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CANCER

Desmosomal proteins of DSC2 and PKP1 promote
cancer cells survival and metastasis by increasing
cluster formation in circulatory system
Koukou Li', Renfei Wu', Muya Zhou', Haibo Tong1, Kathy Q. Luo'2*

To study how cancer cells can withstand fluid shear stress (SS), we isolated SS-resistant breast and lung cancer cells
using a microfluidic circulatory system. These SS-resistant cells showed higher abilities to form clusters, survive in
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circulation, and metastasize in mice. These SS-resistant cells expressed 4.2- to 5.3-fold more desmocollin-2
(DSC2) and plakophilin-1 (PKP1) proteins. The high expression of DSC2 and PKP1 facilitated cancer cells to form
clusters in circulation, and also activated PI3K/AKT/Bcl-2-mediated pathway to increase cell survival. The high levels
of DSC2 and PKP1 are also important for maintaining high expression of vimentin, which stimulates fibronectin/
integrin B1/FAK/Src/MEK/ERK/ZEB1-mediated metastasis. Moreover, higher levels of DSC2 and PKP1 were detected
in tumor samples from patients with breast and lung cancer, and their high expression was correlated with lower
overall survival and worse disease progression. DSC2 and PKP1 may serve as new biomarkers for detecting and

targeting metastatic circulating tumor cells.

INTRODUCTION

Circulating tumor cells (CTCs) are the major source of metastatic
tumors, which cause 90% of cancer-associated deaths (I, 2). Although
millions of cancer cells can be shed from the primary tumor, most
of them die in circulation, whereas few CTCs (<0.02%) can eventu-
ally colonize at distant organs (I, 3-5). Thus, understanding how
these special CTCs can survive in circulation and form metastatic
tumors is crucial for designing new therapies to prevent metastasis
and increase the survival of patients with cancer.

When cancer cells cross the monolayer of endothelial cells and
enter the circulatory system, they will encounter four challenges:
hemodynamic shear stress (SS), anoikis (apoptosis caused by the
lack of adhesion), immunosurveillance mediated mainly by nature
killer (NK) cells and cytotoxic T cells, and collisions with blood cells and
vascular endothelial cells (6-10). CTCs must overcome all these chal-
lenges, especially hemodynamic SS, to survive in circulation (11).

The levels of SS in human blood flow vary greatly, ranging
from 0.5 to 4 dynes/cm” in the veins, 4 to 30 dynes/cm” in the arter-
ies, and above 60 dynes/cm” in the vascular system near the heart
(12, 13). These different levels of SS can produce very different ef-
fects when they are imposed on CTCs. For example, lower levels of
SS (<5 dynes/cm®) did not harm the cells and actually stimulated
cell migration (14-16). In contrast, arteriosus levels of SS (12 to
30 dynes/cm?) significantly increased the apoptotic rate and reduced
cell viability (15, 17, 18). Further elevation of SS to 60 dynes/cm” or
higher levels destroyed the cells via necrosis (17) or fragmentation
(10, 19). Hence, arteriosus SS not only destroys CTCs in circulation
but also reduces their metastatic capabilities (20, 21).

To withstand the damaging effects of SS, CTCs have developed
various survival mechanisms. For example, it has been proposed
that epithelial-mesenchymal transition (EMT) may promote CTCs’
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survival and early colonization (22). CTCs from patients with cancer
have shown elevated expression of twist (EMT marker), epidermal
growth factor receptor (EGFR), human EGFR 2 (HER2), HER3,
hepatocyte growth factor receptor (MET), phosphoinositide 3-kinase
(PI3K), and Akt, suggesting a link between EMT and activation of the
PI3K-Akt survival pathways in CTCs (23-25). High expression of
the RhoA-myosin II axis, lamin A/C, or the small guanosine triphos-
phatase Racl helped CTCs acquire more resistance to SS-induced
membrane and nuclear damage (10, 26-28). Elevated activation of
oncogenic signaling molecules such as Ras, Myc, and PI3K also con-
tributed to cellular resistance to fluidic SS (10, 16, 29, 30). Moreover,
higher expression of -globin or manganese superoxide dismutase
protected CTCs from the damaging effects of SS-induced reactive
oxygen species (15, 31).

In addition, CTCs may use other strategies, such as forming
clusters, to resist shear forces. For example, it has been reported that
when tumor cell aggregates containing more than two CTCs (defined
as CTC clusters) were intravenously injected into mice, these CTC
clusters had a higher metastatic potential than single CTCs of mel-
anoma or lung cancer (29, 32). Aceto et al. (33) also found that CTC
clusters (2 to 5% of all CTCs) displayed 23 to 50 times higher meta-
static potential than single CTCs and those CTCs expressed higher
levels of plakoglobin (PG). Moreover, the number of CTC clusters
was higher in patients with recurrent breast cancer or in patients
who developed drug resistance (30, 33). Last, Liu et al. (34) reported
that homophilic CD44 interactions mediate tumor cell aggregation
and polyclonal metastasis in patient-derived breast cancer models.

Most of the known survival mechanisms of CTCs were obtained
from single CTCs or from a total population of CTCs, while fewer
reports have focused on the mechanisms and pathways used for
CTCs to survive as clusters. In this study, we used a microfluidic
circulatory system to select cancer cells that could survive multiple
rounds of SS treatment, most of which existed in clusters. By char-
acterizing these SS-resistant and cluster-enriched cells, we identi-
fied the molecular basis of cluster formation and elucidated the
underlying mechanisms through which clustered cancer cells sur-
vived in circulation and formed metastatic colonies in lung tissues.

10f20


mailto:kluo@um.edu.mo﻿

SCIENCE ADVANCES | RESEARCH ARTICLE

RESULTS

Clustered cancer cells are more resistant to cell death than
single cells in circulation

In our previous study, we developed a microfluidic circulatory sys-
tem that used a peristaltic pump to drive the injected cancer cells to
circulate in a 1.5-m-long tube that was precoated with 1% Pluronic
F-127 to prevent cell attachment (fig. S1A) (15, 17, 35). In this study,
to determine the effects of different levels of SS on cancer cell viabil-
ity, we set the flow rates of the circulatory system to produce one
venous level of SS at 5 dynes/cm2 (SS5) and two arteriosus levels of
SSat 15 dynes/cm2 (SS15) and SS at 20 dynes/cm2 (8S20). MCF7-C3

cells expressing apoptotic sensor proteins were circulated under these
three levels of SS for 12 hours, and cell viability was determined by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The results showed that circulating cancer cells under
SS5 did not cause a significant level of cell death, whereas circulating
cells under both SS15 and SS20 significantly reduced cell viability
from 96 to 19 and 12%, respectively (Fig. 1A). Although SS20 fur-
ther reduced cell viability, there was no significant difference be-
tween the viabilities of SS15 and SS20 (Fig. 1A). We thus selected
SS15, which also represents the average SS present in a human artery
(10), as the level of SS to circulate cancer cells in this study.
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Fig. 1. Clustered cells were more resistant to SS-induced cell death than single cells. (A and B) MTT assays were used to determine the viabilities of MCF7-C3 (A) or
MCF7-C3 and A549-C3 cells (B) under indicated conditions. (C and D) Fluorescence resonance energy transfer (FRET) images analysis was used to indicate (green live cells
and blue apoptotic cells) (C) and quantify apoptotic rates in single and clustered cells (D) (cell numbers, >300). Scale bar, 100 um. (E and F) Phase images (E) and quantified
percentage of clustered MCF7-C3 cells (F) under SS15 for 0 to 18 hours. Scale bar, 50 um. (G and H) Phase images (G) and quantified percentage of clustered cells of indi-
cated cell lines (H) under SS15 for 0 and 12 hours (cell numbers, >300). Scale bar, 50 um. (I) Quantified percentage of propidium iodine—positive (PI*) cells under indicated
conditions (cell numbers, >300). (J and K) A549-C3 or A549-tdTomato (A549-tdT) cells were injected into the tail vein of nonobese diabetic/severe combined immunode-
ficient (NOD/SCID) mice (n =5 mice per group). Representative images of CTC clusters and blood cells (J) and quantified percentage of CTC clusters (K) from blood smears
(cell numbers, >200). Scale bars, 25 um. The quantified results are the average percentage + SD obtained from three independent experiments. *P < 0.05, **P < 0.01, and

***¥¥P < 0.0001. ns, not significant.
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To achieve real-time detection of cell death after circulatory treat-
ment, we used two sensor cell lines. These cells change their fluores-
cence from green to blue when they undergo apoptosis. The MCF7-C3
sensor cell line was generated from MCEF7 breast cancer cells, and
the A549-C3 sensor cell line was generated from A549 lung cancer cells.
The sensor cells were trypsinized into single cells, and 2 x 10° cells
in 1 ml of culture medium with 10% fetal bovine serum (FBS) were
circulated in each channel of the microfluidic circulatory system under
S$S15 in a 37°C CO; incubator for 12 hours (SS-12 h). To avoid vari-
ations between different channels, we combined the cells from at least
two channels after the circulatory experiment at the indicated time
point. We also left the cells under suspension conditions for 12 hours
(Sus-12 h) as a control group. The viability of the cells was determined
by the MTT assay. The quantified results showed that although
more than 90% of the cells formed large aggregates after being left
in the suspension for 12 hours (fig. S1, B and C), 95 to 96% of the
MCF7-C3 and A549-C3 cells were viable (Fig. 1B). In contrast, the
SS treatment markedly decreased the viability of these cells from 95
to 96% to 22 to 42% (Fig. 1B).

From the fluorescence resonance energy transfer (FRET) images, we
observed that some of the cancer cells formed aggregates or clusters after
12 hours of circulatory treatment (Fig. 1C). We then counted the num-
bers of green live cells and blue apoptotic cells that were in the states of
single cells or cluster with >3 cells. The quantified results showed that
the single MCF7-C3 and A549-C3 cells had much higher percentages of
apoptosis (51 and 48%), while the clustered cells had a significantly
lower rate of apoptosis (5.1 and 3.2%) (Fig. 1D). These results suggested
that clustered cells are more resistant to SS-induced cell death.

Time course analysis of the phase images of MCF7-C3 cells re-
vealed that clusters were formed during circulatory treatment in a
time-dependent manner (Fig. 1E). The quantified results showed that
the percentages of clustered cells did not increase within the first
4 hours, increased to 11% at 6 hours, reached the highest value of
37% at 12 hours, and declined to 10% at 18 hours (Fig. 1F). Circulat-
ing the breast cancer T47D and BT474 cells and the colorectal cancer
HCT116 cells under SS15 for 12 hours also resulted in a significant
increase in clustered cells from 2.2 to 6.7% to 28 to 42% (Fig. 1,
G and H). Similar to the results shown in Fig. 1D, the percentages of
propidium iodine (PI)-stained dead cells were also much higher in
the single cells (17 to 23%) than in the clustered cells (1.9 to 2.5%)
(Fig. 1I and fig. S1D). While leaving cells of T47D, BT474, and
HCT116 under suspension conditions for 12 hours resulted more
than 90% of the cells to form aggregates, around 95% of the cells
were viable (fig. S1, E to G). Together, these results showed that
when cancer cells were circulated under an arteriosus SS, they could
form clusters, and these clustered cancer cells displayed a higher
survival ability than single cancer cells.

To test whether cancer cells can form clusters in vivo, we injected
2 million green fluorescent A549-C3 cells into the tail vein of non-
obese diabetic/severe combined immunodeficient NOD/SCID) mice
and collected blood samples at 10 min and 4 hours. The results of
microscopy analysis of blood smears revealed that the percentage of
clustered cancer cells was significantly increased from 0.8% at 10 min
to 8.6% at 4 hours after cell injection, which indicated that individual
cancer cells could form clusters in blood circulation (Fig. 1, ] and K).
We also injected the same numbers of red fluorescent A549-tdTomato
(A549-tdT) cells into the tail vein of NOD/SCID mice and a similar
8.0% percentage of clustered cancer cells were found in the blood
samples 4 hours after the cell injection (Fig. 1, ] and K).
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To confirm these results, we mixed and coinjected 1 million green
and 1 million red fluorescent A549 cells into the tail vein or sequen-
tially injected into the tail vein at 1-min intervals. The results
showed that these two injection methods also resulted in 9.1 and
7.9% clustered cells (Fig. 1, J and K). We also observed that some of
the clusters in the coinjection and sequential injection groups had
both green- and red-colored cells (Fig. 1]), which suggests that single
cancer cells may form clusters while in blood circulation.

SS-resistant SSP6 cells can form more clusters and survive
better in the bloodstream of mice than their parental cells
To study why clustered cells can survive better in circulation, we
enriched cells that could form clusters and resist the destructive
effect of fluid shear force. MCF7-C3 cells were circulated under
SS15 for 15 hours and cultured to yield a cell line called MCF7-C3-
SSP1 (M-SSP1). Then, the M-SSP1 cells were subjected to five more
rounds of circulatory treatments, and the selected cell lines were
named M-SSP2 to M-SSP6 (Fig. 2A). We also generated A549-C3-
SSP6 (A-SSP6) cells from the parental A549-C3 cells using the same
method. Through these six rounds of selections, both M-SSP6 and
A-SSP6 cells displayed significantly higher percentages of clustered
cells and viabilities and lower rates of apoptosis than SSP1 cells (fig. S2,
A to F). They also showed much higher abilities to form clusters, sur-
vive, and resist to apoptosis than the parental MCF7-C3 and A549-C3
cells under a circulatory treatment of SS15 for 15 hours (Fig. 2, B to D).
These SS-resistant cells also displayed higher abilities to prolifer-
ate in two-dimensional (2D) culture and to resist apoptosis under
suspension conditions than their parental cells (fig. S3, A to D).
Moreover, A-SSP6 cells showed much higher ability to form big
tumor spheres under 3D conditions within 3 weeks than their pa-
rental A549 cells (fig. S3, E and F), but no significant difference was
observed between M-SSP6 and its parental cell line (fig. S3G).
Next, we compared cluster formation and survival in the blood-
stream between SS-resistant SSP6 cells and their parental cells.
Two million cells from each cell line were injected into the tail vein
of NOD/SCID mice, and whole blood samples were obtained by car-
diac puncture 10 min or 4 hours after injection. At least 100 CTCs
were counted from each mouse (n = 5). At 10 min after cell injection,
very low percentages of CTCs formed clusters of the A549-C3 (0.8%)
and A-SSP6 cells (1.4%), which were not significantly different (fig.
S4, A and B). However, after 4 hours of cell injection into the blood-
stream of mice, SS-resistant cells showed significantly higher cluster
formation (41 and 29%) than their parental cells (4.9 and 6.3%, re-
spectively) (Fig. 2, E and F, and fig. S5A). Moreover, FRET imaging
analysis showed that these SS-resistant cells also had significantly
lower percentages of apoptotic cells (2.8 and 5.2%) than their parental
cells (21 and 27%, respectively) (Fig. 2, E and G, and fig. S5A).
Furthermore, we have collected the blood samples every week
for 4 weeks after orthotopically implanting 3 million of A549-C3 or
A-SSP6 cells into the lung of NOD/SCID mice and quantified the
number of single and clustered CTCs from the blood samples. We
also examined the blood vessels of the animals to count the number
of CTCs remained in circulation by fluorescence microscopy. The
results showed that the number of CTC clusters in A-SSP6 group
was significantly higher than that in A549-C3 group 2 to 4 weeks after
cell implantation (Fig. 2, H and 1, and fig. S5, B to D). Collectively,
both the in vitro and in vivo results showed that these SS-resistant
cells were able to form more clusters and better resisted SS-induced cell
death in circulation.
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Fig. 2. SS-resistant SSP6 cells displayed higher cluster formation and survival ability than their parental cells. (A) FRET images of the selection processes from
MCF7-C3 to M-SSP6 cells under SS15 for 15 hours. Scale bar, 100 um. (B) The percentage of clustered cells was quantified by phase microscopy (cell numbers, >300).
(C) The viability was determined by MTT assays. (D) The apoptotic rate was determined by FRET imaging analysis (cell numbers, >300). (E to G) SS-resistant and their
parental cells were injected into the tail vein of NOD/SCID mice (n =5 mice per group). Four hours later, the phase and FRET images (E) were collected and used to cal-
culate the percentages of clustered CTCs (F) and apoptotic rate (G) (cell numbers, >200). Scale bar, 20 um. The yellow arrowhead indicates blood cells. (H and I) A549-C3
and A-SSP6 cells were implanted into the lungs of mice, and blood samples were collected. The total number of CTC clusters from blood samples and blood vessels was
imaged (H) and calculated (I) weekly for 4 weeks (W) (n =5 mice per group). Scale bars, 25 um (CTCs in blood samples) and 75 um (CTCs in blood vessels). The quantified
data are the means + SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SS-resistant cells display higher migration, invasion, cell
adhesion, colony formation, and metastatic abilities

Three in vitro metastatic assays were used to determine whether SS-
resistant cells have higher metastatic capacities than their parental cells.
The results showed that both lines of SSP6 cells performed much better

Lietal, Sci. Adv. 2021; 7 : eabg7265 29 September 2021

than their parental cells in migrating through the Transwell membrane,
invading across the Matrigel-coated Transwell membrane and adhering
to a monolayer of endothelial cells (Fig. 3, A to D, and fig. S6, A and B).
Moreover, the results of colony formation assays showed that both SSP6
cells formed more colonies than their parental cells (Fig. 3E and fig. S6C).
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Fig. 3. The SS-resistant SSP6 cells displayed higher metastatic capabilities. (A and B) Representative images and quantified results of the Transwell migration assays
for the MCF7-C3, M-SSP6, A549-C3, and A-SSP6 cells. Scale bar, 200 um. (C) Quantified results of the Transwell invasion assays for the indicated cells. (D) Cells attached to
the human umbilical vein endothelial cell (HUVEC) monolayer were quantified from five fluorescent images for each cell line. (E) Cells were cultured for 10 days and
stained with crystal violet for determining the colony numbers. (F and G) Representative images and quantified numbers of green fluorescent protein—positive (GFP*) foci
per left lung of the mice injected with the A549-C3 and A-SSP6 cells after tail vein injection for 1, 2, and 21 days (n =5 mice per group). Scale bar, 1 mm. (H) Representative
images of primary tumors formed in the lungs and metastatic tumors in the liver, intestine, and brain in the A549-C3 or A-SSP6 groups. Scale bars, T mm (primary lung
tumor) and 200 um (metastatic tumors). White arrowheads indicate metastatic tumors (n=6 to 7 mice per group). (I) Quantified total tumor area from the lungs per
mouse at 4 weeks after implantation. (J) Quantified percentage of mice with metastatic tumors and with metastasis occurring in each group of mice. The results represent
the means £ SD. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

We further examined whether these SS-resistant cells have high-
er ability to form lung colonies using an experimental lung metasta-
sis model in NOD/SCID mice. One million cells from each cell line
were injected into the tail vein of the mice, and fluorescent images
of the left side lung were captured at 4 hours and 1, 2, 21, or 30 days
after cell injection. The quantified data showed that both SSP6 cell
lines resulted in significantly higher numbers of green fluorescent
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protein—positive (GFP*) lung foci than their parental cells during
both early time points of 1 to 2 days and at the end of the animal
experiments. These results indicate that these SS-resistant cells have
greatly enhanced abilities to survive in circulation and home to the
lung (Fig. 3, F and G, and fig. S6, D, E, and F).

Next, we compared the spontaneous metastatic ability between
A549-C3 and A-SSP6 cells by orthotopically implanting 3 million
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cells in the right lung of NOD/SCID mice. The body weight of the
mice was measured throughout the course of the animal experi-
ments, and there were no differences in the body weight between
these two groups (fig. S6G). Four weeks after implantation, the mice
were euthanized, and all organs were obtained and examined by flu-
orescence and phase microscopy. At the primary tumor site in the
lung, the quantified results showed that the total tumor area in five
pieces of lung tissues per mouse in the A-SSP6 group was 3.1 times
larger than that in the A549-C3 group (Fig. 3, H and I).

In terms of metastasis, we observed that among the mice injected
with A-SSP6 cells, six of seven mice had large metastatic tumors
located in the liver, intestine, and brain. In contrast, for the mice
injected with A549-C3 cells, only one of six mice had tiny metastatic
tumors in the liver, and no metastatic tumors were found in any
other organs (Fig. 3, H and J). These in vitro and in vivo results in-
dicate that these SS-resistant cells also outperformed their parental
cells in various aspects of metastasis.

Identification of the key genes that are differentially
expressed in the SS-resistant cells

RNA sequencing (RNA-seq) analyses were used to compare the expres-
sion profiles between the MCF7-C3 and M-SSP6 cells. The quanti-
fied results showed 453 differentially expressed genes (P < 0.05)
between these two cell lines that are involved in multiple signaling
pathways, including cell adhesion, apoptotic process, cell migration,
regulation of signaling, cell death, cell proliferation, localization of
cell, cytoskeleton, and response to stress (fig. S7, A and B). Under
the pathway of cell adhesion, eight genes (fig. S7C) with a 1.5-fold
elevation of mRNA levels in the M-SSP6 cells over the MCF7-C3 cells
were selected for validation by quantitative reverse transcription
polymerase chain reaction (QRT-PCR) in all four cell lines.

The quantified qPCR results showed that among the eight tested
genes, desmocollin-2 (DSC2) and plakophilin-1 (PKP1) were expressed
at higher levels in both the M-SSP6 and A-SSP6 cells than the pa-
rental cells (fig. S7D). We also compared mRNA levels among all 11
desmosomal components, including DSC1 to DSC3, desmogleins
(DSG1 to DSG3), PKP1 to PKP3, PG, and desmoplakin (DSP). The
results showed that the mRNA levels of DSC2 and PKP1 were higher
than the rest of the desmosomal genes in both the M-SSP6 and
A-SSP6 cells than their parental cells (fig. S7E). Very high protein
levels of DSC2 (4.3- and 5.3-fold) and PKP1 (4.8- and 4.2-fold) were
also detected by Western blotting in the M-SSP6 and A-SSP6 cells
over their parental cells under normal culture conditions (Fig. 4A).

In addition to DSC2 and PKP1, 11 other proteins involved in
cell-cell adhesion were examined. The Western blot results showed
that the levels of six proteins, vimentin (VIM), E-cadherin (CDH1),
B-catenin, fibronectin (FN1), integrin B; (ITGB1), and focal adhe-
sion kinase (FAK), were elevated by 1.9- to 3.8-fold in the M-SSP6
and A-SSP6 cells compared with their parental cells (Fig. 4A).
Although the total level of steroid receptor coactivator (Src) did not
change significantly, the levels of phosphorylated Src (p-Src) were
increased by 2.3- and 1.9-fold in the M-SSP6 and A-SSP6 cells,
respectively. One of the desmosomal components, PG, did not
change its protein level, and two tight junction proteins, zonula
occludens-1 (ZO-1) and claudin-1 (CLDN1), showed significantly
reduced levels in the M-SSP6 and A-SSP6 cells (Fig. 4A).

We also determined the mRNA levels of the six genes whose
protein levels were elevated in the SSP6 cells (Fig. 4A). The qPCR
results showed that for five of the six genes, CDH]1, B-catenin, VIM,
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ITGBI, and FAK, their mRNA levels were significantly increased by
2.1- to 3.3-fold, while no marked increase in FN1 mRNA level was
detected between SSP6 and their parental cells (fig. S7F).

We further assessed the distribution of seven up-regulated adhe-
sive proteins by immunofluorescence (IF) staining in the A549-C3
and MCF7-C3 cells before and after the circulatory treatment under
SS15 for 12 hours. The fluorescent images showed obvious en-
hancements at the cell membrane for DSC2, CDH1, B-catenin, and
ITGBI and higher intracellular expression of PKP1, VIM, and FN1 in
the A549-C3 and MCF7-C3 cells after SS treatment (Fig. 4B).

As SSP6 cells displayed higher metastatic abilities, we also examined
the protein levels of three EMT-related transcription factors, slug,
twist, and zinc finger E-box binding homeobox 1 (ZEB1), among
which only the protein level of ZEB1 was expressed at higher levels
in the SSP6 cells (fig. S7G).

Next, we investigated whether the mRNA levels of some adhesion-
and EMT-related genes were changed during the SS treatment. The
qRT-PCR results showed that in the A549-C3 cells, the mRNA levels
of DSC2, PKP1, VIM, FN1, and ZEB1 were significantly increased
during the circulatory treatment under SS15 and reached their
highest levels at 8 to 10 hours, while the mRNA level of CDH1 was
not significantly changed during the course of the circulatory treat-
ment (Fig. 4C). For the MCF7-C3 cells, the mRNA levels of all six
genes were increased during the circulatory treatment and reached
their highest levels at various times (fig. S7H). In summary, after
RNA-seq and knowledge-based analyses, we identified six candidate
genes, DSC2, PKP1, VIM, CDH]1, FNI1, and ZEB1, whose expres-
sions were elevated after circulatory treatment and in the SS-
resistant breast and lung cancer cells.

The dual expression of DSC2 and PKP1 is important

for cluster formation and survival in circulation

To determine the importance of these six candidate genes in cluster
formation and cell survival, we designed small interfering RNA
(siRNA) or short hairpin-mediated RNA (shRNA) to knock down
the expression of these genes. Two sets of siRNAs or shRNAs were
designed for each of the five target genes, except ZEBI, for which
one previously used shRNA in our laboratory was used in this
study. The knockdown efficacies of individual siRNAs or shRNAs
or different combinations of shDSC2 and shPKP1 were assessed in
both SSP6 cell lines by qRT-PCR and Western blotting. The results
showed that at least one of the two siRNAs or shRNAs significantly
reduced target gene expression at both the mRNA and protein
levels in the A-SSP6 cells (fig. S8, A and B) and in the M-SSP6 cells
(fig. S9, A and B).

The SSP6 cells were treated with gene-specific siRNA or shRNA
and circulated under SS15 for 10 hours. The results showed that
knockdown of the expression of DSC2, PKP1, VIM, CDH1, and
ZEB1 significantly reduced the cluster formation and survival abili-
ties of SS-resistant A-SSP6 (Fig. 5, A to C, and fig. S10, A to C) and
M-SSP6 cells (fig. S10, D to F) under the circulatory treatment of
SS15 for 10 hours. However, knocking down FN1 expression did
not produce any significant changes in cluster formation or cell sur-
vival in A-SSP6 cells (Fig. 5, B and C).

Asboth DSC2 and PKP1 are components of the desmosome and
knocking down PKP1 expression also produced good effects on
reducing cluster formation and cell survival under circulatory treat-
ment, we decided to knock down both DSC2 and PKP1. As each
gene had two shRNAs, we compared the silencing effects among the
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four possible combinations of shRNAs. The qRT-PCR and Western
blot results showed that combination #3, which used shDSC2 #1
and shPKP1 #1, produced the best effects in reducing the mRNA
levels of both DSC2 and PKP1 in the A-SSP6 cells (fig. S8A). When
these two shRNAs were used to double knockdown of DSC2 and
PKP1, they further reduced the ability of the A-SSP6 cells to form
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clusters and survive after circulatory treatment by more than 1.5- to
1.8-fold compared with that of the single knockdown of DSC2 and
PKP1, respectively (Fig. 5, A to C).

We subsequently investigated whether DSC2 and PKP1 are im-
portant for cluster formation and cell survival in mouse circulation.
A-SSP6 cells were transfected with gene-specific sShRNAs alone or
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in combination, and 2 million transfected cells were introduced
into the bloodstream of NOD/SCID mice via tail vein injection.
After 4 hours, blood samples were collected, and the red blood cells
were lysed. The processed blood samples (100 ul) were visualized by
live-cell FRET imaging microscopy and bright-field microscopy.
Numerous FRET images were used to quantify the percentages of
clustered CTCs and apoptotic CTCs. At least 200 CTCs were counted
from five mice per group. The quantified results showed that single
knockdown of DSC2 and PKP1 significantly reduced the percent-
age of clustered cells by 32 and increased the percentage of apoptotic
cells by 147 and 126%, respectively, compared with those of the
shRNA control group (Fig. 5, D to F). Double knockdown of DSC2
and PKP1 further decreased the ability of CTCs to form clusters
by 52% and increased the apoptotic rates by 27 and 39% com-
pared to the single knockdown of DSC2 and PKP1, respectively
(Fig. 5, D to F).

To validate the important roles of DSC2 and PKP1 in cluster
formation and cell survival, we overexpressed DSC2 in A549-C3 cells
(fig. S8, C and D). The Western blot results showed that overexpres-
sion of DSC2 not only increased its own protein expression but also
enhanced the protein expression of PKP1 (fig. S8D). The results of
animal experiments showed that overexpression of DSC2 markedly
increased the ability of CTCs to form clusters by 177% and de-
creased the apoptotic rates by 47%, compared to the A549-C3 cells
transfected with an empty vector (Fig. 5, D to F). These results sug-
gest that the presence of both desmosomal proteins of DSC2 and
PKP1 is important for CTCs to form clusters and resist SS-induced
cell death in circulation.

Knockdown of DSC2, DSC2/PKP1, VIM, FN1, and ZEB1
reduces the migration, invasion, cell adhesion, colony
formation, and metastasis of A-SSP6 cells

As SSP6 cells displayed a higher capacity not only for cluster formation
and survival in circulation (Fig. 2) but also for metastasis (Fig. 3),
we then investigated which of the six candidate genes are involved
in enhancing the metastatic capacity of these SSP6 cells. The results
of Transwell migration and invasion assays revealed that knocking
down the expression of DSC2, PKP1, DSC2 + PKP1, VIM, FN1, and
ZEB1 effectively decreased the migration and invasion of the
A-SSP6 cells (Fig. 6, A to C, and fig. S11) and that of the M-SSP6
cells (fig. S12) compared with those of the shRNA negative con-
trol groups.

Similarly, cell adhesion and colony-forming ability were also re-
duced after silencing DSC2, PKP1, DSC2 + PKP1, VIM, FNI, and
ZEBI in both the A-SSP6 (fig. S13) and M-SSP6 (fig. S14) cells.
However, silencing CDH1 showed no effects on migration and in-
vasion in the A-SSP6 cells (Fig. 6, A to C, and fig. S11A) or in the
M-SSP6 cells (fig. S12). Silencing CDHI significantly reduced cell
adhesion and colony-forming ability of the A-SSP6 cells (fig. S13)
but did not produce such an effect in the M-SSP6 cells (fig. S14).

On the basis of the in vitro results, we thus examined the effects of
knocking down five of six candidate genes, DSC2, PKP1, VIM, FNI,
and ZEBI, on lung colony formation using an experimental lung
metastatic mouse model. Individual shRNAs or a combination of
shDSC2 + shPKP1 was transfected into the A-SSP6 cells, and 1 million
transfected cells were injected into the tail vein of NOD/SCID mice.
Three weeks after injection, the numbers of GFP* foci were counted
from each left side of the lung, and the quantified results showed that
knocking down the expression of DSC2, DSC2 + PKP1, VIM, FN1,
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and ZEBI significantly reduced the numbers of GFP" foci in the lung
(Fig. 6, D and F). Among the six shRNA groups, shVIM and shZEB1
produced the best inhibitory effects on lung colony formation.

We then overexpressed VIM and ZEB1 in A549-C3 cells (fig. S8E)
and observed that overexpressing either one of them markedly
increased the number of lung foci (Fig. 6, E and F). Collectively, these
in vitro and in vivo results indicated that among the five candidate
genes, VIM and ZEB1 played more important roles than DSC2,
PKP1, and FN1 in increasing SS-resistant A-SSP6 cells to home to
the lung and grow into lung colonies in mice.

High expression levels of DSC2 and PKP1 correlate

with tumor progression and a poor prognosis and are
important for spontaneous metastasis

As DSC2 and PKP1 played important roles in cluster formation and
survival, while VIM and ZEB1 played more important roles in other
parts of the metastatic processes, we compared the levels of these
four proteins between the lung tumors and adjacent tissues from
patients with lung adenocarcinoma using immunohistochemistry
(IHC) staining (Fig. 7A). The results in Fig. 7B show that there is a
positive correlation between the IHC score of DSC2 and the IHC
score of PKP1. This positive correlation suggests that these two pro-
teins might be coexpressed in lung tumors (Fig. 7B). Moreover, the
level of DSC2 staining was significantly higher in lung tumors than
in the adjacent tissues, and the level of PKP1 was also notably higher
in lung tumors than in the adjacent tissues (Fig. 7, A, C, and D). In
contrast, as both lung tumors and adjacent tissues showed strong
staining with VIM and ZEB1, no significant difference was found
between the tumor and adjacent tissues (Fig. 7, A, E, and F).

We also performed the same IHC staining on samples of patients
with breast cancer and obtained several findings. First, the staining in-
tensities of PKP1 in both the primary and metastatic breast tumors
were much stronger than that of DSC2, indicating that PKP1 was ex-
pressed at higher levels in breast tumors (Fig. 7, G to I). Second, for
both DSC2 and PKP1, their IHC score values in the primary and meta-
static tumors were significantly higher than that in the normal tissues
(Fig. 7, H and I). Third, the staining of PKP1 in the metastatic tumors
was much stronger than that in the primary tumors (Fig. 7I). Fourth,
although the staining intensity of VIM was quite high, no significant
difference was observed among normal tissues, primary tumors,
and metastatic tumors (Fig. 7, ] and K). Fifth, a very weak staining
signal of ZEB1 was observed in all three types of breast samples
(Fig. 7,Jand L).

Kaplan-Meier plots revealed that high expressions of DSC2 and
PKP1 were correlated with shorter overall survival (OS) in patients
with lung and breast cancer (Fig. 8, A and B). Moreover, high levels
of DSC2 and PKP1 were found to correlate with lower distant me-
tastasis-free survival (DMFS) in patients with breast cancer (Fig. 8C).
In contrast, the high levels of VIM and ZEB1 were correlated with
longer OS in patients with lung cancer (Fig. 8A) and had no significant
correlations with the OS and DMFS of patients with breast cancer
(Fig. 8, B and C). Therefore, both IHC staining and meta-analyses
indicated that DSC2 and PKP1 are expressed at higher levels in lung
and breast tumors and that these high expression levels are correlated
with the poor prognosis of cancer development.

On the basis of the clinical results, we then determined the impor-
tance of DSC2 and PKP1 for spontaneous metastasis using a lung
orthotopic model. Three million SS-resistant A-SSP6 cells with shCtrl
or shDSC2 + shPKP1 were implanted in the right lungs of NOD/SCID
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mice. Four weeks after implantation, the mice were euthanized, and all
organs were removed and examined by fluorescence and phase
microscopy. There were no differences in the primary tumor growth
or body weight of the mice between the shCtrl and shDSC2 + shPKP1
groups (Fig. 8, D to F). For metastatic tumors, we observed that

Lietal, Sci. Adv. 2021; 7 : eabg7265 29 September 2021

four of five mice from the shCtrl group had large metastatic tumors
located in the liver, intestine, or brain. Only two of seven mice from
the shDSC2 + shPKP1 group had small metastatic tumors in the
liver, and no metastatic tumors were found in any other organs
(Fig. 8, Dand G).
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Elucidation of the underlying mechanisms through which
DSC2 and PKP1 support the survival and metastasis of
SS-resistant cancer cells

To investigate how A-SSP6 cells can survive circulatory treatment,
we first determined the levels of prosurvival proteins in A-SSP6
cells. The results showed that the levels of three proteins or their
phosphorylated forms were significantly up-regulated: phosphoryl-
ated AKT (p-AKT; 4.9-fold), B-cell lymphoma 2 (Bcl-2) (7.3-fold),
and phosphorylated extracellular signal-regulated kinase 1 and 2
(p-ERK1/2; 2.5-fold) in the A-SSP6 cells compared with the A549-C3
cells (Fig. 9A).

We then reduced the expression of DSC2, PKP1, and DSC2 + PKP1
with shRNAs and observed three findings. First, we found that knock-
down of the expression of DSC2, PKP1, and DSC2 + PKP1 significant-
ly reduced the levels of the prosurvival proteins of p-AKT and Bcl-2 but
had no obvious effect on p-ERK1/2 (Fig. 9B). Second, reducing the ex-
pression of DSC2 also reduced the level of PKP1 by 50%, while reduc-
ing the level of PKP1 did not strongly decrease the level of DSC2. Third,
double knockdown of DSC2 and PKP1 reduced the level of VIM by

Lietal, Sci. Adv. 2021; 7 : eabg7265 29 September 2021

60%, while single knockdown of DSC2 or PKP1 did not significantly
reduce the VIM levels. Furthermore, we found that knockdown of
VIM reduced the level of DSC2 by 40% and decreased the level of PKP1
by 50% (Fig. 9B). These results suggest that the collaborative interac-
tions among DSC2, PKP1, and VIM may be important to maintain the
high presence of individual desmosomal proteins in SS-resistant cells.

Next, we examined the effect of gene silencing on other adhesive
proteins. We found that knockdown of DSC2, PKP1, and DSC2 +
PKP1 reduced the protein level of CDH1 by 30 to 40%, while silencing
VIM did not affect the protein level of CDH1, indicating that DSC2
and PKP1 may positively regulate CDH1 in the A-SSP6 cells (Fig. 9,
B and H).

Furthermore, double knockdown of DSC2 + PKP1 and knock-
down of VIM significantly decreased the level of ITGB1 by 40 to 50%,
but single knockdown of DSC2 or PKP1 only slightly reduced the
level of ITGB1 (Fig. 9B). As single knockdown of DSC2 or PKP1 pro-
duced a weaker effect than double knockdown of DSC2 and PKP1 in
reducing the VIM protein (Fig. 9B), we wanted to examine
whether VIM can link DSC2/PKP1 with ITGB1. To do this, we first
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curves in patients with lung and breast cancer. (D) Three million A-SSP6 cells after DSC2 + PKP1 knockdown were implanted into the right lung, and representative imag-
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Significant differences were determined by Student’s t test (F) or two-way ANOVA (E).

overexpressed DSC2 in A549-C3 cells and found that its over-
expression elevated the protein levels of DSC2 and PKP1 (fig. S8D),
as well as the levels of VIM and ITGB1 (Fig. 9D). Moreover, when VIM
was knocked down in A549-C3 cells that overexpressed DSC2, the
expression of ITGB1 was significantly decreased (Fig. 9E). We thus pro-
pose that the DSC2 and PKP1 might function on ITGB1 via VIM (Fig. 9H).

As ITGBI1 usually binds to extracellular matrix components
such as FN1, we evaluated the importance of their presence to each
other and found that knockout of ITGB1 significantly decreased the
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level of FN1, but knockdown of FN1 had a minor impact on ITGBI,
which suggests that FN1 may use ITGBI to transmit its signals
(Fig. 9, C and F). We further examined the possible downstream
signaling molecules of ITGB1 and FN1 and found that knockout of
ITGB1 or knockdown of FN1 significantly reduced the levels of
FAK, p-Src, p-AKT, and p-ERK1/2 (Fig. 9, C and F). In addition,
knockdown of VIM not only reduced DSC2, PKP1, ITGBI, p-AKT,
and p-ERK1/2 (Fig. 9B) but also decreased the levels of FAK and
p-Src in A-SSP6 cells (Fig. 9G).
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ITGB1 on various indicated proteins in A-SSP6 cells. (D

were decreased after VIM was knocked down. (H) The

Moreover, inhibiting FAK with its inhibitor 14 reduced the total
level of FAK and significantly reduced p-Src, p-AKT, and p-ERK1/2
but not the total levels of these three proteins. Furthermore, inhibit-
ing Src with dasatinib produced similar reductive effects on p-Src,
p-AKT, and p-ERK1/2 without affecting the total protein level of FAK
(Fig. 10A). In addition, inhibiting PI3K with dactolisib substantially

A-SSP6 cells (Fig. 9H).
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decreased the levels of p-AKT and Bcl-2 (Fig. 10B). All the results
presented in this section indicate that DSC2/PKP1/VIM can work
through FN1/ITGBI1 to transmit its signals to the FAK-Src axis to
activate both the PI3K/AKT/Bcl-2 and mitogen-activated protein
kinase kinase (MEK)/ERK1/2 signaling pathways in SS-resistant
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We also examined the impact of knocking down ZEB1 expres-
sion and found that it significantly reduced the protein levels of VIM,
ITGBI1, p-AKT, and Bcl-2 but did not affect the levels of ERK1/2
and p-ERK1/2, indicating that ZEB1 may up-regulate the expres-
sion of VIM (Fig. 9B). We then used the MEK inhibitor trametinib
to inhibit the phosphorylation of ERK1/2, which also substantially
reduced the level of ZEB1 protein (Fig. 10C). Last, we knocked down the
high expression of DSC2 and PKP1 with shDSC2/PKP1 and over-
expressed VIM in A-SSP6 cells. The results showed that these treatments
greatly elevated the levels of ITGB1, FAK, p-Src, p-AKT, and p-ERK1/2
(Fig. 10D). Taken from the previous findings that shDSC2/PKP1 re-
duced the levels of VIM, ITGB1, p-AKT, and p-ERK1/2 (Fig. 9B), we
propose that DSC2/PKP1 may use VIM to stimulate ITGB1/FAK/Src,
which activates MEK/ERK1/2 and ZEB1. ZEB], in turn, increased the
expression of VIM, which is important to stabilize the desmosome
structure consisting of DSC2, PKP1, and VIM (Fig. 9H).

Last, we examined the effects of knocking down the expression of
DSC2, PKP1, and VIM on their mRNA levels during circulatory treat-
ment. A-SSP6 cells were circulated under SS15 for 12 hours, and their
mRNA levels were measured by qRT-PCR. The results showed that
shRNAs against DSC2, PKP1, and VIM not only strongly reduced their
own mRNA levels but also significantly reduced the mRNA levels of other
desmosomal members. These three sets of shRNAs also significantly
reduced the mRNA levels of Bcl-2 by 80%, while shRNAs of DSC2 and
PKP1 slightly reduced the mRNA levels of CDHI1, and shRNA of VIM
did not affect the expression of CDH1 (Fig. 10, E to G). These results
provide more insights into why cancer cells with high expression of
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DSC2, PKP1, and VIM are prone to form clusters in circulation and
why those clustered cells are more resistant to SS-induced cell
death (Fig. 9H).

DISCUSSION

CTC clusters have been shown to have a higher survival and meta-
static capacity than single CTCs (31-33), and the presence of these
CTC clusters was correlated with a poor prognosis of cancer devel-
opment (33). In this study, we found that the high expression of two
desmosomal proteins, DSC2 and PKP1, is important for cancer cells
to form clusters, to survive in the bloodstream, and to colonize the
lung and metastasize to other organs in mice.

The desmosome is an important structure for cell-cell adhesion.
Desmosomes play important roles in various biological processes, in-
cluding cell growth, invasiveness, adhesion, and apoptosis (36-38).
Previous studies have reported that high expression of DSC2 increased
cell aggregation (39-41), and high levels of PKP1 and DSG3 were
found in disseminated tumor cell clusters (42). In our study, we found
that both DSC2 and PKP1 were expressed at high levels, while the
mRNA level of DSG3 was not detectable in SS-resistant cells. High
expression of PG has been found in CTC clusters of patients with
breast cancer (33); however, high levels of PG were detected in both
SS-resistant and parental cells in our study.

When cells are exposed to mechanical stress, desmosomes and
intermediate filaments provide the mechanical stability required to
maintain cell-cell adhesion and integrity (38). Although the
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intermediate filament keratin (K14) was highly expressed in the clus-
tered breast cancer cells and depletion of K14 decreased distant me-
tastasis (42), no significant up-regulation of K14 mRNA was found
in our RNA-seq analysis. Rather, a significant elevation in VIM was
detected in SS-resistant cells, and knockdown of VIM significantly
reduced their ability to form lung colonies.

In addition to desmosomal proteins, the levels of adherens junc-
tion proteins (CDH1 and B-catenin) and focal adhesion proteins
(FN1, ITGB1, and FAK) were also up-regulated in SS-resistant cells.
Previous studies have reported that several adhesion-related genes
were enriched in clustered cells and conferred metastatic potential
(31, 34, 42-47). Moreover, snail directed collective migration in
squamous carcinoma cells by inducing the expression of a tight
junctional protein, CLDNI11 (47). In addition, some other junction-
related proteins, such as ZO-1 and CDHI, have been revealed to
play important roles in collective migration (43, 44). In our study,
the levels of two tight junction proteins (CLDN1 and ZO-1) were
greatly reduced, and the level of snail was not significantly changed
according to RNA-seq analyses in SS-resistant cells. Although the
levels of CDH1 were elevated in SS-resistant cells, knockdown of
CDHI1 only affected cluster formation and survival but not cell mi-
gration and invasion. In addition, high levels of the stemness marker
CD44 were found in CTC clusters, which mediated cluster forma-
tion and promoted tumor cell survival and metastasis (34). However,
no significant change in CD44 mRNA levels was detected in
SS-resistant cells in our study.

Previously, several studies reported that the PI3K/AKT pathway
and Bcl-2 were activated in fluid SS-exposed cancer cells to promote
motility, proliferation, or survival (18, 48-50). Moreover, CTCs iso-
lated from the bloodstream that had higher levels of PI3K, AKT, or
Bcl-2 displayed higher levels of cell survival (23, 51). In this study,
we connected the roles of DSC2 and PKP1 in facilitating cancer cells
to form clusters in circulation to activating the PI3K/AKT/Bcl-2-
mediated pathway to increase cell survival.

DSC2 and PKP1 have been reported to be both oncogenes and
tumor suppressors in previous studies (23, 52-56). In this study, we
found that high levels of DSC2 and PKP1 were also important for
maintaining the high expression of VIM, which subsequently stim-
ulated FN1/ITGB1/FAK/Src/MEK/ERK/ZEB1-mediated metasta-
sis. Compared to the previously reported function of VIM and
ZEBI in clustered cells (57, 58), our findings provide new insights
into their roles during metastasis.

As VIM and ZEB1 are important regulators of EMT, we propose
that SS-resistant cells can also stimulate the EMT process to in-
crease cluster formation and cell survival. The mechanisms of how
EMT functions in CTCs have been reported previously. For exam-
ple, the EMT-tissue factor regulatory axis can activate coagulation
pathways and form a fibrin/platelet-rich microclot around CTCs to
physically protect CTCs from SS, immune attack, and anoikis (59).
Another EMT-driven survival mechanism of CTCs in the blood-
stream involves the formation of microtubule protrusions (termed
microtentacles), which are supported by VIM filaments and are
up-regulated by snail and twist (58, 59). However, the level of twist
was very low in SS-resistant cells.

In this study, we found that the high expressions of adhesion
molecules of DSC2, PKP1, and EMT markers of VIM and ZEB1
were important for SS-resistant cells to survive in circulation and
gain metastatic abilities. Our observations are partially consistent
with previous findings that CTCs expressed both epithelial and
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mesenchymal markers (60, 61), and coexpression of these markers
enhanced invasiveness, metastasis, and poor survival of breast can-
cer cell in comparison to the expression of VIM alone (62). In com-
parison to the previous studies that identified cytokeratins as the
epithelial markers (61, 62), our study indicated DSC2 and PKP1 as
the new epithelial markers, which can also form hybrid EMT with
the mesenchymal marker of VIM. As the desmosomal proteins of
DSC2 and PKP1 can serve as anchors to dock more VIM molecules,
a hybrid EMT consisting of DSC2, PKP1, and VIM can help CTCs
to form clusters to resist the destructive effects of shear force in
circulation. Moreover, this hybrid EMT can also activate the down-
stream signaling molecules of VIM including ITGB1, FAK, Src,
MEK, ERK1/2, and ZEB1 to promote metastasis. Hence, our find-
ings support the recently emerging hypothesis that a hybrid EMT
status may be responsible for metastasis.

Because of the low number of CTC clusters in blood samples, it
is challenging to use clinically isolated CTC clusters to elucidate the
signaling pathways of cluster formation. To overcome this limita-
tion, people have developed various systems to generate clustered
cancer cells under suspension conditions (42, 58, 63), such as by
shaking cells in a flask (64) or using a shorter time of trypsinization
to produce cell clumps (33). Many studies also used various meth-
ods to generate fluid conditions, including stirring bath (65), cone
and plate (14, 66), syringe with needle (10, 26, 28, 49), parallel plate
(48, 67) microfluidic devices (68), and circulatory system (69). In
this study, we used a microfluidic circulatory system that allows
the injected cells to continuously circulate under a pulsatile shear
force similar to that of a human artery under a resting state with a
heartbeat of 70 beats/min (15, 17). The advantage of this system
is that we can control the levels of SS; however, it cannot fully
represent the actual conditions that CTCs confront in the human
bloodstream.

Another limitation of our current system is that it does not in-
clude immune cells such as neutrophils, monocytes, macrophages,
NK cells, and T cells, which also interact with CTCs or CTC clusters
to affect metastatic progression (70, 71). For example, the neutro-
phil can directly interact with CTCs that form CTC-neutrophil
clusters to increase the metastatic potential of cancer cells. CTC
clusters are less sensitive to NK-mediated suppression than single
CTCs (71). In addition, tumor killing neutrophils have been found
to kill cancer cells through the production of hydrogen peroxide
(72). In the future, we will validate the findings obtained from our
circulatory system with CTCs isolated from patients with cancer.
Furthermore, we will investigate the effects of SS on cell-cell inter-
actions between CTCs and other blood cells or platelets.

In summary, our results suggest that SS can elevate the levels of
DSC2, PKP1, VIM, ZEBI, and FNI in circulated lung and breast
cancer cells. The elevated expression of DSC2 and PKP1 can
activate PI3K/AKT or CDHL1 to increase cluster formation to resist
SS-induced cell death. DSC2/PKP1 can also function via VIM-
ITGBI to activate the PI3K/AKT and MEK-ERK1/2 pathways to
increase cell survival and lung metastatic tumor formation. Last,
higher expression of DSC2 and PKP1 were correlated with lower
OS and worse disease progression in patients with breast and lung
cancer. These findings suggest that CTCs might use the desmosom-
al proteins DSC2 and PKP1 to mediate cluster formation. If these
findings can be validated in clinical CTCs, then these two proteins
can potentially be used as new diagnostic markers and therapeutic
targets for metastatic CTCs.
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MATERIALS AND METHODS

Cell lines and cell culture

The breast cancer cell lines MCF7, T47D, and BT474; the lung can-
cer cell line A549; the colorectal cancer cell line HCT-116; human
umbilical vein endothelial cells (HUVECs); and the human embry-
onic kidney cell line 293T were obtained from the American Type
Culture Collection and cultured in Dulbecco’s modified Eagle’s
medium (DMEM; #12100046, Thermo Fisher Scientific, USA)
supplemented with 1% penicillin-streptomycin antibiotics (#15140122,
Thermo Fisher Scientific, USA) and 10% FBS (#10270-106, Gibco,
USA). MCF7-C3 and A549-C3 cells were generated by transfecting
a sensor C3 plasmid that encodes a FRET-based biosensor. These
two cell lines can stably express sensor proteins that can emit green
fluorescence if the sensor cells are alive and emit blue fluorescence
when caspase-3/7 is activated when cells undergo apoptosis (15, 73).

Generation of SS in a microfluidic circulatory system
and FRET-based apoptotic assay
A microfluidic circulatory system was developed in our previous study,
which includes a cell-holding reservoir covered with a cotton filter
to prevent airborne contamination and evaporation of culture medium,
a connecting tube, a peristaltic pump (Ismatec), and a 1.5-m-long
circulatory tube with a diameter of 500 pm (Ismatec). This system can
generate various levels of pulsatile SS that are present in the blood-
stream of the human vascular system. The SS can be calculated on the
basis of Poiseuille’s equation, T = 4Qn/nR’, where 1 is the S measured
in dynes per square centimeter, Q is the flow rate in cubic centimeters
per second, 1 is the dynamic viscosity of the fluid (0.01 dyne-s/cm?),
and R is the radius of the tubing (250 um) (15, 17, 74). In this study, we
chose SS15 as it is the average SS present in the human artery (10). To
prevent cell attachment to the tubing, the whole system was precoated
with 1% Pluronic F-127 (#P2443, Sigma-Aldrich, USA) for 1 hour.
Cancer cells were trypsinized and resuspended in fresh culture
medium at a density of 2 x 10° cells/ml. One milliliter of cell suspension
was added to the microfluidic system and circulated under SS15 for
various time points. For live-cell imaging, the pump was switched
off to stop the medium flow, and the circulated cells were collected
and added to a confocal dish for FRET imaging and to a 96-well
plate for the MTT assay.

MTT assays

Cells were collected after circulatory treatment, and 100 pl of circu-
lated cancer cells was seeded in 96-well plates. Then, 10 pl of steril-
ized MTT (#M2128, Sigma-Aldrich, Germany) solution was added
at a final concentration of 0.5 mg/ml. After 4 hours, another 100 pl
of 10% SDS solution containing 0.01 M HCl was added to dissolve
the crystallized MTT product formazan for over 12 hours. The ab-
sorbance of the MTT reaction was measured at 595 nm by a plate
reader (PerkinElmer VICTOR X3).

Cell proliferation assay

A suspension of 3000 cells in 100 pl of culture medium was seeded
into each well of a 96-well plate and incubated at 37°C for 0, 24, 48,
72, and 96 hours. The cell growth rate was determined by MTT as-
says at each indicated time point.

Anoikis resistance analysis using FRET imaging
SSP6 or parental cells were seeded into a six-well ultralow attachment
plate (#3471, Corning, USA) at a density of 2 x 10° cells per 2 ml in
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normal culture medium in each well. After 36 or 72 hours of incuba-
tion in a CO; incubator at 37°C, cancer cells were imaged for
FRET imaging analysis by a Carl Zeiss microscope (Axio Observer
Germany).

Tumor sphere formation assay

Two hundred cancer cells were seeded into each well of a 96-well
ultralow attachment U-bottom plate (#7007, Corning, USA), and
tumor spheres were imaged weekly by a Carl Zeiss microscope. The
images were analyzed by the fluorescence intensity.

Transwell migration and invasion assays

Cells were tested for their migratory and invasive ability to
cross a membrane with a pore size of 8 um in the Transwell cham-
ber (#3422, Corning, USA). For the migration assay, the cells were
trypsinized and resuspended in DMEM without serum. A sus-
pension containing 2 x 10* cells in 100 pl was placed in the upper
chamber, while 600 ul of DMEM with 10% FBS was added to the
lower chamber. After 24 hours for A549-C3 and A-SSP6 or 48 hours
for MCF7-C3 and M-SSP6 of incubation in a CO, incubator at
37°C, the cells on the top side of the Transwell membrane were
removed by a cotton swab, whereas the cells on the bottom side
were fixed with 4% paraformaldehyde (PFA; #158127, Sigma-
Aldrich, Germany) for 15 min and stained with 0.5% crystal violet
(#C6158, Sigma-Aldrich, Germany) for 15 min. Then, the mem-
brane was cut off from the Transwell chamber and mounted
onto a glass slide with mounting medium (#06522, Sigma-Aldrich,
Germany).

For the invasion assay, all the procedures were the same as those
described in the migration assay except that the upper chamber was
precoated with 100 ul of Matrigel (#356230, Corning, USA) at 37°C
for 2 to 3 hours to allow the Matrigel to solidify. The color images of
the Transwell membranes were captured by bright-field microscopy
(M165 FC, Leica, Germany), and all the migrated or invaded cells
from each Transwell membrane were counted. At least two Tran-
swell chambers were used in each assay, and all the Transwell assays
were repeated at least three times. The average numbers of migrated
or invaded cells are presented in the results.

Cell adhesion assay

HUVECs (2 x 10%) were seeded in each well of a 96-well plate and
cultured for 24 hours to form a confluent monolayer. Afterward, 100 pl
of cell suspension containing 1 x 10* MCF7-C3, M-SSP6, A549-C3,
or A-SSP6 cells was added on top of the HUVEC monolayer and
incubated at 37°C for 30 min. Nonattached cells were washed away
with phosphate-buffered saline (PBS) twice, and fresh medium
was added to each well of the same culture plate. The green
fluorescent images of the attached cells were taken by fluorescence
microscopy (Carl Zeiss), and at least five images were used for
quantification.

Colony formation assay

Two milliliters of cell suspension containing 2 x 10° (MCF7-C3 or
M-SSP6) or 1 x 10° (A549-C3 or A-SSP6) cells was seeded in each
well of the six-well plates and then cultured for 10 days. The colo-
nies were fixed with 4% PFA for 15 min and stained with 0.5% crystal
violet for another 15 min. Stained colonies with more than 50 cells
per colony were counted. The results were calculated as the numbers
of stained colonies per well.
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Blood collection, CTC analysis, and experimental lung
colonization model

Female NOD/SCID mice aged 6 to 8 weeks were used and main-
tained in the Animal Facility of the University of Macau. All animal
experiments were approved by The Animal Research Ethics Com-
mittee of the University of Macau. Before the injection, cells
were collected by trypsinization and washed with PBS twice and
kept on ice. After measurement of cell density, 2 x 10° cells were
intravenously injected into the blood circulation of each mouse
through tail vein injection. After 4 or 6 hours, 750 pl of fresh whole
blood was collected via cardiac puncture using a 27-gauge needle
connected to a 1-ml syringe prefilled with 100 ul of PBS containing
10 mM EDTA. Blood smears were prepared from each mouse by
pipetting 5 ul of blood onto a glass slide and sliding them into a thin
layer of the blood. Then, cells in the monolayer area of the slide
were imaged by fluorescence microscopy (Carl Zeiss). For in situ
observation of CTCs in the blood samples, red blood cells were
removed using lysis buffer, and the rest of the blood samples were
transferred into a confocal dish for live-cell imaging by fluorescence
microscopy (Carl Zeiss).

For the lung metastasis experiment, 1 x 10° cells were intrave-
nously injected into the tail vein of the mice, and the mice were
euthanized at different time points after the injection. The lung
tissues were dissected to detect lung metastatic foci under a
fluorescent stereomicroscope (M165 FC, Leica) using GFP filters.
Then, the lung tissues were fixed with 4% PFA for 48 hours. After-
ward, the tissues were washed with PBS, embedded in paraffin
(Leica Biosystems), sectioned at 5 um in thickness using a micro-
tone (Leica Biosystems), and stained by hematoxylin and eosin
(H&E) (Leica Biosystems). Last, the images of the H&E-stained
lung tissues were taken by an Aperio Scanner System (Leica) at a
magnification of x20.

Orthotopic lung xenografts in NOD/SCID mice

and CTCs analyses

The method of the in vivo spontaneous lung cancer metastasis
model was designed according to Ross’s description (75). A549-C3
and A-SSP6 cells were trypsinized and suspended in PBS and then
mixed with Matrigel matrix (#354234, Corning, USA) at a ratio of
1:1 to achieve a final concentration of 1.0 x 10°/ul. This cell suspen-
sion was kept on ice until injection. For orthotopic injection, 6- to
8-week-old female NOD/SCID mice were anesthetized with avertin
(#T4840-2, Sigma-Aldrich, USA). A 0.8-cm surgical incision was
made along the posterior medial line of the right thorax, and then,
the fascia and adipose tissue layer were dissected and retracted to
expose the lateral ribs, the intercostal space, and the right lung pa-
renchyma. Upon confirmation of the right lung respiratory varia-
tion, 3 million suspended cells were injected into the lung tissue by
a 30-gauge hypodermic needle. The needle was rapidly withdrawn,
and the mice were observed for the possibility of a pneumothorax.
Wound suture clips were used to seal the primary wound in the
fascia and skin layers. The mice were observed after procedure for 3
to 4 hours, and their body weights and wound healing were moni-
tored weekly. In addition, for the CTCs or CTC clusters analysis in
this model, the blood samples were collected every week for 4 weeks
after implantation, and the number of single CTCs or CTC clusters
was quantified. Moreover, the blood vessels of animals were also
examined to count the number of CTCs remained in blood circula-
tion by fluorescence microscopy.
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RNA-seq and data analysis

MCF7-C3 and M-SSP6 cells were collected and dissolved with
TRIzol (#15596026, Thermo Fisher Scientific, USA). Samples were
sent to Novogene (Tianjin, China) for RNA extraction (RNA integ-
rity number, >9.0), purification, library preparation, sequencing,
and basic data analysis. A P < 0.05 and a fold change of >1.5 were
used as the thresholds to identify the differentially expressed genes
with statistical significance.

RNA extraction and qRT-PCR

Total RNA was extracted using TRIzol reagent, and reverse tran-
scription reactions were performed with an iScript cDNA synthesis
kit (#1778890, Bio-Rad, USA). The relative levels of gene transcripts
compared with that of the control gene [glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)] were determined by iTaq Universal
SYBR Green (#1725122, Bio-Rad, USA). The qRT-PCR primers are
listed in table S1.

Western blotting

Briefly, cell lysates were prepared in radioimmunoprecipitation
assay buffer (150 mM NaCl, 50 mM tris-HCl, 0.5% SDS, and
1% Triton X-100) supplemented with 1% protease and 1% phos-
phatase inhibitor cocktail (Sigma-Aldrich). Proteins were separated
by SDS-polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane (Bio-Rad). The membrane was blocked
with 5% Blotting-Grade Blocker (#1706404, Bio-Rad, USA) in
1x tris-buffered saline with 0.2% Tween 20 (TBST) for 1 hour and
then incubated with specific primary antibodies at 4°C overnight.
Primary antibodies against VIM (#5741), PG (#2309), ITGB1
(#9699), FAK (#3285), p-Src (#6943), Src (#2109), CLDN1 (#13995),
ZO-1 (#13663), ZEBI (#3396), p-AKT (#4060), AKT (#4685),
p-ERK1/2 (#4370), ERK1/2 (#4695), Bcl-2 (#15071) and GAPDH
(#2118) were obtained from Cell Signaling Technology (1:2000).
Antibodies against PKP1 (ab183512), CDH1 (ab1416), -catenin
(ab32572), and FN1 (ab2413) were obtained from Abcam (1:2000).
Anti-DSC2 antibody (#326200) was purchased from Invitrogen
(1:1000). After three washes with TBST, the protein blot was incu-
bated with species-specific secondary antibody at room temperature
for 1 hour. Last, the proteins were visualized using the Clarity
Western ECL Substrate (#1705061, Bio-Rad, USA) and imaged by the
ChemiDoc Touch Imaging System (Bio-Rad).

siRNA transfection and lentivirus infection

Two different siRNA duplexes of CDH1, VIM, and FN1 were
designed and purchased from Ambion. RNAIMAX (Invitrogen) was
used. Each specific siRNA was premixed with serum-free medium
and incubated for 20 min. The siRNA mixtures were added to the
cells and incubated for 48 hours, after which their silencing effects
were determined by qRT-PCR and Western blotting. The siRNA
sequences are listed in table S2.

The human shRNA vectors targeting DSC2, PKP1, VIM, EN1,
and ZEB1 (targeting sequences are shown in table S2); CRISPR-
Cas9-mediated knockout of ITGB1 (targeting sequences are shown
in table S2); and the overexpression vectors (DSC2, VIM, and ZEB1;
targeting sequences are shown in table S3) were purchased from
VectorBuilder Company. The targeting plasmid, packaging plas-
mids of vesicular stomatitis virus glycoprotein, and dR8.2 were
mixed in DMEM without FBS at weight ratios of 3:1:2. Afterward,
the mixture and polyethylenimine were added to cultured 293 T cells
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(generally 90% confluence) to produce lentiviruses. The viral super-
natants were collected after 48 to 72 hours of transfection and stored
at —80°C. Cancer cells were infected with viral supernatants for
72 hours and then selected with puromycin (2 pg/ml; #P8833, Sigma-
Aldrich, Germany) for stably infected cell lines.

IF staining

Cells were seeded onto sterilized glass coverslips in 35-mm culture
dishes and cultured for the designated time periods. For the
suspended cells, the coverslips were precoated with poly-p-lysine
hydrobromide (#P7866, Sigma-Aldrich, USA) to make cells attach
within 30 min. The cells were fixed with 4% PFA and permeabilized
with 0.2% Triton X-100 (#T8787, Sigma-Aldrich, Germany) at room
temperature. After blocking with 3% bovine serum albumin for
1 hour, the cells were incubated with primary antibodies at 4°C
overnight and with Alexa fluorescent-conjugated secondary anti-
bodies (Invitrogen) at room temperature for 1 hour. Last, the cells
were counterstained with Hoechst 33342 (#H3570, Thermo Fisher
Scientific, USA) and imaged by fluorescence confocal microscopy
(Carl Zeiss LSM710).

Immunohistochemistry

Tissue microarray slides were purchased from Superchip Company
(Shanghai, China). IHC was performed using the IHC Detection
Kit (Abcam, ab64264) according to the manufacturer’s instructions.
Paraffin-embedded tissue sections were deparaffinized, rehydrated,
subjected to antigen retrieval, permeabilized, blocked, and incubated
with primary antibodies against DSC2 (Invitrogen), PKP1 (Abcam),
VIM (Cell Signaling Technology), and ZEB1 (Sigma-Aldrich) at
4°C overnight. Biotinylated secondary antibody was incubated for
30 min, and the antigen-antibody interaction was revealed with the
streptavidin-biotin-horseradish peroxidase system using diamino-
benzidine as a chromogen. Nuclei were counterstained with hema-
toxylin (Sigma- Aldrich). Images were obtained with an Aperio Scanner
System (Leica) at a magnification of x20. The expression levels of
DSC2, PKP1, VIM, and ZEB1 were determined by semiquantitative
analysis. IHC scores were graded according to percentage of stained
cells as described (57). The percentage scores were assigned as fol-
lows: 0, none; 1, <1% of positively staining cells; 2, 1 to 10%; 3, 11 to
33%; 4, 34 to 66%; and 67 to 100%.

Statistical analysis

All data are expressed as the means + SD from at least three inde-
pendent experiments. One-way analysis of variance (ANOVA), two-
way ANOVA, or Student’s ¢ test was used for statistically significant
analysis, and *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
were considered to be statistically significant compared with the rel-
ative control group.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg7265

View/request a protocol for this paper from Bio-protocol.
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