4/6 inhibitor§ (Palbociclib HCI and Ribociclib) have consistent effects as Danirixin and

Abemacic

N

Il miggation significantly but not cell growth, and Abemaciclib, a CDK4/6 inhibitor,

spectively. Among the 172 tested compounds, 84 compounds significantly
inhibite igration but not growth, 18 compounds significantly inhibited growth but not

migration, 6 compounds inhibited both growth and migration (Table S$6). There are

A

also compounds that can inhibit both cell growth and migration, including all 5 proteasome
inhibitors (Bortezomib, MG-132, Carfilzomib, Ixazomib, and Ixazomib Citrate), three Src

inhibitors (Saracatinib, Tirbanibulin, and Dasatinib), and 5 ferroptosis inducers (Imidazole

This article is protected by copyright. All rights reserved.



ketone erastin (IKE), RSL3, FINO2, ML162, and ML210) (Fig. 2I). The difference in cell
growth and migration inhibition highlights the possibility that screening of cell migration

inhibitiomide a unique list of promising compounds in cancer treatment.
Pinpointi otility of fast-moving cells

We furﬁeWgated the movement of highly migratory cells in addition to the mean cell
motility. O$ra|l, the mean cell migration distance was correlated with that of the top 5% fast-

moving ce rrelation coefficients of MDA-MB-231: 0.57, SUM149: 0.85, SUM159: 0.85)

inhibited tRle Mov@ment of fast-moving cells but not mean cell migration, and 78 compounds
inhibited ble S7, S8). For example, Ispinesib, a potent and specific inhibitor of
kinesin spindle Sntein (KSP), significantly slowed the movement of most cells, yet a small
number of cells remained migratory (Fig. 3E).*> The same situation was observed in other
compounds, including Daidzin, which is a natural organic compound from soybean leaves

and known 10 reduce ovarian and breast cancer cell migration, and SBI-0206965, an

autophagyll i or. ***" In comparison, IL8 inhibitors, Danirixin and Aprepitant, and
proteasome’i tors, Carfilzomib and Bortezomib, inhibited the movement of all cells (Fig.
3E). %2 suring the average cell migration capacity using conventional bulk assays will
not reveal differences. In addition to single-dose treatment, we further tested 5
conce selected compounds to validate the screening results. Abemaciclib neither

inhibited the migration of mean nor fast-moving cells (Fig. 3F), and Danirixin inhibited the
migratioanean and fast-moving cells (Fig. 3G). More interestingly, CUDC-101, a
potent mullisiamgeted inhibitor against HDAC, EGFR, and HER2, inhibited the migration of
mean, bu-moving cells (Fig. 3H).>® The in-depth comparison of the bulk cells versus
top-ranked -moving ones highlights the issue of cellular heterogeneity, which has been

largely overlooked in many conventional assays.

Dynam“ movement and the treatment combinations

In addition to a 8napshot observation, the migration platform allows tracking of individual
cells (Fig. en watching the dynamics of movement, we found a small number of fast-

movin ignificantly outperformed most slow-moving cells. In literature, those fast-

moving c reported to be the key drivers of tumor initiation and metastasis. '>'"'®
While Danirixin and Bortezomib significantly inhibited the mean cell migration distance, a
small number of fasting-moving cells continued moving forward (Fig. 4A). The inability to

stop those fast-moving cells could be explained by cancer cellular heterogeneity and the
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existence of redundant pathways to circumvent the drug targets.®® Given the limitation of
mono-drug treatments, we explored the combination of drugs to completely stop highly
migratoq !ells. We first tested the combination of the migration inhibitor of Danirixin and the
growth inhibiter of Abemaciclib (Fig. 4B). Overall, the effects were orthogonal: the cell

9

motility l1agg dépended on the concentration of Danirixin, and the cell viability mostly
depended on the concentration of Abemaciclib. However, we observed a strong synergistic
N

effect on@nhibiting cell migration when combining 1 pM of Danirixin and 10 pM of

Abemaciclib also tested the combination of two cell migration inhibitors, Danirixin and

Bortezom pund synergistic effects when combining 1-10 uM of Danirixin and 1-10 pM
of Bortezomib
(Fig. S3)

movemen

ig. 4C). The synergistic effects also exist for inhibiting fast-moving cells
enymonitoring the cell movement over time (Fig. 4A), we found that cell
ompletely stopped after 6 hours by the combination of Danirixin and

Bortezomib. Thefpreliminary tests of drug combinations highlight the potential of the high-

Gk

throughput platform to effectively examine combinations of compounds.

Cellular

[

ia and Actin morphology correlate with cell motility

To better @in nd how cell migration was inhibited, we also examined the morphology of

dl

cellular ac
bundle

filopodia for] has been shown to promote migration.> In our experiment, MDA-MB-231

filopodia. Filopodia are composed of cross-linked actin microfilament

pioneer at the leading edge of migrating cells. **® Therefore, increased

\i

cells w ted with LifeAct-GFP for visualizing actin in filopodia. As shown in Fig. 5

and Table S9, the number of filopodia significantly decreased with the treatment of Danirixin

[

or Bortez t the same time, Abemaciclib treatment does not alter the number of
filopodia a gpared to the control. The observation of cell morphology matches well with

our prior @ ggesting that Danirixin and Bortezomib inhibited cell migration, while

Abemaciclipdi t alter cell migratory behaviors although with high cytotoxicity.

N

Trans ffects of Abemaciclib

:.t

To better Understand the unexpected effects of Abemaciclib, which inhibited cell growth but

not migration, welperformed scRNA-Seq to profile molecular alterations by Abemaciclib. The

4

control and treated MDA-MB-231 cells segregated well in the UMAP plot and by altered
marker (Fig. 6A, B). We identified the marker genes of Abemaciclib treatment and

performe ay analysis (Fig. 6C, D). Using the NCI-Nature pathway database, two

A

groups of pathways are highlighted: (1) cell cycle signaling, including “Aurora B,”
“Hepatocyte Growth Factor Receptor,” and “C-MYC transcriptional activation” and (2) cell

migration regulation, including “Posttranslational regulation of adherens junction,” “N-
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” ” o«

cadherin signaling,” “E-cadherin signaling,” “Nectin adhesion,” and “Integrin-linked kinase
signaling.” Using the GO Cellular Component pathway database, we also observed the
activation *f cell'ycle related pathways of “nucleus” and “chromosome” and cell migration
related pathu of “focal adhesion” and “cell-substrate junction.” The pathway analyses
suggest tI cycle and migration are central to the difference between control and
Abemaﬁiclib treated cells. Specifically, Abemaciclib treatment significantly reduced the
expressiofil of key genes related to proliferation and cell cycle, including Marker of
(MKI67), DNA topoisomerase |l alpha (TOP2A), Centromere protein F

inase A (AURKA), Cyclin B1 (CCNB1), Cyclin Dependent Kinase Inhibitor

3 (CDKN3 itary tumor transforming gene 1 (PTTG1), Protein disulfide-isomerase A3
(PDIA3), ox 3 (CBX3) (Fig. 6E).°>® As such, the molecular changes match well
with the cell growth inhibition by Abemaciclib and known effects of inhibiting

CDK4/6. At the same time, treatment boosted the expression of migration related genes of
Vimentin VIM;, Cell division cycle protein 42 (CDC42), Actin Related Protein 2/3 Complex
Subunit 4 SARPC4).66'69 More interestingly, the expression levels of key proteins in filopodia,
including R&H-omolog Family Member A (RHOA), Ras Homolog Family Member C
(RHOCQ), ﬁctia Bgta (ACTB), Rac Family Small GTPase 1 (RAC1), Myosins (percent.myo),
Serpin Family E Member 1 (SERPINE1) remained comparable after treatment.”””®> The
eIevate@changed expression levels in key cell migration regulators match the
observation that Abemaciclib treatment did not suppress cell migration. The preliminary
investi‘cRNA-Seq explains the distinct effects of Abemaciclib on cell growth and

migration.

Discussih
While thance of cancer cell migration and heterogeneity has been widely

acknowled re is no effective way to screen cell migration with single-cell resolution in
high throughput. Although conventional migration assays (e.g., wound healing and transwell)
are standgrdizedgfor robotic operation, the assays are unable to track the movement of
individuﬁstudy cellular heterogeneity. Microfluidic technology provides significantly

better single-cellftracking capability, but most existing platforms are not readily compatible

and coor with robotic liquid handling and image processing. In this work, we
integra -friendly microfluidics, robotic liquid handling, and computer vision for a high-
throughp tion assay at the single cell level. The platform is fully compatible with liquid

handling systems. The robotic liquid handling can not only save time for researchers but also
enhance the throughput and reproducibility of experiments. In addition to experiments, we

establish an autonomous image processing toolkit with fully automatic image registration,
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quality control, and characterization of cell migratory behaviors. With the capability, we
successfully analyzed thousands of images and tracked the movement of hundreds of
thousandiof ing" idual cells. While we focus on breast cancer in this study, the established

technologyfbe widely applied to other malignancies and applications related to cell

migration.
In the &8 between inhibition of cell growth and migration, we found a strikingly weak
correlatio ifference can be caused by technical reasons. For example, cell migration

is a 1-day®ent, while cell growth experiments last 2 days. The differences in protocol

naturally i e inconsistency. At the same time, the scRNA-Seq experiment clearly
supports ct molecular alteration of cell growth and migration by Abemaciclib. Within
1 day of t, Abemaciclib successfully suppressed the cell proliferation markers of

MKI67 an %" The molecular changes match well with the observed growth inhibition.
At the sam the treatment enhanced the expression of VIM, CDC42, and ARPC4.%5%°
Furthermoge® xpression levels of many critical genes (e.g., RHOA, RHOC, and RAC1)
in cell mmlopodia were not changed, which strongly support the unchanged cell
migration 'cap‘aci‘ty and filopodia morphology.’®”* The preliminary molecular investigation
clearly sup‘portéthat a compound can be a potent growth inhibitor but not a migration
inhibitor. Given the importance of cell migration in the dissemination of cancer, the screening

for cell migration inhibitors will provide an independent new list of promising compounds.

In ad e average cell migration capacity, the platform also allows for the
investigation of a small number of fast-moving cells. It was reported tens of tumor-initiating
cells (Tlcmfﬁcient to generate a tumor in animal models.”®”® As such, reducing the
migration g ity of most cells might not be sufficient to stop cancer metastasis. In our
experimeund that many compounds significantly inhibited the average cell motility
but not the -moving cells, especially for the MDA-MB-231 cell line, which is known to be
highly agdkessive and heterogeneous.®® The inability to stop those fast-moving cells might

be explai*d by iancer cellular heterogeneity and the existence of redundant pathways. In

our prior Work, we have performed scRNA-Seq for highly migratory breast cancer cells.'

While migratory Ycells overall demonstrate an EMT-like gene expression profile, further
interrogati jgratory cells reveals discrete sub-populations expressing epithelial (CDH1,
EpCA ytokeratins) or mesenchymal (CDH2, VIM, SNAI2, and ZEB1) markers. Co-
existence tiple cell states within the migratory population highlights the existence of
multiple layers of cellular heterogeneity. In addition to the cellular heterogeneity in motility,
migratory cells can become migratory based on different molecular mechanisms. Thus, it is

essential to consider the combination of multiple inhibitors to stop distinct sub-populations of
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migratory cells. In this study, we performed preliminary tests to identify the synergistic
combination of Danirixin and Bortezomib, which could stop the movement of all cells. The
combinati@n suppressed the potential alternative and/or redundant pathways to activate cell
migration aaeL inhibits all migratory sub-populations. To identify appropriate drug
combinati @ e future, it is necessary to include more candidates. The high throughput

of the %resented method would be the key to overcoming the experimental complexity and
cost whicl!'ncrease exponentially.®%

Author Manusc
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Figure 1. Highthroughput microfluidic migration platform with single-cell resolution.
(A) A migration device that can test 32 conditions with 100 cells per condition. Two wells are
used as a pair for cell migration analysis, and the cell migration channels are between two

wells. Initially, cells are loaded into the upper wells. After cell adhesion, chemoattractant is
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loaded in the lower wells to induce cell migration into channels. (B) The representative
images of migrating cells, Silicone outline, and migration channels for image processing.
Scale barg 500

with DMSQgegntrol, Danirixin and Abemaciclib (10 uM for all compounds). Cells were

. (C) The transwell and migration assays of MDA-MB-231 cells treated

stained w m green), Dead (red) and Hoechst (blue) staining reagents in the transwell

experiments. Scale bar: 500 um. (D) The transwell assay of MDA-MB-231 treated with
N

DMSO co

MDA-MB-

Statistical

rol, Danirixin and Abemaciclib. (N = 3) (E) The microfluidic migration assay of
eated with DMSO control, Danirixin and Abemaciclib. N = 300 channels.
& is provided in Table S1, S2.
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Figure 2. C lation between the inhibition of cell growth and migration. (A)
images of MDA-MB-231 cells treated with DMSO control, Abemaciclib,

taxel, Danirixin, and Selumetinib (10 uM for all compounds). Scale bar:

Carfilzomib,
500 ym. (B, C, D). Correlation between the inhibition of cell growth and migration for (B)
MDA-MB-231, (C) SUM149, and (D) SUM159 cell lines with Pearson’s correlation
coefficients: MDA-MB-231 (R? = 0.0288), SUM149 (R? = 0.1143), SUM159 (R? = 0.1138).
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The X-axis represents the number of cells after treatment, and the Y-axis represents the
mean cell migration distance (um). Each dot represents one compound. The red dot
representi AbeWcicIib treatment, the blue dot represents Bortezomib treatment, and the
purple dot rgpigsents Danirixin treatment. Statistical analysis is provided in Table S4, S5. (E,
F). Treatected compounds (Abemaciclib and Danirixin) at 6 concentrations (100
UM, 10#MI 1 HMT 0.1 uM, 0,01 M, and DMSO control) on MDA-MB-231 cells. The X-axis

representgl the concentration of the compound, and the Y-axis represents cell migration

distance. reen bars represent the mean cell motility. N = 200 channels. (G, H, I).
Treatmen
concentrations {100 uM, 10 uM, 1 uM, 0.1 M, and 0,01 uM) on MDA-MB-231 cells. The Left
Y-axis (bl

cell viabiliff: !Es blue curve indicates the mean migration distance, and the black curve

elected compounds (Abemaciclib, Danirixin, and Carfilzomib) at 5

)W¥epkesents the migration distance, and the right Y-axis (black) represents the

indicates the celliability. Error bars indicate the standard error of the mean (SEM), n = 3.
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Figure 3. Correlation between the motility of mean and top-ranked fast-moving cells.
ative images of MDA-MB-231 treated with DMSO control, Abemaciclib,
irixin, Besylate, and WZ811 (10 uM for all compounds). Scale bar: 500 pm.

(B, C, D). Correlation between the motility of mean and top-ranked fast-moving cells of (B)
MDA-MB-231, (C) SUM149, and (D) SUM159 cell lines with Pearson’s correlation
coefficients: MDA-MB-231 (R? = 0.3198), SUM149 (R? = 0.7226), SUM159 (R? = 0.7177).
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The X-axis represents the mean migration (um) after treatment, and the Y-axis represents
the top-ranked fast-moving migration distance (um). Each dot represents one compound
treatment!Diﬁer'ﬂ colors indicate different groups of compounds. The blue dots represent
compoun hat inhibited the migration of mean and top-ranked fast-moving cells, the red
dots reprounds that inhibited neither, the purple dots inhibited the migration of
most cglls but not the fast-moving ones, and the black dot represents DMSO control.

Statistical@analysis is provided in Table S7. (E) The distribution of migration distance for

individual

231 cells.

axis (red) represents the top 5% fast-moving cell migration distance. (um). Error bars

ft Y-axis (blue) represents the mean migration distance, and the right Y-

indicate the standard error of the mean (SEM), n = 3.
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Figure 4. ics of cell movement and the combination treatments of compounds
(A). Dy of cell migration. MDA-MB 231 cells with selected compound treatments were

imaged

our for 13 hours. The X-axis represents time (hours), and the Y-axis

represents the migration distances (um). The solid curve represents the mean migration
distance, the dashed curve represents the top 5% fast-moving migration distance, and the

gray thin solid curve represents the movement of individual cells. N = 300 channels. Six

This article is protected by copyright. All rights reserved.



conditions of DMSO control, Danirixin, Bortezomib, Abemaciclib, Bortezomib+Danirixin, and
Abemaciclib+Danirixin (10 uyM for all compounds) were tested. (B, C). The combinatory
effects onpigrai" n and cell viability. (B) Abemaciclib (C) Bortezomib at three concentrations

(10 uM, 1 ubMsQ.1 uM) combined with Danirixin at 5 concentrations (100 uM, 10 uM, 1 uM,
0.1 uM, a m M).
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Figure 5. Filopodia are correlated with cell motility. (A) Representative images

of MDA-MB-231 cells treated with DMSO control, Abemaciclib, Danirixin, and Bortezomib
(10 puM for all compounds). Blue fluorescence represents Hoechst staining, and green
@ esents GFP-Actin. Scale bar: 20 ym. (B). The number of MDA-MB-231

cellular filopodia. The X-axis indicates the treatments. The Y-axis indicates the number of

fluorescence

filopod ery 10 cells. Statistical analysis is provided in Table S9. *** refers to P < 0.001

Error bars j the standard error of the mean (SEM), n = 4.
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Figure 6.

cells with and

represents UMAP2, and each dot represents one cell.

e-cell transcriptome analysis of MDA-MB-231 with or without

ithout Abemaciclib treatment. The X-axis represents UMAP1, the Y-axis

Blue dots represent 105 control

untreated cells, and red dots represent 33 Abemaciclib treated cells. (B) Heatmap

demonstrates the significant gene expression differences between treated and untreated
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MDA-MB-231 cells. (C, D). Top-ranked pathways determined by the altered genes of MDA-
MB-231 cells treated with Abemaciclib versus control. The X-axis and color represent the p-
values,_amd thegY-axis indicates the names of pathways. (C) the NCI-Nature pathway
database ap@w(D) the GO Cellular Component pathway database. (E) Violin plots of
Abemaci and control MDA-MB-231 cells with statistical tests. The Y-axis
represewts ﬁene expression with a logarithmic scale. Each dot represents one cell. * Refers
to P < 0.08 ** refers to P < 0.01, and *** refers to P < 0.001.

Methods

Cell cultur

We culturmMB-Ziﬂ cells in Dulbecco's modified eagle medium (DMEM, Gibco 11995)
suppleme h 10% fetal bovine serum (FBS, Gibco 16000), 1% GlutaMax (Gibco
35050), m

(InvivoGe p). We cultured SUM149 and SUM159 cells in F-12 (Gibco 11765) media
supplememh 5% FBS (Gibco 16000), 1% pen/strep (Gibco 15070), 1% GlutaMax

(Gibco 35@50)mgP ug mL™" hydrocortisone (Sigma H4001), and 5 ug mL™" insulin (Sigma
16634), an@,0 b of plasmocin (InvivoGen, ant-mpp). MDA-MB-231, SUM149, and SUM159

icillin/streptomycin (pen/strep, Gibco 15070), and 0.1% of plasmocin

cells w iRed from Dr. Gary Luker's lab at the University of Michigan. We maintained
all cells at in a humidified incubator with 5% CO2. All the cells were cultured and
passa en the cells reached over 80% confluency in the dish.

Cell transfection

We stablyﬁded TNBC cells using Xfect™ Transfection Reagent (Takara 631317) with
5 pg of p @ a-tdTomato Vector plasmid (Takara 631975). The cells labeled with red

fluorescen ins can be tracked for migration. The transfected cells were selected using

G418 (Tira 53?307) treatment and sorted by flow cytometry for red fluorescence. We

previo ed cells stably transduced with LifeAct-GFP to visualize actin.”>®

Microflﬁdesign and fabrication
The migrati ices were fabricated from a single layer of PDMS (Polydimethylsiloxane,

Corning), which was fabricated on a silicon wafer by standard soft

Sylgard 1
ne mask was used to fabricate the migration channel (5 pym height). One

device contains 3}200 migration channels (100 channels per pair of wells), and the migration

channel is 10 ym in width, 5 ym in height, and 1 mm in length. The size of a device is 75.8
mm by 25 mm, and the pitch between wells is 4.5 mm (following the 384-well plate format).

The microfabrication was performed by MuWells Inc. The patterned PDMS layer was
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bonded to the ProPlate® 64-Well Chambers (246855, Grace Bio-Labs) after being activated
by oxygen plasma treatment (Plasma Oven, PDC-001, Harrick Plasma) for 5 mins to form a
complete Iuidic '1anne|. After bonding, the devices were heated at 80°C for 15 minutes to
ensure bondiag.quality. The microfluidic chips were sanitized by UV radiation prior to use to
ensure ste ditions. Before cell loading, Collagen (1.45mL Collagen (Collagen Type 1,
354236, BD Biosciences), 0.1mL acetic acid in 50mL DI Water) was coated overnight on the
i
device to @nhance cell adhesion. Devices were then rinsed with cell culture media before

usage to remove the residual collagen solution.
Cell migr. say

A library WOmpounds was selected for the screening experiments based on their

functions ure as listed in Table S3. The compounds were dissolved to 10 mM in
either DMSO or JPBS according to the instructions from the vendors. Compound solutions
were prepared by serial dilution, and the final concentration of 10 uyM was used in the
screening@experiments. DMSO (0.01%) treatment was used as the control. Cells were
harvested from culture plates with 0.05% Trypsin/EDTA (Gibco, 25200) and centrifuged at
1000 rpmior ins. Then, the cells were re-suspended in culture media to a concentration
of 4.17 x 18° s/mL (2.5 x 10* cells per well). 60 pL of this cell suspension was pipetted
into th r wells and 20 pL of culture media was pipetted into the lower wells. Trypsinized
rounded ce;Emeter: 10-15 ym) were larger than the migration channel height (5 um), so
they wi trapped at the entrance of migration channels. The device maintained a
static flow condition and stayed in an incubator for 30 minutes to enhance cell adhesion on
the substM we visually confirmed cell adhesion morphology before doing the next
step. After i inspection, cell suspension in the upper wells was aspirated and replaced
with 60 pree culture media with treatment compounds (10 uM). The lower wells will
be added L serum culture media with treatment compounds (10 uM) to induce
chemotacfic migration toward serum. Due to the nature of diffusion, the concentration of the
chemoattrgctant jin the migration channel increases linearly along the channel from the cell
Ioadingm:I detailed simulation and measurement were discussed in our previous
Works.14'15@he device was put into a cell culture incubator. Migration distance was

measured on the final cell frontier (the cell migrating the farthest) of each migration

channe 4 hours of incubation without media replenishment.

Growth inhibi assay

Cells were harvested from cell culture dishes with 0.05% Trypsin/EDTA (Gibco 25200) and

centrifuged at 1,000 rpm for 4 minutes. Then, the cells were re-suspended in the cell culture
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media for seeding into 96-well plates. For SUM149 cells, 2,000 cells in 100 yL media were
seeded per well. For SUM159 and MDA-MB-231 cells, 1,000 cells in 100 yL media were
seeded well Jl.oaded cells were cultured for 24 hours and then treated with compounds
for 48 hour, Is were then stained by 0.8 uM Calcein AM, 1.6 uM Ethidium homodimer-1
(Invitroge 4 Live/Dead Viability/Cytotoxicity Kit), and 5 uM Hoechst 33342 (Thermo
Scientifi-c 62249‘ for 30 minutes in the incubator and imaged. The Hoechst staining image

was first filtered by top-hat and bottom-hat filters to reduce the background, enhanced by
contract adjustment, and binarized to quantify the size of nuclei. Cell debris were excluded
by their ﬁize& Live/Dead staining was used to exclude dead cells with dim live
signals an

ht dead signals. The custom MATLAB program for cell counting was
develope(wan our previous works.%%°

Transwel§

Nunc Polycarbonate Cell Culture Inserts, 8 um pore size (Thermo Scientific™ 140644) were
used for ganswell migration assays. Cell culture media (2 mL per well) with serum was
-W

added to ell plates, and 7.5 x 10* cells in 1 mL of serum-free media were added to
TranswellmAﬂer 30 minutes, compound treatments of 10 uM were applied. Then, the
a

Transwell as put into a cell culture incubator. After 24 hours, cells on the lower
surfac e Inserts were stained with 5 yM Hoechst 33342 (Thermo Scientific 62249), 0.8
MM Calcein vitrogen™ L3224) for 30 minutes. After washing 3 times with PBS (Gibco
10010 e cells on the top surface and the residual dye, the inserts were observed

and photographed under a microscope.

Image ac

The micrhips were imaged using an inverted microscope (Nikon Ti2-E). The
brightfield rescence images were taken with a 40x, 10x, or 4x objective lens and a
monochr£e CMOS camera (Hamamatsu ORCA-Fusion Gen-lll SCMOS Camera). The
field of vigw is und 14 mm?, which can cover 100 cell migration channels in an image.

The outlin€ of the device was fluorescently imaged by a DAPI filter set, transfected RFP cells

were fluorescently imaged by a mCherry filter set, and Actin-GFP cells were imaged by a
FITC filter sel. Auto focusing was performed to ensure the image remained in focus
throug imaging experiments. It takes less than 10 minutes to image a migration
device th 32 conditions. The time-lapse experiments to monitor cell population

dynamics were performed using a Tokai Hit stage top environment control on the Nikon Ti2-

E microscope.

Autonomous image analysis for monitoring cellular migration
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To process thousands of images in this study, we established an autonomous image
processing toolkit (MATLAB 2021b) with fully automatic image registration and quality
control qutions'The image registration was performed using two features on the images.
(1) The blug o-fluorescence of Silicone on the ProPlate® 64-Well device was used to
identify th cell migration channel. (2) The brightfield image of migration channels
was usgd to calculate the rotation angles and separate individual channels. (Fig. 1) As the
patterns gfimigration channels extend beyond the core cell migration area, the patterns are
recogniza rightfield imaging. Based on those two features, the images can be
automaticdlly crgpped and rotated for registration. In addition, we implemented quality

condition igration devices with leakage, trapped bubbles were excluded. The over-

control functiops to exclude images from defective microfluidic devices and poor imaging
)
exposed -of-focus images were also eliminated automatically. On average, around

20% of images Were excluded. After quality control, the migration channels were identified,

and the location of cells was calculated based on cellular fluorescence. Point noise, debris,
and deadf{cells were excluded by their small area and dim fluorescence. In each migration
channel, t am marked the live cells that move farthest as the migration frontier in that

channel. me validated the software by comparing manual and computer-aided cell
i

identificat autonomous image analysis successfully excluded all defective images,

and th recognized cells was consistent with the manual identification.

Single A-Seq

We performed high-throughput single-cell barcoding transcriptome sequencing for MDA-MB-
231 cells M without Abemaciclib treatment.**®? Cells were cultured in a 6-well plate
CorningT""'3516‘ treated with Abemaciclib for 24 hours (the same as the migration
experimenw harvested with 0.05% Trypsin/EDTA (Gibco 25200) for scRNA-Seq. We
are aware that the microenvironment in the microfluidic channels is not the same as that in a
6-well plate. However, as it is difficult to retrieve cells directly from the enclosed migration
channels, we cultured treated and untreated cells in a 6-well plate for side-by-side
comparison. Cells and beads were paired in microwells, so the mRNA from lysed cells can

hybridize onto t

barcoded beads. After barcoded beads captured cellular mRNA, we
ermofisher Maxima RT kit), PCR (Kapa HiFi Hotstart PCR Readymix), and
ion (lllumina Nextera XT Library Prep Kit). The cDNA samples were then

performe
library
quantifie oled by the UPMC Cancer Genome Core for sequencing using the lllumina
NextSeq. We obtained approximately 10 million paired-end reads (Read 1: 30 base pairs for
the barcode and Read 2: 250 base pairs for mRNA read alignment) for each population.

Reads were aligned using STAR with GRCh38.p13 Human reference genome and
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processed by the standard Dropseq 2.5.1 pipeline. Then, we used the open-source SEURAT
4.0 (http://satijalab.org/seurat/) to analyze single-cell sequencing data.** Cells with more
than 500 lenes'ietected were considered successfully sequenced, and the cells having

more than 5%mitochondrial gene expression were discarded for their poor viability.
Statistic i

H
We perfoffined statistical analysis using R (version 4.1), GraphPad Prism 9, Combenefit

(version and MATLAB. Half-maximal inhibitory concentrations (IC50s) were
determine GraphPad Prism 9 software. Comparisons of two different groups were
performed by two-tailed Student’s t-test. Multiple groups were compared using 2-way

ANOVA (EellWling and treatment condition are two variables) Fisher's Least Significant
Differenc test. Synergistic effects were calculated using the Combenefit software.*
The exact statisti@al setups were determined depending on the variable types and nature of
analysis. We used p<0.05 to define statistically significant differences for all analyses. *
Refers to® < 0.05, ** refers to P < 0.01, and *** refers to P < 0.001. Standard error of the
mean (S was used for designating error bars. The number of samples or groups used
was provime Figure Captions. The correlation coefficients were calculated based on
0

the Pearsoff c lation using GraphPad Prism. For measurements with high variability (such

as ge ression levels), we compared these data on a log scale. For single-cell
transcripto uencing data, we used the R package SEURAT for data analysis, such as
outlier ®hierarchical clustering, principal component analysis (PCA), and Uniform

Manifold Approximation and Projection (UMAP).** To compare cell populations, we identified
altered gwfined by logarithmic fold change of 0.25 and the minimal portion of

expressing of 10% for pathway analysis. Pathway analysis was performed using
Enrichr (.pharm.mssm.edu/Enrichr/) tool with the GO Cellular Component and
NCI-Natur ases.”® The p-values in pathway analysis were generated using Fisher
exact testgby Enrichr.

Data Availabitity)

The authors deilare that all relevant data are included in the main text and/or its
supplementary information files. Source data will be available in the Source Data file. The
single- -Seq data will be deposited and available in the Sequence Read Archive

(SRA) on anuscript is published.
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