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Abstract

Objective: The current study aimed to develop an experimental approach for the direct co-culture of three-dimensional breast cancer
cells using single-cell RNA sequencing (scRNA-seq). Methods: The following four cell culture groups were established in the Matrigel
matrix: the untreated Michigan Cancer Foundation (MCF)-7 cell culture group, the MCF-7 cell culture plus cisplatin group, the untreated
co-culture group, and the cell co-culture plus cisplatin group. For cell co-culture, MCF-7 cells, human mammary fibroblasts, and human
umbilical vein endothelial cells were mixed at a ratio of 1:1:1. Cisplatin was applied at a concentration of 1.25 pg/mL, and the cells were
harvested after 2 days and subjected to scRNA-seq. Data were analyzed using a single-cell RNA sequencing data analysis pipeline with
R language. Results: The response of MCF-7 cells to cisplatin differed among the four groups. The transcriptomic response of MCF-7
cells to cisplatin in the co-culture model was not as significant as that in the mono-culture model. Moreover, the pathways related to
apoptosis, DNA damage, hypoxia, and metastasis in the co-culture groups were enriched in the genes that were differentially expressed
based on cisplatin treatment. Conclusion: scRNA-seq analysis revealed that the response of MCF-7 cells to cisplatin in the co-culture
model was lower than that in the mono-culture model. Therefore, the three-dimensional cell co-culture model can be applied to tumor
research to better mimic the pathophysiological environment in vivo and can be a well-modified research method.
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1. Introduction comprehensively evaluated. Tatara et al. [6] showed that
compared with 2D culture, 3D culture is more effective in

Laboratory tumor modeling is essential to improve the simulating trastuzumab-induced apoptosis and the cytologi-

understanding of tumor biology and to develop novel treat- cal and biochemical mechanisms of trastuzumab resistance
ment strategies for breast cancer. Cell-based tumor exper-  associated with phosphatidylinositol-4, 5-bisphosphate 3-
iments are ubiquitous in cancer research. However, tradi- kinase catalytic subunit alpha (PIK3CA) mutations. Lugert

tional two-dimensional (2D) cell line experiments cannot €7 al. [7] developed Ptx functionalized superparamagnetic
reproduce the complexity of in vivo tumors. Cell co-culture iron oxide nanoparticles coated with lauric acid and human
experiments (e.g., those using the Transwell incubator) can ~ Serum albumin. Moreover, their efficacy in different breast

be used to assess cell interactions. However, these cell co- cancer cell lines in 2D and 3D cultures was e.xamined [7]~
culture approaches involve communication between extra- Fuzer et al. [8] analyzed and compared the anticancer activ-
cellular vesicles and other factors, not direct contact be- ity of [9] gingerol in breast cancer HMT-3522 cells grown

tween cells [1,2]. Researchers have developed methods for in 3D culture Ir-extracellular matrix and non-malignant S1
the three-dimensional (3D) culture of cancer cells. These  cells [9]. Gingerol enhances the cytotoxicity of linear HMT-
models can better mimic the biological behavior of in vivo 3522 (T4-2) cells and induces the apoptosis of breast can-
tumors than traditional culture methods [3,4], particularlyin ~ C€r HMT-3522 (T4-2) cell line [8]. Meanwhile, single-
the co-cultures of multiple cell types, and can reproduce cell cell RNA sequencing (scRNA-seq), a novel experimental
heterogeneity. Therefore, 3D culture can better reflect the method, has been increasingly used in basic and clinical tu-
actual condition of tumors than 2D culture [5]. The applica- ~ mor research [10]. Thus, direct cell co-culture can be per-
tion of 3D breast cancer cell culture, particularly in drug re- formed, and different cells and functions at the single-cell
sistance mechanisms and individualized therapy, has been level can be identified [9]. Cisplatin is effective against var-
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ious types of cancers including ovarian cancer, metastatic
testicular cancer, bladder cancer, lung cancer, and breast
cancer [11]. Cisplatin treatment alone has a lower cure rate
in patients with breast cancer. Thus, it is commonly used in
combined therapy for breast cancer. The current study used
cisplatin as an intervention drug acting on cultured cells.

In the current experiment, Michigan Cancer Founda-
tion (MCF)-7 cells, human mammary fibroblasts (HMFs),
and human umbilical vein endothelial cells (HUVECs)
were mixed for 3D culture and treated with cisplatin. Then,
the transcriptional changes in MCF-7 cells were observed
at the single-cell level. This study aimed to validate the
superiority of scRNA-seq combined with 3D cell direct
co-culture in breast cancer research. Results showed that
scRNA-seq combined with 3D cell direct co-culture can be
a promising in vitro cancer cell culture approach.

2. Methods

2.1 Three-dimensional in Vitro Cell Coculture

MCF-7 cells (ZQ0071) and HUVECs (ZQ1099) were
acquired from Shanghai Zhongqiao Xinzhou Biotechnol-
ogy Co., Ltd. (Shanghai, China). HMFs (MZ-2683)
were obtained from Ningbo Mingzhou Biotechnology Co.,
Ltd. (Ningbo, China). Cell lines were authenticated by
the Genomics Unit, using ShortTandem Repeat profiling
(AmpFLSTR® ldentifler® Plus PCR Amplification Kit,
Waltham, MA, USA). Mycoplasma test was perfomed in all
cell lines every other week using the lycoAlertMycoplasma
Detection Kit (LONZA, Basel, Switzerland), The test re-
sults were negative. MCF-7 cells, HMFs, and HUVECs
were mixed at a ratio of 1:1:1 [12] and then cultured in a
previously prepared Matrigel matrix (356237, Corning Co.,
Shanghai, China) to construct a 3D co-culture model. In the
MCEF-7 cell 3D culture, only MCF-7 cells were added in the
Matrigel matrix. For preparation, the Matrigel matrix was
removed from —80 °C and placed in a 4 °C refrigerator for 2
h. Cells were collected and re-suspended in the Dulbecco’s
Modified Eagle Medium-high (DMEM-H) medium supple-
mented with 15% fetal bovine serum (FBS) and mixed with
the Matrigel matrix together at a final concentration of 4.5
mg/mL for Matrigel and 6 x 105/mL for cells. In total, 24
pL of 2.5 mmol cisplatin was added to each 2-mL medium
for treatment. The final concentration was 1.25 mmol/mL.
The experiment was performed on four groups, which were
as follows: MCF-7 cells in the 3D culture, MCF-7 cells in
the 3D culture treated with cisplatin, 3D co-culture model,
and the 3D co-culture model with cisplatin. In each group,
cells were harvested 2 days after cisplatin treatment and
were subjected to sScCRNA-seq.

2.2 Single-cell Processing and Library Preparation

Using the Single Cell 3' Library and Gel Bead Kit V3
(10x Genomics, 1000075, Pleasanton, CA, USA) and the
Chrome Single Cell B Chip Kit (10x Genomics, 1000074),
cell suspensions (300—600 live cells per microliter as mea-

sured using Count Star) were loaded onto a chromium
single-cell controller (10x Genomics). Single-cell gel
beads were generated in the solution according to the BD
Rhapsody™ Single-Cell Analysis System manual. Thus,
single cells were suspended in phosphate-buffered saline
containing 0.04% bovine serum albumin. The captured
cells were cleaved, and the released RNA was barcoded by
performing reverse transcription in a single GEM. Reverse
transcription was performed on the SI000TM Touch Ther-
mal Cycler (Bio Rad, Hercules, CA, USA) at 53 °C for 45
min and then at 85 °C for 5 min. Next, it was held at 4 °C.
Finally, cDNA was generated. The final library was quan-
tified using the Qubit fluorescence assay with the Qubit ds-
DNA HS kit (Thermo Fisher, Carlsbad, CA, USA). The li-
brary was sequenced by Novogene Biotech Co., Ltd. (Bei-
jing, China) on the NovaSeq 6000 in the paired-end mode.

Cells were revived and processed using BD Rhap-
sody single cell analysis system the BD Rhapsody Express
Single-Cell Analysis System (BD Biosciences, Franklin
Lake, NJ, USA), according to the manufacturer’s instruc-
tions. Briefly, an average of 20,000-30,000 pooled cells
was loaded in each cartridge on the BD Rhapsody express
single cell analysis system for single cell capture, and the
library was prepared using BD™ Single-Cell Multiplex-
ing Kit-Human and BD Rhapsody Single Cell Multiplex-
ing Kit as per manufacturer’s guide (Doc ID: 214419 Rev.
2.0). Final libraries were quantified using Qubit and Agi-
lent TapeStation and pooled to achieve a final concentration
of 5 nM. The libraries were sequenced using NovaSeq 6000
by Novogene Biotech Co., Ltd. (Beijing, China).

2.3 Analysis of scRNA-seq Data

To control quality, cells expressing <300 or >6000
genes were excluded. To eliminate dying cells or low-
quality cells with extensive mitochondrial contamination,
cells with mitochondrial genes accounting for >30% of
the total genes were discarded. Subsequently, t-distributed
random neighborhood embedding (t-SNE) was applied to
the 2D representation of data structures. After clustering,
the Bausingler (version 1.2.4) package was used to iden-
tify the types of co-cultured cells. After obtaining the dif-
ferentially expressed gene information of each cell group,
functional analysis such as Gene Ontology (GO) pathway
enrichment analysis, Kyoto Encyclopedia of Genes and
Genomes (KEGG) set analysis, and functional prediction
were performed using data from the CancerSEA database
(http://biocc.hrbmu.edu.cn/CancerSEA/), which is a multi-
functional website designed to comprehensively explore the
different functional states of cancer cells at the single-cell
level. R package (version 3.6.2) was used to process the
raw scRNA-seq data, and Seurat package (version 3.1.4)
was utilized to analyze the gene expression data.
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Fig. 1. Cell morphology in the 3D culture. (A—C) Individual MCF-7 cells in the 3D culture produced irregular cell spheres. (D—F)
Three-dimensional co-culture model for MCF-7 cells, HMFs, and HUVECs formed 3D structures with smooth edges. Scale bar value:

50 pm. MCF, michigan Cancer Foundation; HMFs, human mammary fibroblasts; HUVECs, human umbilical vein endothelial cells.

2.4 RT-qPCR

Total RNA was extracted from MCF-7 cells in 3D cul-
ture group and 3D co-culture model group (see 2.1) using
TRIzol (Invitrogen, Carlsbad, CA, USA). Then, RNA was
aliquoted to synthesize cDNA using the Reverse Transcrip-
tion System (Promega, Madison, WI, USA). Quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR)
products were amplified using a SYBR green PCR Master
Mix kit (Qiagen, Germantown, PA, USA) according to the
manufacturer’s instructions on the ABI Prism 7500 Detec-
tion System (Applied Biosystems, Carlsbad, CA, USA).
Data were analyzed using the 2~ 22 method, and GAPDH
was regarded as an internal control [13]. The following
g-PCR primer sequences were used: SI/00P forward,
5'-GCACCATGACGGAACTAGAGACA-3’, and reverse,
5'-CAGGTCCTTGAGCAATTTATCCAC-3'; HSPBI for-
ward, 5'-CTGACGGTCAAGACCAAGGATG-3’, and re-
verse, 5'-GTGTATTTCCGCGTGAAGCACC-3'; COX6C
forward, 5’-GTAGCATTCGTGCTATCCCTGG-3’, and re-
verse, 5'-GATACCAGCCTTCCTCATCTCC-3'; CRABP2
forward, 5'-TTGAGGAGCAGACTGTGGATGG-3’, and
reverse, 5'-GTTCTCTGGTCCACGAGGTCTT-3’; SOD2
forward, 5’-CTGGACAAACCTCAGCCCTAAC-3,
and reverse, 5'-AACCTGAGCCTTGGACACCAAC-3/;
GAPDH forward, 5'-GCACCGTCAAGGCTGAGAAC-3’
and reverse, 5’-TGGTGAAGACGCCAGTGGA-3’. Anal-
ysis between two groups was performed using an unpaired
Student’s #-test.

&% IMR Press

3. Results
3.1 Cell Morphology in the 3D Culture

Two types of 3D culture were established. One was
constructed for individual MCF-7 cell 3D culture. Under
a microscope, it appeared messy, and it had a rough edge
(Fig. 1A—C). The other was established for MCF-7 cells
co-cultured with HMFs and HUVECs. The cell masses pre-
sented with a smoother and more regular edge (Fig. | D-F).

3.2 Single-cell Transcriptome Sequencing Atlas and Cell
Type Identification

After controlling the quality of single-cell analysis
(Fig. 2A), dead or injured cells were eliminated. Eventu-
ally, we obtained 2041 cells in MCF-7 cells in the 3D cul-
ture, 1043 cells in MCF-7 cells in the 3D culture treated
with cisplatin, 2421 cells in the 3D co-culture model, and
4667 cells in the 3D co-culture model with cisplatin. The
cells of the 3D co-culture model (from the 3D co-culture
model and 3D co-culture model with cisplatin) were clus-
tered into six according to the hypervariable gene using
the standard data analysis tool K-means in Seurat pack-
age (Fig. 2B). Next, the cells were visualized in the t-SNE
map. The heatmap presented the expressions of the top
5 differentially expressed genes in each of the six cluster
(Fig. 2C, Table 1). The differentially expressed genes were
analyzed using the Kruskal-Wallis test in R package. The
cell type was identified with marker genes and the charac-
teristic genes of each cell type. The HUVECs, HMFs, and
MCEF-7 cells of the 3D co-culture model, which was shown
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Table 1. Top 5 differentially expressed genes in each of the six cluster.

Clusters Genes

Cluster 1~ IGFBP7 S10046 PADI2 TGM?2 IGFBP4
Cluster2  HILPD4 MTIX HISTIH2BG ~ ANKRD37 CCL20
Cluster 3 HLA-A  AL450405.1 NCCRPI SRGN S10044
Cluster4 TUBAIB UBE2C STMNI1 HJURP TOP24
Cluster 5 TFF1 TXNIP coxeC CLSN4 DSCAM-AS1
Cluster 6 MMP2 COL6AI IGFBPS5 COLG6A3 COLIAl

Table 2. Top 10 differentially expressed genes in HUVECs, MCEF-7 cells, and HMFs.

Cells Genes

HUVEC Cl50rf48, PLAU, CCL20, PDZKI1IP1, MT2A, ARL4C, SOD2, MT1X, CEBPB, SEFN
MCF-7 TXNIP, COX6C, CRABP2, CCN5, SI100P, CLDN4, AL450405.1, TFF1, KRT19, HLA-A
HMF MMP2, COL6A1, SPARC, DCN, COL6A1, COL6A2, COL6A43, HLLA-C, LUM, IGHBPS

in the t-SNE map, were separated (Fig. 3A). Each cell type
was featured individually in the sole t-SNE map (Fig. 3B—
D). The heatmap depicted the expressions of the top 10 dif-
ferentially expressed genes in HUVECs, MCF-7 cells, and
HMFs (Fig. 2D, Table 2). Fig. 3E presents the character-
istic genes of HUVECs including CCL20, MT24, SOD2,
MTIX, and CEBPB. In addition, the relative expressions
of CI50RF48, PLAU, PDZK1IP1, and ARL4C in the three
cell types were examined, as these genes had relatively high
expression levels in HUVECs (Fig. 3E). Similarly, Fig. 3F
depicts the characteristic genes of HMFs such as MMP?2,
SPARC, and COLIA1. In addition, the relative expressions
of COL6A1, DCN, COL6A3, HLA-C, LUM, and IGFBP5
in the three cell types were examined, as these genes had
a relatively high expression levels in HMFs (Fig. 3F). Fur-
ther, Fig. 3G presents the characteristic genes of MCF-7
cells including TXNIP, COX6C, CRABP2, CCN5, CLDN4,
TFF1, KRT19, and HLA-A. Fig. 3G shows the relative ex-
pressions of AL450405.1 in the three cell types, as it had a
relatively high expression level in MCF-7 cells.

3.3 Single-cell RNA Sequencing of MCF-7 Cells in the 3D
Co-culture Model Showed Differential Response to
Cisplatin Compared with that of MCF-7 Cells in the 3D
Culture

To further assess the 3D co-culture model, the func-
tion differential GeneTest in R package was used to cal-
culate the differentially expressed genes in each pairwise
comparison. As shown in Fig. 4A, the heatmap presented
the expressions of the top 20 differentially expressed genes
in MCF-7 cells in the 3D culture and MCF-7 cells in the
3D co-culture model. Further, as shown in Fig. 4B, the
heatmap depicted the expressions of the top 20 differen-
tially expressed genes in MCF-7 cells in the 3D culture with
cisplatin and MCF-7 cells in the 3D co-culture model with
cisplatin. According to the two figures, they showed plenty
of similarities. With or without cisplatin, the expressions
of SOD2, CEBPB, PLAU, SFN, IGFBP7, MT2A, and VIM
were relatively high in MCF-7 cells in the 3D culture but

relatively low in MCF-7 cells in the 3D co-culture model.
Meanwhile, the expressions of S100P, ALDOC, HSPAIB,
HSPBI, COX6C, CRABP2, TXNIP, and AQP3 were rela-
tively low in MCF-7 cells in the 3D culture but relatively
high in MCF-7 cells in the 3D co-culture model. RT-qPCR
results demonstrated that SOD2 mRNA level was downreg-
ulated, while S100P, HSPBI, COX6C and CRABP2 mRNA
expressions were upregulated in the 3D co-culture model
in comparison to in the 3D culture alone (Supplementary
Fig. 1A-E), which consistent to above analysis. As shown
Fig. 4C, the heatmap depicted the expressions of the top
20 differentially expressed genes in MCF-7 cells in the 3D
culture and MCF-7 cells in the 3D culture with cisplatin.
Further, as depicted in Fig. 4D, the heatmap presented with
the expressions of the top 20 differentially expressed genes
in MCF-7 cells in the 3D co-culture model and MCF-7 cells
in the 3D co-culture model with cisplatin. As shown in the
two figures, regardless if the MCF-7 cells were co-cultured
with other cells or not, the ZFP36 expressions were par-
tially low in cells without cisplatin but relatively high in
cells with cisplatin.

The bubble graph displayed the top 30 differential GO
pathway enrichment between MCF-7 cells in the 3D culture
and MCF-7 cells in the 3D co-culture model (Fig. 4E), in-
cluding the pathways of focal adhesion, cell-substrate ad-
herens junction, and cell-substrate junction. The bubble
graph showed the top 30 differential GO pathway enrich-
ment between MCF-7 cells in the 3D culture with cisplatin
and MCF-7 cells in the 3D co-culture model with cisplatin
(Fig. 4F), including focal adhesion, cell-substrate adherens
junction, and cell-substrate junction.

3.4 Functional Correlation Analysis of Differentially
Expressed Genes between MCF-7 Cells in the 3D
Co-culture Model and MCF-7 Cells in the 3D Co-culture
Model with Cisplatin from the CancerSEA Website

The differentially expressed genes between MCF-7
cells in the 3D co-culture model and MCF-7 cells in the
3D co-culture model with cisplatin were uploaded to fur-

&% IMR Press


https://www.imrpress.com

B

nFeature_RNA  nCount_RNA  percent.mt percent.HB nFeature_RNA nCount_RNA  percentmt percent.HB
40000
6000 40000
30000 0010
30000
4000
60 1
20000 20000
0.005
2000
K 10000 10000 7
g 30 T
0 0 o] WL 0.000] e
MCF-7 cells in 3D culture MCE-7 cells in 3D culture +eisplatin N|
nFeature_RNA  nCount_RNA  percent.mt percent.HB nFeature_RNA  nCount_RNA  percent.mt percent.HB % O
100 7
6000 40000 oo g—J!
30000 5
0.06 o
30000
4000 Tl © '30 T
004
20000
0.02
2000 100001 % 2]
10000
- T
T of HWE 0 000 e '50
0 0
3D co-culture groups 3D co-culture groups + cisplatin
C [ S N N D ||
1cFeP7 || M 1 C150rf48
10086 | I A1 PLAY
eaniz IR R 1114 ceLzo 1 [ 1) A
Tk I I PDZK1IP1
icrers | || 0L | MT2A ‘ LA
I | “soo: ”‘ e
MTIX | | Identity Ml 8 | "
HiSTi128 w X \ 1 1 SRR cenry
il 0
ANKRD37 | \ [ \ CERRs | | W - vovee
° 1 SFN ~
cecLzo | . e * MCF-7
HLA-A . s COX6C | L o
AL450405.1 Seanes |
NCCRP1 e 4 CCN5 i
SRGN . 2 i H}\ll Expression
$100A4 CLON4 . 2
TUBA1B | . AL450405.1 i
UBE2G Expression TFF1 0
STMN1 R I 2 KRT19 "
HJURP 4 HLA-A
TOP2A » MMP2 |
TFF1 ; COLBA1 (011
TXNIP - SPARC
COX6C | . -2 DCN
GLDN4 COL1A1 |
DSCAM-AST coLeA2 1 11
MMP2 COL6A3
coLeat HLA-C I
IGFBPS LuM
i | L
COL1A1 T

Fig. 2. Cell cluster and single-cell transcriptome sequencing atlas. (A) Quality control for sScRNA-seq. Violin plot of nFeature RNA
presented the number of genes captured in a sample cell. Violin plot of nCount RNA presented the number of the total number of
genes expressed in the cells. Violin plot of percent.mt presented the mitochondrial gene expression ratio. Violin plot of the erythrocyte
gene expression ratio. (B) Cells of the 3D co-culture model were clustered into six. (C) The heatmap showed the expressions of the
top 10 differentially expressed genes in each of the six clusters. (D) The heatmap showed the expressions of the top 10 differentially
expressed genes in HUVECs, MCF-7 cells, and HMFs. scRNA-seq, single-cell RNA sequencing; tSNE, t-distributed Stochastic Neighbor
Embedding; HUVECs, human umbilical vein endothelial cells; HMFs, human mammary fibroblasts.

ther understand the influence of the 3D co-culture model in the 3D co-culture model with cisplatin from four dif-
treated with cisplatin. The map explained the expression  ferent datasets in the CancerSEA website, which include
level of each differentially expressed gene in each breast =~ mechanisms such as apoptosis, DNA damage, hypoxia, and
cancer cell from the CancerSEA website database (Fig. 4G). metastasis (Fig. 4H).

Moreover, the heatmap performed the functional corre-

lation analysis of differentially expressed genes between

MCEF-7 cells in the 3D co-culture model and MCF-7 cells
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Fig. 3. Identification of cell types. (A) The map of the identification of all cells. (B-D) The map of distribution of HUVECs, HMFs,
and MCF-7 cells. (E) The relative expressions of the characteristic genes of HUVECs. (F) The relative expressions of the characteristic
genes of HMFs. (G) The relative expressions of the characteristic genes of MCF-7 cells.

4. Discussion

This study showed that MCF-7 cell clusters in the 3D
co-culture model had smoother edges compared with those
in the mono-cultured model. Single-cell RNA analysis re-
vealed that the expression of SOD2 was low. Meanwhile,
the expression of S100P, HSPB1, COX6C, and CRABP2 in
MCEF-7 cells in the 3D co-culture model was higher than
that in MCF-7 cells in the 3D mono-culture model. Func-
tional enrichment analysis showed that differentially ex-
pressed genes between the 3D co-culture group and the 3D
co-culture group with cisplatin were enriched in the path-
ways associated with apoptosis, DNA damage, hypoxia,
and metastasis.

This study aimed to improve the traditional cell co-
culture technique using the single-cell sequencing technol-
ogy to mimic the real environment in vivo. Currently, the
generic 3D in vitro culture models used for scientific and
preclinical studies comprise a single type of cells [14]. In
contrast, the interactions between tumors and the stroma
and cells remain complex, and they are still not identified
and, thus, should not be disregarded. With advancements
in the manufacturing technology, more biomaterials can be
used to construct 3D culture models that mimic the internal
microenvironment of tumors [15]. Collagen, sodium algi-
nate, hyaluronic acid, sericin, and gelatin have been used to
construct 3D breast cancer models [16,17]. Corning matrix

gel is a natural extracellular matrix-based hydrogel contain-
ing laminin, type IV collagen, acetyl heparan sulfate proteo-
glycan, pentosan/nestin, and various growth factors, which
are widely suitable for in vitro 3D culture [18]. If direct
in vitro 3D culture is performed with scRNA-seq, it will
be more relevant to evaluate the pathogenesis of different
tumors including breast lesions or conduct studies such as
those on clinical drug sensitivity screening.

With single-cell sequencing, three types of co-cultured
cells were isolated, and more cells could be assessed. The
environment in which tumor cells invaded the body at the
time of onset was considered. A recent report revealed that
with surrounding HMFs, fibroblasts may modulate endo-
plasmic reticulum (ER) signaling in MCF-7 cells to de-
crease apoptosis [19]. Several studies on 2D co-culture
with HUVECs and MCF-7 cells revealed that MCF-7 cells
can promote HUVECs under specific conditions [20,21].
Hence, a 3D co-culture model containing HUVECs, HMFs,
and MCF-7 cells, which has never been reported until now,
was constructed. The edges of cell masses of MCF-7 cells
co-cultured with HUVECs and HMFs were smoother than
that of MCF-7 cells cultured individually. This may be at-
tributed to the various sizes of the three types of cells, which
makes it easier for their intercellular spaces to fuse with
each other when forming a cell mass.

As shown in Fig. 4A,B, co-culture influenced the ex-
pressions of marker genes in MCF-7 cells. The overexpres-
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Fig. 4. Analysis of differentially expressed genes and GO pathway enrichment based on single-cell RNA sequencing in MCF-7
cells. (A) The heatmap showed the expressions of the top 20 differentially expressed genes in MCF-7 cells in the 3D culture and MCF-7
cells in the 3D co-culture model. (B) The heatmap showed the expressions of the top 20 differentially expressed genes in MCF-7 cells
in the 3D culture with cisplatin and MCF-7 cells in the 3D co-culture model with cisplatin. (C) The heatmap showed the expressions
of the top 20 differentially expressed genes in MCF-7 cells in the 3D culture and MCF-7 cells in the 3D culture with cisplatin. (D) The
heatmap showed the expressions of the top 20 differentially expressed genes in MCF-7 cells in the 3D co-culture model and MCF-7 cells
in the 3D. (E) GO pathway enrichment between MCF-7 cells in the 3D culture and MCF-7 cells in the 3D co-culture model. (F) GO
pathway enrichment between MCF-7 cells in the 3D culture with cisplatin and MCF-7 cells in the 3D co-culture model with cisplatin. (G)
Expression level of each differentially expressed gene in each breast cancer cell from the CancerSEA website database. (H) Functional
correlation analysis was performed for differentially expressed genes of MCF-7 cells in 3D co-culture models and MCF-7 cells in 3D
co-culture models of cisplatin from 4 different datasets of CancerSEA website. GO, Gene Ontology; TME, tumor microenvironment.

FDR, false discovery rate

&% IMR Press

10
Fold enrichment

Group 4 o
Samplo
TPI2

2

Hoz3
303K
EECP
—-—

co-culture
single-culure

Sample
WCF-7_Matrigel_Orug
O [8lMc__1u_watnget orug
-2

-4

Group
Ulng
cwm

Samplo
MC_HN_HU_Matigel_Cortrol
180 _HU _watrigel_Drug

| FisPsoB1

G

FDR
I 0.0020
0.0015
0.0010

I 0.0005

Counts
° 20
® 40
® 60

FDR
o 804
6e-04

| 4e-04
I 2e-04

Counts
e 20
® 40
® 60

Expression distribution
up .

-

e

Expression

2
Correlation M — 5 w58
05 -025 025 052 @ T B o=ty
] 2 ogs8838
¥] S XESTHTIE
58 258859 ¢
Study Name Nocells £ 8 Z=5cz023¢8
Y <2 SLIEESESH
Braune EB Stem Cell Reports 2016(PDX) 369 | |
Breast cancerChung W. Nat
e at7 u
Jordan NV Nature 2016 (CTC) 70
et . Mol Cancr s 206(CT0) a2 |


https://www.imrpress.com

sion of SOD2 in MCF-7 cells may decrease cell death [22],
and the SOD2 expression can be low in the 3D co-culture
model. S100P suppressed the cytotoxicity of IFN-( to
MCF-7 cells [23], and the expression of S100P was higher
in MCF-7 cells in the 3D co-culture model than in MCF-
7 cells in the 3D mono-culture model. Due to the overex-
pression of HSPB1 and COX6C in MCF-7 cells, tumors can
be less sensitive to chemotherapy and radiotherapy [24,25].
Thus, the expression of HSPB1 and COX6C was higher
in MCF-7 cells in the 3D co-culture model than in MCF-7
cells in the 3D mono-culture model. This finding is consis-
tent with that of previous studies showing that 3D-cultured
cells can reduce drug sensitivity [26-28]. CRABP2 inhibits
breast cancer cells [29], and the expression of CRABP2 was
high in the 3D co-culture model. A previous study showed
that Aquaporin 3 (AQP3), which had a high expression in
the 3D co-culture model, could promote the effect of 5'-
DFUR and gemcitabine, but not that of cisplatin, against
breast cancer cells [30]. The 3D co-culture model built
with HUVECs, HMFs, and MCF-7 cells was found to be
an effective 3D co-culture model for breast cancer. Accord-
ing to our results, with GO pathway enrichment, the most
typical differential pathways involving focal adhesion, cell-
substrate adherens junction, and cell-substrate junction may
be attributed to the fact that the Matrigel matrix contains
viscosifier. Hence, cells can have an increased expressions
of adhesion molecules. In addition, the CancerSEA website
plays an extensive role in our research. Moreover, it can
provide an important reminder regarding the importance of
evaluating the correlation between apoptosis, DNA dam-
age, hypoxia, and metastasis as well as our 3D co-culture
model.

The current study had several limitations. That is,
co-culture cell types did not use immune cells, and there
were also differences in the actual biological environment
in vivo. Therefore, changes that occur in cell types other
than breast cancer cells after cisplatin treatment and the ef-
fects of cisplatin treatment on the interactions between dif-
ferent cell types should be analyzed. In addition, the pro-
portion of HMF was relatively low at the end of the exper-
iment, and the proportion of cells used in constructing cell
co-culture models must be further optimized.

5. Conclusion

A novel 3D co-culture model of breast cancer was
successfully constructed based on the single-cell RNA se-
quencing technology. Results revealed that the experimen-
tal results met the expected scientific properties. Accord-
ing to our experimental method, there was a significant
improvement in the traditional cell experimental method,
which can be recommended for drug development or drug
resistance research and used for general experimental re-
search on cell—cell interactions.
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