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Abstract

Considerable evidence suggests that breast cancer development and metastasis are driven by cancer stem-like cells (CSCs).
Due to their unique role in tumor initiation, the interaction between CSCs and stromal cells is especially critical. In this
work, we developed a platform to reliably isolate single cells in suspension and grow single-cell-derived spheres for
functional enrichment of CSCs. The platform also allows adherent culture of stromal cells for cancer-stromal interaction.
As a proof of concept, we grew SUM149 breast cancer cells and successfully formed single-cell-derived spheres.
Cancer-associated fibroblasts (CAFs) as stromal cells were found to significantly enhance the formation and growth of
cancer spheres, indicating elevated tumor-initiation potential. After on-chip culture for 14 days, we retrieved single-cell
derived spheres with and without CAF co-culture for single-cell transcriptome sequencing. Whole transcriptome analysis
highlights that CAF co-culture can boost cancer stemness especially ALDHhigh CSCs and alter epithelial/mesenchymal
status. Single-cell resolution allows identification of individual CSCs and investigation of cancer cellular heterogeneity.
Incorporating whole transcriptome sequencing data with public patient database, we discovered novel genes associated
with cancer-CAF interaction and critical to patient survival. The preliminary works demonstrated a reliable platform for
enrichment of CSCs and studies of cancer-stromal interaction.
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INSIGHT BOX

A focus of cancer biology is to understand cancer-stromal interaction in cancer niche, and cancer stem-like cells (CSCs)
play a critical role. In this work, we enriched CSCs functionally and co-cultured them with cancer-associated fibroblasts.
We found that the interaction elevated tumor-initiation potential indicated by high sphere formation rate. Furthermore,
we performed single-cell RNA-sequencing to dissect the altered cancer stemness genes and epithelial/mesenchymal
status. Single-cell resolution allows identification of individual CSCs and investigation of cancer cellular heterogeneity.
Incorporating sequencing data with patient database, we discovered novel genes associated with cancer-stromal
interaction and critical to patient survival as potential therapeutic targets.
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INTRODUCTION

Considerable evidence suggests that breast cancer tumors can
be initiated from a small sub-population of stem-like cells, called
cancer stem-like cells (CSCs) [1, 2]. In addition to tumor initiation,
CSCs are known to play critical roles in metastasis and acquire
resistance to radiation and chemotherapies [3, 4]. Malignant fea-
tures of CSC make it a critical target for curing cancer, yet there
are controversies in defining it. In recent decades, various mark-
ers of CSC, including membrane proteins (e.g. CD44, CD24, CD90
and CD133), enzymatic markers (e.g. aldehyde dehydrogenase
(ALDH)) and transcription factors (e.g. NOTCH, NANOG, octamer-
binding transcription factor 4 and sex determining region
Y box 2) have been identified [5–9]. However, markers are
inconsistent across different malignancies and even within
a single type of cancer. Multiple marker systems may isolate
different sub-sets of CSCs and create controversies in this field
[10]. One cause of this confusion is that the markers may not
directly link to the function of tumor initiation and metastasis,
so it is hard to judge and compare between marker sets [11].
As compared to marker-based approaches, functional isolation
of CSC presents a new opportunity to overcome the ambiguity
caused by complicated marker systems [12]. Clonal tumor sphere
formation from single suspended cancer cell has been validated
as a functional feature of CSCs in breast cancer [13]. It was
reported that for differentiated bulk cells, disruption of cell
adhesion to substrate/extracellular matrix leads to anoikis, a
form of programmed cell death [14]. Stem-like CSCs are able
to survive and proliferate to form tumor spheres. The unique
function to resist harsh suspension environment is tightly
correlated with their capability to survive in the circulatory
system and metastasize in a distant site. As such, single-cell
suspension culture is a useful approach to enrich CSCs for the
investigation of this critical sub-population.

Given the importance of isolating single cells for suspension
culture, deployment and monitoring of them remain challeng-
ing. Fluorescence-activated cell sorting (FACS) machine provides
a function of single-cell deployment, yet there are chances
of deploying zero or multiple cells in well-plates. Given that
single cells can be deployed by FACS into well-plates, it is labor-
intensive to monitor them in well-plates. More importantly, the
throughput of 96 or 384 well-plates is low for enriching CSCs
representing only a few percent of all cells, causing difficulty
in drawing statistically significant conclusion. Growing a small
number of cells in low-attachment plate/dish is even worse
because cell aggregation can happen in an uncontrollable
manner. Thus, there is no way to distinguish truly single-cell-
derived tumor spheres or spheres formed by aggregation of
multiple cells. It is far easier for cell aggregation than single
cell to survive and grow, so both the quantification of sphere
number and CSC enrichment condition are less reliable. Also, it
would be difficult to monitor the growth of individual spheres
in plate/dish. Due to the difficulty in single-cell suspension
culture using conventional approaches, people have developed
microfluidic approaches using hydrodynamic cell isolation,
droplet platform and micro-wells [15–18]. The unique capability
of microfluidics to precisely handle cells and create suspension
micro-environment makes them an ideal approach for single-
cell-derived tumor sphere formation.

Complicated cell–cell interaction in tumor microenviron-
ment represents the other challenge in understanding tumor
initiation and metastasis process [19]. Tumor niche includes
fibroblasts, mesenchymal\ignorespacesstem\ignorespacescells
and cells of the immune and vascular systems, actively

inducing tumor development and metastasis. Interestingly,
the fibroblasts interacting with cancer cells are modified to
cancer-associated fibroblasts (CAFs) and especially supportive
to the dissemination of cancer [20]. Inhibition of this malignant
interaction proposes a new strategy to stop tumor growth
and reduce drug resistance and metastasis [21]. There are
many cell–cell interaction mechanisms, including direct cell
contact signaling, engulfment, communication by extracellular
vesicles (e.g. exosomes) and protein secretion [22–25]. In this
work, we focus on the cancer-stromal interaction through
secreted growth factors (e.g. vascular endothelial growth factor,
platelet-derived growth factor and fibroblast growth factor) and
chemokines [22]. As mutual interaction is critical in this process,
one-way interaction such as feeding conditioned media from
stromal cell culture to cancer cells is less effective [26]. Mutual
communication is recommended for mimicking tumor niche.

While there are microfluidic methods reported in cell–cell
interaction, it is generally limited to the studies of many cells
[27–30]. Thus, the approaches would not allow enrichment of
critical CSCs using single-cell sphere formation. Droplet-based
technology is great in single-cell isolation, suspension culture
and high-throughput, yet its difficulty in media exchange makes
it not suitable for weekslong tumor sphere assay [31]. We pre-
viously reported cell–cell interaction in single-cell level, yet it
was limited to small-scale demonstration and by complicated
fabrication process [32]. In this work, we present a simple and
reliable method to combine single-cell suspension culture for
enriching CSCs and CAF co-culture to understand how they
behave in tumor niche. We demonstrated successful sphere
formation using SUM149 breast cancer cells, and CAFs can sig-
nificantly boost the formation and growth of tumor sphere.
The large number of micro-wells, easy media exchange scheme
and easy sphere retrieval facilitate downstream analysis using
single-cell RNA sequencing. This cutting-edge analytic method
detects gene expression alteration of whole transcriptome, mak-
ing it suitable both for hypothesis-driven studies to understand
the CAF-cancer interaction mechanism and also discovery of
novel regulators. More importantly, single-cell resolution allows
investigation of cellular heterogeneity that will be otherwise
neglected in bulk analysis. As a proof concept, we successfully
demonstrated CAF co-culture boosted CSC populations in breast
cancer cells and altered epithelial/mesenchymal status of tumor
cells. Our research also revealed novel gene regulators correlated
with tumor-CAF interaction and critical for patient survival.

MATERIALS AND METHODS

Device design and fabrication

The micro-well device was composed of a single layer of PDMS
(polydimethylsiloxane, Sylgard 184, Dow Corning), which was
fabricated on a silicon substrate by standard soft lithography.
One device contained 10 000 micro-wells (200 μm diameter
for each micro-well, making an array of 100 by 100 micro-
wells). The SU-8 (Microchem) mold used for soft-lithography
was created by a photolithography process with a 100 μm
layer for micro-wells, following the protocol described in
the previous work [16]. The pattern was designed using a
computer-aided design software (AutoCAD 2018, Autodesk®),
and the mask was made by Desktop Based Lithography μPG 101
tool (Heidelberg instruments). The SU-8 mold was treated by
vaporized trichloro(3,3,3-trifluoropropyl) silane (452807 Aldrich)
under vacuum for 2 hours to promote the release of cured
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PDMS. PDMS was prepared by mixing with 10(elastomer):1
(curing agent) (w/w) ratio, poured on SU-8 molds and cured at
100 ◦C overnight before peeling. After peeling the PDMS device,
it was then bonded to a 3 by 2 inch glass slide for easy handling
using oxygen plasma (80 W for 60 seconds). The device after
bonding was heated at 80◦C overnight to enhance bonding
quality. The device was sterilized by UV radiation prior to use.
Pluronic® F-108 (BASF, CAS 9003-11-6) solution (5% in DI water)
was loaded to the device 12 hours before cell loading to create
non-adherent PDMS substrate [16]. The device was then rinsed
with PBS (Gibco 10010) for one hour to remove residual F-108
solution.

Cell culture

We cultured SUM149 cells in F-12 (Gibco 11765) media supple-
mented with 5% fetal bovine serum (Gibco 10082), 1% Pen/Strep
(Gibco 15070), 1% GlutaMAX (Gibco 35050), 1 μg/mL hydrocor-
tisone (Sigma H4001) and 5 μg/mL insulin (Sigma I6634). CAFs
were harvested as described in the supplementary method and
cultured in fibroblast medium (ScienCell 2301). All cells were
cultured in regular polystyrene culture dishes and passaged at
or before cells reached 80% confluency. We maintained all cells
at 37◦C in a humidified incubator with 5% CO2.

CAF co-cultured single-cell-derived sphere experiment

CAF cells were first harvested from a petri-dish with 0.05%
Trypsin/EDTA (Gibco 25200) for 5 minutes, centrifuged at 100 × g
for 5 minutes and re-suspended at 1 × 10 [6] cells/mL in CAF
culture media. Then, 1 × 10 [4] CAFs were seeded in a permeable
transwell insert (Corning #3450, 24 mm Transwell® with 0.4 μm
Pore Polyester Membrane Insert) and cultured using CAF culture
media for 2 days to completely adhere. At this time, SUM149
cancer cells were stained with 1 μM of Green Cell Tracker (Life
Technologies, C2925) for 15 minutes, harvested from a petri-dish
with 0.05% Trypsin/EDTA for 6 minutes, centrifuged at 100 × g
for 5 minutes and re-suspended at 1 × 10 [6] cells/mL in regular
SUM149 culture media. Then, 1500 SUM149 cells were seeded
in the PDMS micro-wells. After 5 minutes, SUM149 cells settled
in the micro-wells and then transwell insert was placed on the
micro-wells for co-culture. After loading of the cancer cells, the
culture media was replaced with standard tumor sphere assay
media as described in the literature [12]. Media was exchanged
every other day. When exchanging media, we first took out all
the residual media in the transwell insert and then added 2 mL of
fresh sphere media into transwell insert. On day 14, spheres were
stained with 5 μM of LIVE staining (Life Technologies, L3224) for
30 minutes to identify live tumor cells/spheres in the micro-
wells. The tumor sphere that had grown to at least 100 μm in
diameter was scored as a sphere [33].

Single-cell-derived sphere retrieval and dissociation

After 2 weeks of culture, tumor spheres formed from a small
portion of stem-like SUM149 cells in micro-wells. We removed 6-
well insert (culturing CAFs) and then flipped PDMS micro-wells
(containing tumor spheres) to retrieve spheres. The retrieved
spheres were spun down and then re-suspended in 1 mL of
0.05% Trypsin/EDTA. The suspension was incubated at 37 ◦C
for 4 minutes, pipetted up and down 20 times, incubated for
4 minutes and pipetted up and down 20 times again to enhance
the dissociation of the spheres to single cells [15]. Dish-cultured
cells were retrieved by regular 6-minute trypsinization process.

Single-cell RNA-Seq and data analysis

For each SUM149 cell population (dish cultured control, mono-
cultured single-cell derived sphere and CAF co-cultured single-
cell derived sphere), we sequenced around 300 single cells for
representative sampling. We performed high-throughput single-
cell barcoding transcriptome sequencing using Hydro-Seq
platform [34, 35]. After barcode beads captured mRNA from
cells, we performed RT (Thermofisher Maxima RT kit), PCR (Kapa
HiFi Hotstart PCR Readymix) and library preparation (Illumina
Nextera XT Library Prep Kit). We obtained approximately 30
million reads (paired-end: one side 25 base pairs for barcode and
the other side 100 base pairs for mRNA quantification) for each
population (1 × 10 [5] reads per cell). Reads were aligned using
STAR and processed by the standard flow suggested by Dropseq
[34]. Then, we used open-source SEURAT kit to analyze single-
cell sequencing data. We first identified significantly altered
genes defined by logarithmic fold change as 0.25 and minimal
portion of expressing cells as 10%. For significantly altered
genes, we used a publicly available database, kmplot.com [36], to
determine correlations with patient prognosis in breast cancer.
To analyze the prognostic value of a particular gene, patient
samples were split into two groups based on expression of that
gene and compared by a Kaplan–Meier curve to calculate the
hazard ratio with 95% confidence intervals and log rank P value.
We selected genes for further evaluation based on concordance
between changes in expression of CAF co-cultured condition
and worse survival in breast cancer.

RESULTS AND DISCUSSION

Single-cell-derived sphere and CAF co-culture
experiment

The presented co-culture platform is composed of a non-
adherent substrate having 10 000 micro-wells for single-cell-
derived tumor sphere formation and a porous permeable
transwell insert for CAF adherent co-culture (Fig. 1(a)). For co-
culture experiment, we first load CAFs in a transwell insert
for adherent culture and let CAFs adhere to monolayer. Then,
we load 1500 cancer cells onto the micro-well device. Since
Poisson’s distribution determines the seeding process, 13.1%
of 10 000 micro-wells isolate single cells for tumor sphere assay
(Fig. 1b–d). By tracking the location of each micro-well, a small
number of micro-wells trapping multiple cells can be excluded
from sphere formation rate measurement. After cell seeding, the
transwell insert culturing CAFs is placed onto the substrate. As
the size of proteins is typically around 1–5 nm, pores (0.4 μm) on
the transwell insert allow secreted proteins to diffuse through
for cellular interaction while preventing cells from migrating
to the other side [37, 38]. Physical separation between two cell
types guarantees simple cell retrieval after tumorsphere assays
for further downstream analysis without contamination. In
addition, media can be simply exchanged by aspirating and
replenishing media in the transwell insert, so the isolated single
cells will not be disturbed. The media exchange process is easier
and more reliable than conventional tumorsphere assays in low-
attachment plate and hanging droplet platform.

As the capability to derive tumor spheres from single cells
represents a unique capability of CSCs, non-stem-like cancer
cells are likely to die after being cultured in suspension for
14 days. Compared with initial (right after cell loading) micro-
well image (Fig. 1b and c), day 14 images (Fig. 2a and b) show
fewer green fluorescent positive cells (labeled by LIVE staining),
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Figure 1. Schematics and cell loading of vertical adhesion-suspension

co-culture platforms. (a) Single cancer cells are seeded in non-adherent micro-

wells randomly (following Poisson’s distribution), and CAFs are cultured on a

transwell insert. The 0.4 μm pores on transwell insert allow secreted proteins to

pass through for cellular interactions between CAFs and cancer cells. (b) Micro-

wells in a 20 by 20 array right after cell loading. SUM149 cancer cells were labeled

with green fluorescence for counting (scale bar: 1 mm). (c) Enlarged view of

micro-wells in a 4 by 6 array right after cell loading. (8 out of 24 wells captured

single cells) (scale bar: 250 μm) (d) Distribution of the number of captured cancer

cells per micro-well when loading 1500 cells into a 10 000-well device. (Error bar

represents standard error of the mean (SEM), n = 3 devices).

yet the surviving ones grow to large spheres. In this manner,
stem-like cancer cells are enriched in the presented culture
method. To assess cancer-stromal interaction effect, we quan-
tified the number of single-cell-derived spheres in micro-well
array using a custom MATLAB program. Compared with mono-
cultured SUM149 single cells, CAF co-cultured ones have sig-
nificantly higher sphere formation rate (Fig. 2a–c), indicating
an increased tumorigenic potential with CAF support. In addi-
tion, CAF co-cultured spheres were significantly larger than
mono-cultured ones (Fig. 2d), indicating a higher cancer cell

Figure 2. Single-cell-derived sphere formation with and without CAF co-culture.

(a, b) Micro-wells in a 20 by 20 array after 14 days of (a) cancer mono-culture

and (b) with CAF co-culture on-chip. Most non-stem-like single cells were dead

due to culturing in suspension, yet a small number of stem-like SUM149 breast

cancer cells grew to large tumor spheres indicated by green fluorescence and red

circles. (scale bar: 1 mm). (c) Sphere formation rate of mono-cultured and CAF

co-cultured SUM149 cells after 14-day. (Error bar represents SEM, n = 3 devices), ∗
P < 0.05. (d) Average size of mono-cultured and CAF co-cultured SUM149 spheres

derived from single cells (Error bar represents SEM, n = 3 devices), ∗ P < 0.05.

proliferation rate boosted by cancer-stromal interaction. This
experiment demonstrates the critical phenotypic differences of
cancer cells with and without stromal support.

Distinct transcriptome profiles of dish-cultured
and single-cell suspension-cultured SUM149
breast cancer cells

In addition to the phenotypic observation of single-cell-
derived spheres, we aim to investigate the gene expression
differences between dish-cultured spheres (control), mono-
cultured spheres (CSC enriched) and CAF co-cultured spheres
(CSC enriched and regulated by CAF). The alteration can help
us identify critical genes/pathways associated with CSC and
CAF regulation. As demonstrated in Supplementary Fig. 1(a),
the presented platform allows easy retrieval of spheres for
downstream transcriptome analysis. After flipping PDMS micro-
wells upside down, spheres will get out of the micro-wells
by gravity. After 5 minutes, around 90% of the spheres can be
retrieved. Using a combination of chemical (trypsinization) and
mechanical (pipetting) method, tumor spheres were dissociated
into single cells (Supplementary Fig. 1). The combination
allows rapid sphere dissociation and maintains good cell
viability [15, 32]. As shown in Supplementary Fig. 1(b), the
dissociated cells preserved good viability indicated by sharp
phase contrast of intact cell membrane. More importantly,
no doublet or cluster of cells was observed after dissociation.
After the dissociation process, we successfully collected around
2000 dissociated single cells from mono-cultured spheres and
around 10 000 cells from co-cultured spheres. The collected
single cells were then processed by Hydro-Seq for single-cell
whole transcriptome sequencing using the mRNA barcoding
technique, which allows all mRNAs from one cell to be uniquely
labeled and identified after sequencing [34, 35]. Hydro-Seq

https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyz029#supplementary-data
https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyz029#supplementary-data
https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyz029#supplementary-data
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Table 1. Top-ranked altered pathways (NCI-Nature pathway database) comparing the differences between dish-cultured and single-cell
suspension-cultured SUM149 cells.

Top-ranked pathways P-value

PLK1 signaling events 7.57E-10
Validated targets of C-MYC transcriptional activation 1.51E-09
a6b1 and a6b4 integrin signaling 8.77E-07
Validated transcriptional targets of deltaNp63 isoforms 8.77E-07
Aurora B signaling 4.92E-07
FoxO family signaling 1.205E-05
HIF-1-alpha transcription factor network 2.073E-05
ATR signaling pathway 1.608E-05
Validated targets of C-MYC transcriptional repression 0.0001353
FOXM1 transcription factor network 0.0001057

microfluidic bead-cell pairing scheme can precisely isolate
single cells without contamination from multiple cell capture.
As non-stem-like cancer cells are likely to die in suspension
environment, those dead cells can be excluded by a low number
of transcripts in data processing, even if being sequenced.
In this manner, stem-like cancer cells can be enriched for
investigation.

We first visualized single-cell data using principal com-
ponent analysis (PCA) and t-distributed stochastic neighbor
embedding (tSNE) clustering methods. We found obvious
separation between dish-cultured, single-cell suspension mono-
cultured and single-cell suspension CAF co-cultured cells,
indicating distinct transcriptome profiles (Fig. 3a and b). We
first examined the differences between dish-cultured and
single-cell suspension mono-cultured conditions. To define key
pathways associated with single-cell suspension culture, we
selected significantly altered genes defined by thresholds of
fold change and portion of expressing cells and applied pathway
analysis using the NCI-Nature 2016 pathway database (Table 1).
The pathway analysis identifies critical genetic networks in
the sphere formation process and provides mechanistic and
functional implications. We first identified cell cycle-related
pathways in the top-ranked list, including ‘PLK1 signaling
events,’ ‘Validated targets of C-MYC transcriptional activation,’
and ‘Aurora B signaling.’ [39–41] We further examined critical
genes related to cell cycle such as MKI67, PCNA, CCND1
and CDK1 and c-Myc pathway such as NPM1, NME1, HMGA1
and THBS1 (Fig. 3c and d) [42, 43]. It is obvious that single-
cell suspension culture cells were far more dormant as
compared to dish-cultured ones, and dormancy is indeed a
marker of stem cells [44]. The phenotypic dormancy matched
well with the transcriptome regulation in cell cycle. More
interestingly, single-cell suspension-cultured cells showed
down-regulation of proteasome genes (Fig. 3e), matching well
with recent discovery that low proteasome activity is a marker
for CSCs[45]. These observations collectively strengthen the
link between single-cell suspension culture and stem-like
characteristic.

CAF co-culture boosted CSC-associated genes and
altered epithelial/mesenchymal status

After comparing the dish and single-cell suspension culture
conditions, we further investigated the effects induced by CAF
co-culture (Fig. 4a and b). As demonstrated in Table 2, we found
pathways associated with epithelial/mesenchymal status as top
ranked ones: ‘E-cadherin signaling in the nascent adherens

Figure 3. Distinct gene expression profiles of SUM149 breast cancer cells

from different culture conditions. (a, b) Principal component analysis (PCA) and

t-distributed Stochastic Neighbor Embedding (tSNE) plots of single-cell tran-

scriptome analysis for single-cell suspension cultured with CAFs (red color),

single-cell suspension cultured without CAFs (green color) and dish cultured

(blue color) cancer cells. Three populations of the same cell line are clearly

separated, indicating distinct gene expression profiles under different culture

conditions. (c–e) Gene expression and clustering of SUM149 cells from different

culture conditions. Each dot represents one cell. Red color represents high

(90th percentile) expression of a gene, and green color represents low (10th

percentile) expression of a gene. The expression is logarithmically normalized. (c)

The expression of proliferation-related genes: proliferation marker protein Ki-67

(MKI67), proliferating cell nuclear antigen (PCNA), cyclin D1 (CCND1) and cyclin-

dependent kinase 1 (CDK1). (d) The expression of c-Myc pathway-related genes:

nucleophosmin (NPM1), nucleoside diphosphate kinase A (NME1), high mobility

group AT-hook 1 (HMGA1), and thrombospondin 1 (THBS1). (e) The expression

of proteasome genes: proteasome 26S Subunit ATPase 3 (PSMC3), proteasome

subunit alpha 4 (PSMA4), proteasome 26S subunit, non-ATPase 2 (PSMD2) and

proteasome subunit beta 1 (PSMB1). Dish-cultured cells have elevated prolifera-

tive, c-Myc-related and proteasome genes.

junction’ and ‘HIF-1-alpha transcription factor network.’ The
regulation of epithelial/mesenchymal status is critical for tumor
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Figure 4. CAF co-culture-altered gene expression profile of SUM149 breast

cancer cells. (a, b) PCA and tSNE plots of single-cell transcriptome analysis for

single-cell suspension-cultured cells with CAFs (red color) and single-cell

suspension-cultured cells without CAFs (blue color). Two populations of the

same cell line are clearly separated, indicating CAF co-culture-altered gene

expression profile. (c–e) Gene expression and clustering of SUM149 cells from

different culture conditions. Each dot represents one cell. Red color represents

high (90th percentile) expression of a gene, and green color represents low (10th

percentile) expression of a gene. The expression is logarithmically normalized.

(c) The expression of CSC-related genes: pan-aldehyde dehydrogenase isoforms

(Pan-ALDH), aldehyde dehydrogenase 1 family member A3 (ALDH1A3), CD44 and

CD24. (d) The expression of epithelial genes: epithelial cell adhesion molecule

(EpCAM), cadherin 1 (CDH1), keratin 8 (KRT8) and keratin 16 (KRT16). (e) The

expression of mesenchymal genes: vimentin (VIM), hypoxia inducible factor 1

alpha (HIF1A), snail transcriptional repressor 1 (SNAI1) and nicotinamide N-

methyltransferase (NNMT). The p-values comparing the expression of Pan-ALDH,

ALDH1A3, CD44, CD24, VIM, EpCAM, CDH1, HIF1A, SNAI1 and NNMT between two

cell populations are lower than 0.01. CAF-co-cultured cells have elevated CSC and

epithelial genes and down-regulated mesenchymal genes.

development and metastasis. Then, we further examined indi-
vidual genes differentially expressed by mono-culture and CAF
co-culture conditions. We first noticed a prominent activation of
pan-aldehyde dehydrogenase isoforms (Pan-ALDH), especially
ALDH1A3 in co-cultured cells (Fig. 4c). As an established marker
of CSC, ALDHhigh cells demonstrate elevated tumorigenic and
metastatic capability.[46] While not as significant as ALDH,
another well-accepted CSC marker CD44 was also up-regulated
(P-value < 0.01) in co-cultured SUM149 cells. The up-regulation
of CSC-associated genes matches well with the correlation
between cancer-CAF interaction and poor prognosis reported
in the literature [20–22]. We also examined established epithelial
and mesenchymal regulators. Interestingly, we found that the
CAF co-cultured cells were more epithelial-like indicated by
up-regulation of EpCAM, CDH1, KRT8 and KRT16 and also down-
regulation of VIM, HIF1A, SNAI1 and NNMT (Fig. 4d and e).[47]
The results follow the same trend with enrichment of epithelial
ALDHhigh CSCs in CAF co-culture condition.

CSCs and cellular heterogeneity based on
transcriptome profiles

While ALDH and CD44 expression levels were overall up-
regulated in CAF co-cultured cells, there was a significant
cellular heterogeneity among single cells. Using single-cell
resolution, we could pinpoint those more stem-like cells. It is
clear that all ALDHhigh cells were from CAF co-culture condition,
while CD44high cells distribute more uniformly in the plot. More
interestingly, we also identified cells simultaneously expressing
ALDHhigh and CD44high markers.[48] These dual positive cells
may be endowed with the highest degree of cellular plasticity
and metastatic potential (Fig. 5a). In addition to CSC markers, we
re-visited cell proliferation-related genes. Given that single-cell
suspension-cultured cells are generally more dormant, there
is a highly proliferative sub-population clustered in the upper
right corner (Fig. 5b). The cells in this cluster have enhanced
expression of cell proliferation indexes (MKI67 and PCNA) and
also cyclin and related kinase (CCND1 and CDK1). Without
single-cell resolution, we will not be able to identify dual positive
CSCs and highly proliferative cells. The capability to monitor
cellular heterogeneity represents the unique value of single-cell
analysis.

Identification of novel regulators induced by CAF
co-culture

In addition to known cell-cycle, epithelial, mesenchymal and
CSC-related genes, our data provide an opportunity to discover
novel gene regulators related to CAF co-culture as potential prog-
nostic markers and/or drug targets. We compared significantly
altered genes by statistics and identified 552 genes up-regulated
and 460 genes down-regulated in the CAF co-cultured cells as
compared to mono-cultured ones. Among potential candidates,
we used a publicly available database (kmplot.com) to determine
correlations with prognosis in breast cancer. Combining
transcriptome analysis of migratory cells and data mining
for patient outcomes, we successfully identified top-ranked
candidate genes with significant differences in survival of
patients with breast cancer. As examples, we highlight schlafen
family member 5 (SLFN5) up-regulated in CAF co-cultured cancer
cells (Fig. 6a) and up-regulation of this gene correlated with bad
patient prognosis (Fig. 6b). We also identified dual specificity
phosphatase 4 (DUSP4) down-regulated in CAF co-cultured
cells (Fig. 6a) and down-regulation of this gene correlated
with bad patient prognosis (Fig. 6c). The potential to discover
new prognostic biomarkers and/or drug targets related to CAF
co-culture demonstrates the value of presented co-culture
platform with simple sample retrieval capability for single-cell
whole transcriptome sequencing.

CONCLUSION

We have successfully demonstrated a cell co-culture platform
incorporating single-cell suspension culture of cancer cells with
adherent culture of stromal cells. Single-cell suspension culture
functionally enriches critical stem-like cancer cell population
driving tumor initiation and metastasis. Adherent culture on
transwell insert is favorable for the survival of stromal cells.
The co-culture platform allows them to communicate with each
other to mimic tumor microenvironment. As a proof of concept,
we tested SUM149 breast cancer cells and primary CAFs as
stromal cells. Single cancer cells successfully formed single-
cell-derived spheres on-chip, and CAFs can significantly boost

kmplot.com
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Table 2. Top-ranked altered pathways (NCI-Nature pathway database) comparing the differences between mono-cultured and CAF co-cultured
SUM149 cells.

Top-ranked pathways P-value

E-cadherin signaling in the nascent adherens junction 2.01E-07
HIF-1-alpha transcription factor network 5.06E-07
RAC1 signaling pathway 0.000008934
Validated transcriptional targets of AP1 family members Fra1 and Fra2 0.000004479
AP-1 transcription factor network 0.0000255
ErbB1 downstream signaling 0.00004934
Validated targets of C-MYC transcriptional activation 0.00002596
a6b1 and a6b4 Integrin signaling 0.00004988
VEGFR1 specific signals 0.00003069
Validated targets of C-MYC transcriptional repression 0.0002151

Figure 5. tSNE clustering demonstrates the cellular heterogeneity of CAF co-

cultured and mono-cultured SUM149 breast cancer cells. (a) Mesenchymal-like

CSCs (CD44 high), epithelial-like CSCs (ALDH1A3 high) and dual positive CSCs

(both CD44 and ALDH1A3 high) on the tSNE plot. Epithelial-like CSCs are enriched

in CAF co-cultured group, and mesenchymal-like CSCs are distributed more

uniformly. (b) Gene expression of CAF co-cultured and mono-cultured SUM149

breast cancer cells. Each dot represents one cell. Red color represents high (90th

percentile) expression of a gene, and green color represents low (10th percentile)

expression of a gene. The expression is logarithmically normalized. Upper right

cluster having elevated proliferation-related genes (MKI67, PCNA, CCND1 and

CDK1) represents the fast proliferating cells in single-cell derived spheres.

sphere formation and growth. The presented method allows
simple and reliable media exchange which is critical for 2-week
sphere formation process. With reliable cell retrieval capabil-
ity, we harvested single-cell- derived spheres and dissociated
them to single cells for downstream transcriptome analysis.

Figure 6. Sequencing of CAF co-cultured and mono-cultured breast cancer cells

identifies new prognostic markers and therapeutic targets. (a) Gene expression

of CAF co-cultured and mono-cultured SUM149 breast cancer cells. Each dot

represents one cell. Red color represents high (90th percentile) expression of a

gene, and green color represents low (10th percentile) expression of a gene. The

expression is logarithmically normalized. Left cluster (CAF co-cultured) has up-

regulated schlafen family member 5 (SLFN5) and down-regulated dual specificity

phosphatase 4 (DUSP4) as compared to mono-cultured right cluster. (b, c) The

Kaplan–Meier plots show that high expression levels of SLFN5 and low expression

level of DUSP4 correlate with reduced relapse-free survival (RFS) in breast cancer.

Using cutting-edge single-cell RNA sequencing platform to ana-
lyze dish-cultured and single-cell suspension-cultured SUM149
breast cancer cells, we first exhibited that the single-cell-derived
spheres are overall more quiescent, matching well with dormant
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stem-like capability. Then, we further investigated the differ-
ences between CAF co-cultured and mono-cultured cancer cells.
Remarkably, we found CAF co-culture boosted CSCs especially
ALDHhigh subtype. The CAF co-cultured cells were also more
epithelial-like as compared to mono-cultured ones. While the
presented method is limited to secretion-based cell-cell inter-
action, significant transcriptome alteration was observed in the
experiment. With single-cell resolution, we could pinpoint indi-
vidual CSCs of different sub-types rather than merely measure
average gene expression of many cells. More interestingly, we
found while single-cell suspension-cultured cells are generally
more quiescent, there is a small sub-population composed of
highly proliferative cells. The cellular heterogeneity information
will otherwise be lost without single-cell resolution. Combining
whole transcriptome sequencing data and publicly available
database, we identified novel regulators associated with CAF co-
culture. Those markers are pivotal in patient’s prognosis and
can potentially be developed to predictive and/or therapeutic
targets. In this preliminary study, we performed a successful
cancer-CAF co-culture study and demonstrated the capability of
CSC enrichment, CAF co-culture, reliable cell retrieval and single-
cell RNA sequencing. In this manner, we verified boosting CSCs
by CAF co-culture and identified novel gene targets for future
biological investigation.
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