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Abstract: Metastasis is the leading cause of cancer death worldwide. Circulating tumor cells (CTCs)
are a critical step in the metastatic cascade and a good tool to study this process. We isolated CTCs from
a syngeneic mouse model of hepatocellular carcinoma (HCC) and a human xenograft mouse model
of castration-resistant prostate cancer (CRPC). From these models, novel primary tumor and CTC cell
lines were established. CTCs exhibited greater migration than primary tumor-derived cells, as well
as epithelial-to-mesenchymal transition (EMT), as observed from decreased E-cadherin and increased
SLUG and fibronectin expression. Additionally, when fibronectin was knocked down in CTCs, integrin
B1 and SLUG were decreased, indicating regulation of these molecules by fibronectin. Investigation
of cell surface molecules and secreted cytokines conferring immunomodulatory advantage to CTCs
revealed decreased major histocompatibility complex class I (MHCI) expression and decreased
endostatin, C-X-C motif chemokine 5 (CXCL5), and proliferin secretion by CTCs. Taken together,
these findings indicate that CTCs exhibit distinct characteristics from primary tumor-derived cells.
Furthermore, CTCs demonstrate enhanced migration in part through fibronectin regulation of integrin
B1 and SLUG. Further study of CTC biology will likely uncover additional important mechanisms of
cancer metastasis.

Keywords: metastasis; circulating tumor cells (CTCs); hepatocellular carcinoma (HCC); castration
resistant prostate cancer (CRPC); epithelial-to-mesenchymal transition (EMT); fibronectin; integrin
B1; SLUG; major histocompatibility complex class I (MHCI); immunomodulation

1. Introduction

Metastasis is associated with advanced stages of cancer. Resulting in 90% of cancer deaths
worldwide [1], metastasis occurs in a series of steps. These steps include the dissociation of cells from
the primary tumor, migration through surrounding tissue, intravasation, circulation through blood,
followed by extravasation and re-colonization of distant sites throughout the body. At advanced
stages of most cancers, there are limited treatment options [1–3]. As such, efforts are increasingly being
focused on identification of novel metastasis-related molecular targets.

One way to potentially avoid the need for invasive tissue biopsies when studying cancer metastasis
is through the use of circulating tumor cells (CTCs). CTCs are cells which have dissociated from the
primary tumor and are found traveling in the blood [4–8]. Some CTCs will eventually form metastatic,
secondary lesions. Because CTCs can be obtained from liquid biopsies (from blood), they enable the
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molecular profiling of potentially unresectable tumors in patients [9] and identification of molecular
changes important for progression to advanced cancers [10]. However, there is a challenge with low
CTC numbers frequently found in the blood [11–15]. To address this potential obstacle to studying
CTC biology, in this study, we established novel CTC cell lines and primary tumor-derived cells for
molecular biological studies.

The two different cancer models used in this study were a syngeneic mouse model of hepatocellular
carcinoma (HCC) and a xenograft mouse model of castration-resistant prostate cancer (CRPC). HCC is
the most common form of liver cancer and is frequently diagnosed at very late stages. Consequently,
it is one of the leading causes of cancer deaths worldwide [16–19]. Moreover, sorafenib, which is
the main FDA approved drug to treat advanced HCC, extends life by only six months [20]. As such,
better treatment options are needed. Similarly, CRPC is a form of prostate cancer (PCa) that is resistant
to both medical and surgical castration [21,22]. However, androgen deprivation therapy (ADT) is the
main standard of treatment for localized PCa [23,24]. This makes CRPC particularly challenging to
treat. Over one third of CRPC patients will develop bone metastasis for which there is no cure [21,25].
Therefore, finding alternative treatments is critical for this cancer as well.

To this end, we propagated cell lines originating from primary tumors and CTCs. Our aim
was to discover differences between these two cell types representing earlier and more advanced
stages of cancers. Both HCC and CRPC CTCs demonstrate increased migration and evidence of
epithelial-to-mesenchymal transition (EMT). Moreover, we discovered that in CTCs, fibronectin
regulates integrin B1 and SLUG, which are known regulators of cell migration. Finally,
we identified differences in CTC cell surface marker and cytokine secretion profiles that could have
immunomodulatory implications. HCC CTCs had significantly reduced major histocompatibility
complex class I (MHCI) expression, as well as significantly decreased secretion of endostatin, CXCL5,
and proliferin as compared to primary tumor-derived cells. These findings may have implications for
the function of metastatic cells and how they evade the immune system.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

The BNL 1ME A 7R.1 cell line (purchased from ATCC), as well as the newly established
primary tumor cell lines (TBOH1 and TBOH9) and circulating tumor cell lines (CBOH4 and CBOH9),
were maintained in Dulbecco’s Modified Eagle Media (DMEM) media supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin, and L-glutamine. Trypsinization of cells occurred using
0.25% trypsin when 75–80% confluent.

The 22Rv1 cell line (purchased from ATCC), as well as the newly established primary tumor
cell line T22OH and circulating tumor cell line C22OH, were maintained in Roswell Park Memorial
Institute (RPMI) media supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Trypsinization of cells occurred using 0.05% trypsin when 75–80% confluent. All cells lines were
cultured in a 5% CO2, 37 ◦C atmosphere.

2.2. Mouse Tumor Studies

Figure 1 shows the experimental mouse models used for this study and the subsequent
establishment of novel cell lines. For the syngeneic mouse model of HCC, 7-week old, male, BALB/c
mice were obtained from Taconic Biosciences Inc. Mice were implanted with 2.5 × 106 BNL 1ME A
7R.1 murine HCC cells. For the NOD scid gamma (NSG) human xenograft mouse model, 7-week
old, male NSG mice were obtained from Jackson Laboratory. Mice were implanted with 2.5 × 106

22Rv1 human CRPC cells. Tumors were allowed to grow until reaching a max tumor volume of
2000 cm3, at which point mice were euthanized, tumors removed, and samples of blood processed
for CTCs as previously described by our lab [26]. Briefly, up to 1 mL of blood was obtained from
intracardiac blood withdrawal from mice. The blood was spun down and the plasma removed. The rest
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of the blood sample, most importantly the buffy coat layer, which is where we expect our CTCs to
be, was treated with red blood cell lysis buffer. After a series of spins and washes, samples were
placed in media. Experiments on CTC cell lines were carried out for as long as forty-five passages
(well over 6 months). Features remained consistent among different passages. While efficiency of
cell line establishment was moderate to low, once established, the CTC cell lines exhibited high cell
viability. In terms of our primary tumor cell lines, tumors were mechanically dissociated in media
and given the chance to adhere to the plate to give rise to primary cell culture cell lines. H&E staining
was performed to confirm metastasis to lungs using the core facilities at Albert Einstein School of
Medicine. All mouse experiments were performed in compliance with Institutional Animal Care and
Use Committee (IACUC)–approved protocols at Weill Cornell Medicine.

Figure 1. Establishment of novel primary tumor-derived cell lines and circulating tumor cell lines.
(A) Schematic diagram summarizing how novel cell lines were established. This figure includes
modifications to our previously described work [27]. For the syngeneic hepatocellular carcinoma
(HCC) mouse model, BALB/c mice were subcutaneously implanted with the murine hepatocellular
carcinoma cell line BNL 1ME A.7R.1. For the xenograft castration-resistant prostate cancer (CRPC)
mouse model, NSG mice were subcutaneously implanted with the 22Rv1 human CRPC cell line.
Mice were allowed to develop tumors over a period of 3–4 weeks, humanely sacrificed, primary tumors
resected and mechanically dissociated, and then put in culture to establish the TBOH series of primary
tumor-derived cell lines. The CBOH series of circulating tumor cells (CTCs) was established from
cancer cells isolated from the bloodstream of the same mice implanted with either BNL 1ME A.7R.1 or
22Rv1 cells. (B) The newly established cell lines: the TBOH1 and CBOH4 pair and TBOH9 and CBOH9
pair were established from the HCC model. The T22OH and C22OH pair were established from the
CRPC model.

2.3. Immunofluorescence Staining

Cells were incubated with coverslips and grown for 48 hr. The coverslips were collected, fixed with
4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.5% Triton X-100 in 1X
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PBS/1% FBS for 10 min at room temperature. Cells were stained with CREB3L3 antibody (sc-377331;
1:500; Santa Cruz Biotechnology, TX, USA), or endostatin antibody (PA1-601; 1:200; Thermo Fisher
Scientific, Rockford, IL, USA) for 2 h, followed by incubation with Alexa Fluor 635 anti-rabbit secondary
antibody (A31577; Thermo Fisher Scientific, Rockford, IL, USA) for 1 h. DAPI was used to counterstain
nuclei, and slides were imaged using a Nikon A1 confocal microscope at a 60×magnification.

2.4. Migration Assays

For wound healing migration assays, 5 × 104 murine BNL 1ME A.7R.1 cells were grown in a
6-well tissue culture plate and permitted to reach 90–100% confluency. Using a plastic tip (1 mm thick),
wounds were administered to monolayers of cells in each well. Wounded monolayers were washed
with 1X PBS and incubated with media. Cells were observed, and images were taken using the Motic
AE30 Inverted Microscope.

For transwell migration assays, 1 × 105 22Rv1 CRPC cells were seeded on the top of chambers
containing 8 µm pores (Greiner Bio-one, Austria, cat #: 662 638) in serum-free media. The bottom
chambers were filled with regular media to serve as a chemoattractant. After 48 hr, the top chambers
were rinsed with 1X PBS, fixed with paraformaldehyde, treated with methanol, and stained with
trypan blue staining. The chambers were placed on a slide and viewed using the Motic AE30 Inverted
Microscope. All migration assays were carried out at least 3 times.

2.5. Protein Extraction and Western Blotting

Whole cell extracts were obtained by treating cells with radioimmunoprecipitation assay (RIPA)
lysis buffer (Amresco, Ohio, USA, cat#: N653), supplemented with 10× protease inhibitors (Thermo
Fisher Scientific, Rockford, IL, USA, cat#: 88665) and 100 mM PMSF (Amresco, OH, USA, cat#: M145).
Protein concentration was calculated via the Bradford Assay using the Bio-Rad Protein Assay Dye
Reagent Concentrate. For Western blot analysis, 30 µg of protein was run on precast SDS-PAGE gels
and subsequently transferred onto nitrocellulose membranes. Membranes were blocked in 5% BSA
in TBS-T for 1 h at room temperature, incubated with primary antibodies overnight at 4 ◦C, washed
with 1× TBS-T, incubated with secondary antibodies for 1 h, washed, and imaged using the LI-COR
Odyssey CLx imager with infrared fluorescence. The primary antibodies used were directed against
fibronectin (ab2413; 1:1000; Abcam, Cambridge, UK), E-cadherin (3195S; 1:200; Cell Signaling, MA,
USA), CREB3L3 (sc-377331; 1:500; Santa Cruz Biotechnology, TX, USA), AR-V7 (ab198394; 1:1000;
Abcam, Cambridge, UK), PSA (sc-7316; 1:200; Santa Cruz Biotechnology, TX, USA), integrin B1 (4706S;
1:500; Cell Signaling, MA, USA), GAPDH (5174S; 1:1000; Cell Signaling, MA, USA), alpha-tubulin
(sc-32293; 1:500; Santa Cruz Biotechnology, TX, USA), and beta-actin (A5441; 1:5000; Sigma, St.Louis,
MO, USA). The secondary antibodies used were anti-mouse (925-32210; 1:15,000; LI-COR, Lincoln, NE,
USA) and anti-rabbit (925-32211; 1:15,000; LI-COR, Lincoln, NE, USA). Analysis and quantification of
western blots were performed using ImageJ software.

2.6. RNA Extraction and qPCR Analysis

The RNeasy Mini Kit (QIAGEN, Hilden Germany, cat#: 74104) was used to isolate total RNA
from each of the cell lines used in this study, according to the protocol specified by the manufacturer.
RNA concentration was measured using the spectrophotometer NanoDropTM 2000 (Thermo Fisher
Scientific, Inc.). cDNA was obtained using 1 µg of RNA and the QuantiTect Reverse Transcription kit
(QIAGEN, Hilden, Germany, cat#: 205311).

Expression of SLUG was measured by quantitative real time qPCR using SYBR-Green Master mix
(Life Technologies, CA, USA, cat#: 4309155). Primers for SLUG and GAPDH were created with the
OligoPerfect Designer program (ThermoFisher Scientific Inc; Wilmington, DE, USA). The following
oligonucleotide sequences were used for primers: murine SLUG-F, 5′-CCTTTCTCTTGCCCTCACTG-3′,
and murine SLUG-R, 5′-ACAGCAGCCAGACTCCTCAT-3′; murine GAPDH-F,
5′-TGATGGGTGTGAACCACGAG-3′, and GAPDH-R, 5′-AGTGATGGCATGGACTGTGG-3′;
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human SLUG-F, 5′-CTTTTTCTTGCCCTCACTGC-3′, and human SLUG-R,
5′-GCTTCGGAGTGAAGAAATGC-3′; human GAPDH-F, 5′-GAGTCAACGGATTTGGTCGT-3′,
and human GAPDH-R, 5′-TTGATTTTGGAGGGATCTCG-3′. For each sample, SLUG was normalized
with GAPDH expression. The comparative cycle threshold (Ct) method was used to quantify relative
target gene expression. The instrument used was the Quantifect Studio System (Applied Biosystems).

2.7. Transfection of siRNAs

Cells were grown in 6-well plates. When a confluency of 60–70% was reached, the cells were
transfected according to the manufacturer’s instructions. Briefly, the cells were transfected with 10 nM
of either fibronectin siRNA (Santa Cruz Biotechnology, TX, USA, cat#: sc-29315) or a non-targeting
scramble control (Sigma, St.Louis, MO, USA) using Lipofectamine RNAiMAX (Thermo Fisher Scientific
Inc.; Wilmington, DE, USA) diluted in Opti-MEM (ThermoFisher Scientific Inc.; Wilmington, DE, USA).
The cells were then incubated for 24 h at 37 ◦C after which cells were harvested.

2.8. Flow Cytometry

Cells were incubated with trypsin for 3 min in order to harvest them. The pellets were washed,
spun at 1200 rpm for 5 min, and re-suspended in 1% BSA in 1X PBS incubation buffer. Cells were
spun and treated with mouse Fc block (BD Biosciences, NJ, USA, cat#: 553142) for 20 min. Either FITC
anti-mouse MHCI antibody (BD Biosciences, NJ, USA, cat#: 553565) or its corresponding FITC Mouse
Isotype control (BD Biosciences, NJ, USA, cat#: 553456) was added to cells and allowed to incubate for
1 h. The samples were fixed with 2% paraformaldehyde for 30 min at 4 ◦C, washed, and re-suspended in
1X PBS. Analysis was done using the BD FACs instrumentation and software version 7.0 (BD Biosciences,
NJ, USA).

2.9. Cytokine Array

TBOH and CBOH cell lines were screened simultaneously for 111 murine cytokines using the
Mouse XL Cytokine Array (R&D Biosystems, MN, USA, cat#: ARY028). Duplicate experiments
were performed according to the manufacturer’s instructions. Cytokine signals were quantified with
densitometry using Image J software.

2.10. Statistical Analyses

Data from at least 3 different independent experiments were collected and presented as
mean ± standard error of the mean (SEM). Statistical significance was evaluated using Student’s
t-test. p values of >0.05 were deemed significant.

3. Results

3.1. CTCs Obtained from Blood Express Tissue-Specific Markers

After the establishment of the novel cell lines (as shown in Figure 1), we confirmed tissue
specificity of the established CTC lines. To confirm that the CTCs obtained from the bloodstream
of the HCC syngeneic mouse models were of liver origin and not other cells potentially isolated
from the blood, we performed immunofluorescence staining for CREB3L3, a validated liver specific
marker [28,29]. As expected, the primary tumor cell lines TBOH1 and TBOH9 demonstrated strong
CREB3L3 expression as shown by the red pigmentation in cells in Figure 2A,C. Similarly, the CTCs
CBOH4 and CBOH9 also showed distinct CREB3L3 expression, confirming their liver origin, as well
as their derivation from TBOH1 and TBOH9, respectively. No signal was observed in the negative
controls in which cells were incubated with only the secondary antibody. Western blotting for CREB3L3
also revealed positive signals for both CBOH4 and CBOH9 as seen in Figure 2B,D.
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Figure 2. CTCs express tissue-specific markers and were obtained from mice that developed cancer
metastasis. (A,C) Immunofluorescence staining for CREB3L3, a liver-specific marker; and (B,D) western
blotting for CREB3L3. DAPI nuclear staining is shown in blue; CREB3L3 cytoplasmic staining is shown
in red. (E) H&E staining of tumor and lung tissues from implantation of HCC cell line into BALB/c
mice demonstrates evidence of cancer metastasis to lungs of cancer-bearing mice. (F) Western blotting
was carried out to demonstrate prostate cancer origin for both CRPC primary tumor-derived and CTC
lines. Experiments were carried out at least three times.

In addition to showing that the CTCs are hepatic-specific, we also performed H&E histological
staining on lung tissues obtained from the mice implanted with the HCC cell line. This was to confirm
the occurrence of HCC metastasis to the lungs, as shown in Figure 2E by the darker red pigmentation
in the lungs of the HCC-implanted mice in comparison to the lungs of the non-cancer bearing mice.

Similarly, to confirm that the cells obtained from the blood of the NSG mice implanted with CRPC
cells are of prostate origin, we performed western blotting for prostate specific antigen (PSA) and
the AR-V7 variant androgen receptor protein known to be expressed by 22Rv1. These are markers
characteristic of prostate cancer cells [23,30,31]. Both the primary tumor-derived cell line and the CTC
cell line derived from NSG mice implanted with the 22Rv1 CRPC cell line demonstrated distinct AR-V7
and PSA expression as shown in Figure 2F, confirming their origin from the prostate and the derivation
of C22OH from T22OH. Furthermore, the occurrence of metastasis was confirmed by visually finding
multiple macroscopic tumors in distant sites during necropsy of the mice.

Our results show that we were successfully able to isolate CTCs from the blood from the syngeneic
HCC and NSG CRPC mouse models. Functional assays were subsequently carried out to determine
differences between CTCs and their corresponding primary tumor-derived cells.

3.2. CTCs Have a Greater Migratory Capacity than Primary Tumor-Derived Cells

Cancer cell migration is required for cancer metastasis [32,33]. To assess the migratory capability
of both primary tumor-derived and CTC HCC cells, we performed wound healing migration assays.
The rate at which wounds closed determined the migratory capability of cells. As shown in Figure 3A,C,
we observed that CTCs (CBOH4 and CBOH9) were more migratory than their corresponding primary
tumor-derived cell lines (TBOH1 and TBOH9, respectively). CBOH4 displayed a 55% increase in
migration in comparison with its corresponding primary tumor-derived TBOH1 (Figure 3B), and CBOH9
demonstrated ~30% increased migration in comparison to TBOH9 (Figure 3D). The increased migratory
capacity of CTCs is statistically significant.
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Figure 3. CTCs have greater migratory capacity than cancer cells from primary tumors. (A,C) Wound
healing migration assays were performed on HCC cell lines. Cells were grown in 6-well plates.
When confluent, wounds were made and measured at 0 and 9 h intervals. Wound closure by
CTCs, but not by primary tumor-derived cell lines, was complete by 9 h. Images were taken at
10×magnification using Motic AE30 imaging software. (B,D) Migration (wound closure) was quantified;
N = 3. (E) Transwell migration assays were performed on CRPC primary tumor-derived cell lines
and CTC lines. Cells that migrated successfully through the pore membrane are represented by dark
spots. Images shown were taken at 20×magnification. (F) Migration was quantified. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

To analyze the migratory capability of CRPC cells, we performed transwell migration assays.
The number of cells passing through the chamber pores determined the migratory capability of cells.
As shown in Figure 3E,F, the C220H CTC cell line demonstrated a four-fold increase in migration in
comparison to the primary tumor-derived cell line T22OH.

3.3. CTCs Exhibit Epithelial to Mesenchymal Transition (EMT)

Having observed greater migration from CTCs in comparison to primary tumor-derived cells,
we wanted to determine whether CTCs were undergoing EMT. This is a phenomenon frequently
observed in cancer cells migrating and metastasizing [34–39]. Using western blotting, we examined
protein expression of fibronectin, a well-known marker of migratory and mesenchymal cells [40–44].
As observed in Figure 4A–C, CTCs had greater fibronectin protein expression in all three pairs of
cell lines. More specifically, CBOH4 showed a 4.81-fold increase in expression of fibronectin when
compared to TBOH1; CBOH9 exhibited a 3.95-fold increase in fibronectin expression when compared
with TBOH9, and C22OH had a 3.52-fold increase in fibronectin expression in comparison with
T22OH. Another marker examined to assess EMT was E-cadherin, a well-known cell adhesion protein
characteristic of epithelial cells [45,46]. E-cadherin expression was decreased 11.1-fold in CBOH4
in comparison to TBOH1; decreased 5.5-fold in CBOH9 in comparison with TBOH9, and decreased
2.1-fold in C22OH in comparison with T22OH.
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Figure 4. CTCs undergo epithelial-to-mesenchymal transition (EMT) as observed by increased
fibronectin, decreased E-cadherin, and increased SLUG expression. (A,B) Fibronectin and E-cadherin
protein expression by HCC primary tumor-derived cell lines and CTC lines. (C) Fibronectin and
E-cadherin protein expression by CRPC primary tumor-derived cell line and CTC line. (D) SLUG
expression was assessed using qPCR. Expression was normalized against GAPDH. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

EMT is also made possible by several transcription factors that initiate and maintain it [47].
One such transcription factor observed to be overexpressed in all three CTC cell lines was SLUG.
The mRNA expression of this EMT transcription factor was assessed using qPCR. As shown in
Figure 4D, CBOH4 exhibited a 4.6-fold increase in SLUG mRNA expression in comparison with TBOH1.
CBOH9 demonstrated an 11.1-fold increase in SLUG expression in comparison to the corresponding
primary tumor-derived cell line TBOH9. Finally, C22OH exhibited a 1.5-fold increase in SLUG mRNA
expression in comparison to the T22OH cell line. These findings demonstrate that EMT is occurring in
CTC lines and may be the reason they are more migratory than primary tumor-derived cell lines.

3.4. Fibronectin Expression Regulates Integrin B1 and SLUG Expression in CTCs

Both HCC and CRPC CTCs expressed significantly more fibronectin than primary tumor-derived
cells. We therefore investigated the molecular mechanisms of action of fibronectin in CTCs by
knocking down fibronectin expression in CTCs. CBOH4 and C22OH were transfected for 24 h
with either 25 pmol of fibronectin-specific siRNA or scramble siRNA. In comparison with primary
tumor-derived cells, CTCs had higher expression of integrin B1 as shown in Figure 5A,B. Integrins
are heterodimeric, transmembrane cell surface receptors that have been linked with metastasis and
tumor migration [48–50]. The integrin B1 subunit specifically has been frequently upregulated in
tumors [51,52]. Interestingly, knockdown of fibronectin in CTCs resulted in decreased integrin B1
expression (19.4% decrease in fibronectin expression in CBOH4 with knockdown of fibronectin;
and 20.3% decrease in C22OH with knockdown of fibronectin).

Like integrin B1, SLUG is also a molecule that has been associated with greater migratory capacity
by cancer cells [53–55]. To determine the effect of fibronectin knockdown on SLUG expression in CTCs,
we performed qPCR analysis. As shown in Figure 5C, CBOH4 transfected with fibronectin-specific
siRNA demonstrated a 40% decrease in SLUG expression in comparison with CBOH4 transfected with
scramble siRNA. Similarly, as shown in Figure 5D, C22OH transfected with the fibronectin-specific
siRNA demonstrated a 30% decrease in SLUG expression in comparison with C22OH transfected with
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scramble siRNA. Therefore, fibronectin has significant regulatory effects on integrin B1 and SLUG
expression in CTCs.

Figure 5. Fibronectin knockdown in CTCs caused decreased integrin B1 and SLUG expression.
(A,B) After a 24 h transfection of CBOH4 and C22OH with fibronectin-specific siRNAs, western blotting
was performed to determine the effects on integrin B1 expression. Western blotting revealed that
fibronectin knockdown in CTCs was successful. The effect of fibronectin knockdown on integrin B1
expression was compared in control untransfected cells, CTCs transfected with scramble siRNAs,
and CTCs transfected with fibronectin-specific siRNAs. Western blotting experiments were performed
three separate times. (C,D) Effect of Fibronectin knockdown on SLUG expression in CBOH4 and
C22OH CTCs was assessed by qPCR. Expression was normalized against GAPDH. Data provided on
graphs are presented as mean ± standard error of the mean (SEM); N = 3.

3.5. HCC CTCs have Decreased MHCI Cell Surface Expression

To investigate potential immunomodulatory properties of CTCs, we used the cell lines derived
from the syngeneic HCC mouse model. Using flow cytometry, we assayed for MHCI, a well-established
cell surface molecule involved in self-recognition and identification of harmful entities for destruction
by T-cells [56,57]. As shown in Figure 6A,B, we observed a 1.8-fold (45%) decrease in MHCI expression
in the CBOH4 CTC line in comparison to the primary-tumor derived TBOH1 cell line. Similarly,
as shown in Figure 6C,D, we observed a 1.5-fold (35%) decrease in MHCI expression in the CBOH9
CTC line in comparison to the TBOH9 primary tumor-derived cell line.
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Figure 6. Immunomodulatory mechanisms of CTCs derived from a syngeneic mouse model of HCC.
(A–D) Major histocompatibility complex class I (MHCI) expression was assessed using flow cytometry.
CTCs have decreased MHCI cell surface protein expression in comparison to primary tumor-derived
cell lines. Both isotype and MHCI antibodies were conjugated to fluorescein isothiocyanate (FITC).
Isotype measuring background is shown in red. MHCI signal is shown in green; N = 5. (E) Analysis of
111 different cytokines secreted into cell media reveals consistent and significantly decreased secretion
of endostatin, CXCL5, and proliferin in CTCs in comparison to primary tumor-derived cells; N = 2.
(F–H) Endostatin, CXCL5, and proliferin signals from cytokine array were quantified. Data are
presented as mean ± standard error of the mean (SEM).

3.6. HCC CTCs have Significantly Decreased Secretion of Endostatin, CXCL5, and Proliferin

Cytokines are secreted molecules that can activate signaling pathways and have effects on the
immune response [58–60]. To determine if there are differences in the cytokine secretion profile between
CTCs and primary tumor-derived cells, a cytokine array was used. Of the 111 cytokines assayed,
three were consistently and significantly lower in CTCs (see Figure 6E). Endostatin, an anti-angiogenic
molecule and inhibitor of tumor growth [61,62], was decreased 2.27-fold in CTCs in comparison to
primary tumor-derived cells (Figure 6F). CXCL5, a molecule that plays a role in attracting leukocytes
such as neutrophils [63,64], was also downregulated 2.38-fold in CTCs (Figure 6G). Finally, proliferin,
a molecule with reported roles in cell growth regulation and differentiation [65–67], was decreased
1.28-fold in CTCs (Figure 6H). Statistical analyses found all three molecules to be significantly decreased
with p values of <0.05.

3.7. CTCs, in Comparison to Primary Tumor-Derived Cells, Have Decreased Endostatin Expression

As a follow-up to the observation that CTCs secreted significantly reduced endostatin,
we investigated intracellular endostatin expression in both of our HCC and CRPC CTC models
using quantitative immunofluorescence. As shown in Figure 7A,B, CBOH4 had a 59% decrease in
endostatin expression in comparison to TBOH1, and as shown in Figure 7C,D, CBOH9 had a 48%
decrease in endostatin expression compared to TBOH9. Further, as shown in Figure 7E,F, C22OH had
a 40% decrease in the expression of endostatin in comparison to T22OH. Thus, we can conclude that
CTCs from both HCC and CRPC models examined expressed significantly less intracellular endostatin
than their corresponding primary tumor-derived cells.
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Figure 7. Decreased intracellular endostatin expression by CTCs. (A,C,E) Endostatin expression
in TBOH1 and CBOH4, TBOH9 and CBOH9, and T22OH and C22OH was determined using
immunofluorescence. (B,D,F) Mean fluorescence intensity was quantified using the NIS Elements
software. Data are presented as mean ± standard error of the mean (SEM).

4. Discussion

Metastasis is the most common cause of death among cancer patients. Molecular mechanisms of
cancer metastasis are not yet clear [1–3,33,68]. CTCs are an important step in the metastatic process.
Consequently, in this study, we have focused on elucidating the molecular mechanisms of CTCs.

However, CTCs are not always abundant and are usually challenging to obtain in the human
clinical setting [12–15]. To address these limitations, we have established an effective method for
isolating CTCs, establishing long-term cultures, and propagating them into cell lines that are useful
for studying CTC biology. The challenge involved in this task is underscored by the fact that only a
few other groups have had success in doing this [69–72]. So far, it has been easier to establish short
term CTC cultures, which when coupled with single-cell sequencing or short-term biochemical assays,
have resulted in very useful information [73–82]. Further, these techniques can be physically intensive
and expensive. Here, we have described an approach for propagating CTC cell lines and using them
for functional characterization, identification of novel molecular pathways important to metastasis,
as well as to gain insight into molecular receptors and secretions that might have immunomodulatory
functions in CTCs.

In this study, we have focused on the use of HCC and CRPC models because they both have
significant negative clinical outcomes. At present, there is no effective treatment for advanced
HCC [16–18,20]. Similarly, metastatic CRPC currently has no cure [21–24,83].

In the present study, we have successfully propagated three pairs of CTC lines and their
corresponding primary tumor-derived cell lines: two pairs of HCC origin and one pair of CRPC
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origin. Interestingly, all CTCs demonstrated significantly greater migratory capacity than their primary
tumor-derived counterparts. Furthermore, we investigated the role of EMT in CTCs. EMT is a
phenomenon that is frequently observed in cancer cells during cancer progression [34–36]. Accordingly,
we observed evidence of EMT in CTCs as demonstrated by downregulation of E-cadherin and
upregulation of fibronectin and SLUG expression. Therefore, our findings indicate that enhanced
migratory capacity and EMT are characteristic of CTCs.

Because we observed fibronectin to be overexpressed by CTCs, we were also interested in
identifying molecules regulated by fibronectin. Integrin receptors have long been associated with
tumor migration [49]. While fibronectin binding and activation of these receptors is established [84,85],
we report for the first time our observation that fibronectin has a regulatory role in the expression of
the integrin B1 subunit. Fibronectin knockdown in CTCs resulted in decreased expression of integrin
B1. Interestingly, another molecule significantly reduced by fibronectin knockdown in CTCs is SLUG.
SLUG is a known regulator of EMT, and we observed SLUG overexpression in CTCs in comparison
to primary tumor-derived cells. Upon fibronectin knockdown, SLUG expression was significantly
decreased in CTCs. Thus, fibronectin expression regulates integrin B1 and SLUG expression in CTCs.

In this study, we also investigated major histocompatibility complex class I (MHCI) expression and
secretion of cytokines by CTCs. The major histocompatibility complex class I (MHCI) is an important
cell surface molecule that enables T cells to distinguish between “self” vs. “non-self”. Upon recognition
of harmful entities presented by MHCI, T cells will attack these MHCI-presenting cells [56,57].
We observed significant reduction of MHCI expression in CTCs arising from the syngeneic HCC
mouse model. This has interesting implications on how CTCs may circumvent immunosurveillance.
Additionally, we sought to identify molecules differentially secreted by CTCs in comparison to primary
tumors. To this end, we assayed over 111 different cytokines using media secreted by cells. We found
three molecules to be significantly decreased by CTCs: endostatin, CXCL5, and proliferin. We report for
the first time that endostatin, CXCL5, and proliferin are significantly secreted less by CTCs than primary
tumor-derived cells. Further studies are imperative to clarify the implications of this differential
secretion profile of CTCs to cancer metastasis.

Endostatin is known for its anti-angiogenic properties [61,62,86]. The fact that CTCs express less
endostatin is intriguing and suggests that CTCs have acquired enhanced angiogenicity, which bodes
well for the colonization of secondary sites. Moreover, it is conceivable that decreased endostatin
secretion by CTCs may enhance their metastatic capability in other important ways [87–89]. CXCL5 is
a chemokine that recruits and activates neutrophils. While some studies associate higher CXCL5
expression with a worse cancer prognosis [63,64,90,91], several reports indicate that a lower CXCL5
expression can also promote metastatic spread [91–94]. Proliferin is a placental growth hormone that
has been observed to be pro-angiogenic [65–67]. The implications of our current finding that CTCs
secrete reduced amounts of proliferin than primary tumor-derived cells are currently unclear and
deserve further study. It is noteworthy, though, that previous studies have found that as tumors grow
in volume, intra-tumoral cells become hypoxic due to lack of oxygen within the tumor mass. This,
in turn, stimulates the production of pro-angiogenic factors, enabling new blood vessel formation
inside the tumor to deliver oxygen [95]. This process may not be necessary for CTCs, and this may
explain the reduced secretion of proliferin by CTCs observed.

Interestingly, endostatin expression was found to be downregulated in all our CTCs regardless of
tissue of origin. This was even more compelling since fibronectin, which was upregulated in our CTCs,
has been previously reported to bind to the same integrin α5β1 receptor as does endostatin [85,96–100].
It is plausible that there could be a potential autocrine, competitive binding occurring between
fibronectin and endostatin to the integrin α5β1 receptor with resulting implications in a cancer cell’s
ability to migrate. Further studies are necessary to confirm or refute this.

It is important to also note that while our work highlights a novel methodology and the creation
of new cell lines to uncover possible mechanisms of cancer cell action, our cell lines were obtained
from murine models. Others have previously isolated CTCs from human patients using microfluidic
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devices to assess molecular phenotype and drug sensitivity [9,69–72]. We propose our methodology to
contribute to the field by adding yet another way in which we can harness the information gained from
studying CTCs. In doing so, we may refute or support novel ideas such as CTCs being hybrids between
leukocytes and cancer cells [101,102]. Whether this explains the reason our CTCs demonstrate enhanced
migration and higher levels of integrin B1, which was previously reported in leukocytes [103,104],
remains to be proven.

In summary, we have described the establishment of novel primary tumor-derived cell lines and
CTC lines from the same mouse models and have used them to elucidate novel molecular mechanisms
of CTCs. This work has demonstrated that EMT, enhanced migration, and decreased endostatin,
CXCL5, and proliferin secretion are consistently seen in CTCs. Additionally, we report a novel role
for fibronectin in regulating integrin B1 subunit receptor expression in CTCs, and while fibronectin’s
ability to regulate SLUG activity in renal cell carcinoma cells to promote lung metastasis has been
reported [105], we report for the first time an observation of this molecular phenomenon in CTCs
of HCC and CRPC origin. Our findings suggest that fibronectin’s regulation of SLUG in CTCs may
contribute to their role in cancer metastasis. Taken together, our findings demonstrate that CTCs have
unique and important molecular mechanisms with implications for cancer metastasis.

5. Conclusions

In conclusion, we have demonstrated the successful establishment of novel primary tumor-derived
cell lines and CTC lines from a syngeneic HCC mouse model and a human xenograft CRPC mouse
model. The CTCs in these models demonstrate enhanced migration and EMT when compared to
primary tumor-derived cells. Here, we report our novel finding of fibronectin’s regulation of integrin
B1 and SLUG expression in CTCs. This may be a mechanism by which CTCs ensure greater migration
and metastasis. Further, we report our observation of decreased MHCI expression and decreased
secretion of endostatin, CXCL5, and proliferin by CTCs in comparison to primary tumor-derived cells.
These molecular mechanisms of CTCs likely have important implications for cancer metastasis.

Author Contributions: Conceptualization, O.O.; analysis, J.H., M.N., and O.O.; resources, O.O. and X.Z.; funding
acquisition, O.O.; methodology, J.H. and O.O; supervision, O.O.; writing—original draft preparation, J.H.;
writing—review and editing, O.O.

Funding: Jeannette Huaman was supported by the Research Initiative for Scientific Enhancement (RISE) program
at Hunter College, funded by NIH grant GM060665. Dr. Olorunseun Ogunwobi was supported by National
Cancer Institute grant number U54CA221704.

Acknowledgments: We would like to thank Kim Ohaegbulam for assistance in facilitating work done using the
core facilities at Albert Einstein School of Medicine.

Conflicts of Interest: Olorunseun Ogunwobi is Co-Founder of NucleoBio, Inc, a City University of New York
start-up biotechnology company. Other authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References

1. Lee, W.C.; Kopetz, S.; Wistuba, I.I.; Zhang, J. Metastasis of cancer: When and how? Ann. Oncol. 2017, 28,
2045–2047. [CrossRef]

2. Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559–1564. [CrossRef]
[PubMed]

3. Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679–695. [CrossRef]
[PubMed]

4. Van de Stolpe, A.; Pantel, K.; Sleijfer, S.; Terstappen, L.W.; Den Toonder, J.M. Circulating tumor cell isolation
and diagnostics: Toward routine clinical use. Cancer Res. 2011, 71, 5955–5960. [CrossRef]

5. Gallerani, G.; Fici, P.; Fabbri, F. Circulating Tumor Cells: Back to the Future. Front. Oncol. 2016, 6, 275.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/annonc/mdx327
http://dx.doi.org/10.1126/science.1203543
http://www.ncbi.nlm.nih.gov/pubmed/21436443
http://dx.doi.org/10.1016/j.cell.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17110329
http://dx.doi.org/10.1158/0008-5472.CAN-11-1254
http://dx.doi.org/10.3389/fonc.2016.00275
http://www.ncbi.nlm.nih.gov/pubmed/28123996


Cells 2019, 8, 618 14 of 18

6. Haber, D.A.; Velculescu, V.E. Blood-based analyses of cancer: Circulating tumor cells and circulating tumor
DNA. Cancer Discov. 2014, 4, 650–661. [CrossRef] [PubMed]

7. Pantel, K.; Brakenhoff, R.H.; Brandt, B. Detection, clinical relevance and specific biological properties of
disseminating tumour cells. Nat. Rev. Cancer 2008, 8, 329–340. [CrossRef]

8. Bailey, P.M.; Martin, S.S. Insights on CTC Biology and Clinical Impact Emerging from Advances in Capture
Technology. Cells 2019, 8, 553. [CrossRef]

9. George, T.J., Jr.; Ogunwobi, O.O.; Sheng, W.; Fan, Z.H.; Liu, C. “Tissue is the issue”: Circulating tumor cells
in pancreatic cancer. J. Gastrointest. Cancer 2014, 45, 222–225. [CrossRef]

10. Micalizzi, D.S.; Maheswaran, S.; Haber, D.A. A conduit to metastasis: Circulating tumor cell biology.
Genes Dev. 2017, 31, 1827–1840. [CrossRef]

11. Alix-Panabieres, C.; Pantel, K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 2014, 14,
623–631. [CrossRef] [PubMed]

12. Alvarez Cubero, M.J.; Lorente, J.A.; Robles-Fernandez, I.; Rodriguez-Martinez, A.; Puche, J.L.; Serrano, M.J.
Circulating Tumor Cells: Markers and Methodologies for Enrichment and Detection. Methods Mol. Biol.
2017, 1634, 283–303. [PubMed]

13. Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; Doyle, G.V.;
Allard, W.J.; Terstappen, L.W.; et al. Circulating tumor cells, disease progression, and survival in metastatic
breast cancer. N. Engl. J. Med. 2004, 351, 781–791. [CrossRef] [PubMed]

14. Miller, M.C.; Doyle, G.V.; Terstappen, L.W. Significance of Circulating Tumor Cells Detected by the CellSearch
System in Patients with Metastatic Breast Colorectal and Prostate Cancer. J. Oncol. 2010, 2010, 617421.
[CrossRef] [PubMed]

15. Zieglschmid, V.; Hollmann, C.; Bocher, O. Detection of disseminated tumor cells in peripheral blood. Crit.
Rev. Clin. Lab. Sci. 2005, 42, 155–196. [CrossRef] [PubMed]

16. American Cancer Society. Cancer Facts and Figures 2018. Available online: https://www.cancer.org/content/
dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2018/cancer-facts-and-
figures-2018.pdf (accessed on 19 June 2019).

17. Llovet, J.M.; Zucman-Rossi, J.; Pikarsky, E.; Sangro, B.; Schwartz, M.; Sherman, M.; Gores, G. Hepatocellular
carcinoma. Nat. Rev. Dis. Primers 2016, 2, 16018. [CrossRef]

18. Llovet, J.M.; Montal, R.; Sia, D.; Finn, R.S. Molecular therapies and precision medicine for hepatocellular
carcinoma. Nat. Rev. Clin. Oncol. 2018, 15, 599–616. [CrossRef]

19. Ogunwobi, O.H.; Harricharran, T.; Huaman, J.; Galuza, A.; Odumuwagun, O.; Tan, Y.; Ma, G.X.; Nguyen, M.T.
Mechanisms of hepatocellular carcinoma progression. World J. Gastroenterol. 2019, 25, 2279–2293. [CrossRef]

20. Keating, G.M. Sorafenib: A Review in Hepatocellular Carcinoma. Target Oncol. 2017, 12, 243–253. [CrossRef]
21. Kirby, M.; Hirst, C.; Crawford, E.D. Characterising the castration-resistant prostate cancer population:

A systematic review. Int. J. Clin. Pract. 2011, 65, 1180–1192. [CrossRef]
22. Suzman, D.L.; Antonarakis, E.S. Castration-resistant prostate cancer: Latest evidence and therapeutic

implications. Ther. Adv. Med. Oncol. 2014, 6, 167–179. [CrossRef] [PubMed]
23. Pentyala, S.; Whyard, T.; Pentyala, S.; Muller, J.; Pfail, J.; Parmar, S.; Helguero, C.G.; Khan, S. Prostate cancer

markers: An update. Biomed. Rep. 2016, 4, 263–268. [CrossRef] [PubMed]
24. Litwin, M.S.; Tan, H.J. The Diagnosis and Treatment of Prostate Cancer: A Review. JAMA 2017, 317,

2532–2542. [CrossRef] [PubMed]
25. Hong, J.H.; Kim, I.Y. Nonmetastatic castration-resistant prostate cancer. Korean J. Urol. 2014, 55, 153–160.

[CrossRef] [PubMed]
26. Das, D.K.; Naidoo, M.K.; Ilboudo, A.; DuBois, P.; Durojaiye, V.; Liu, C.; Ogunwobi, O.O. Isolation and

Propagation of Circulating Tumor Cells from a Mouse Cancer Model. J. Vis. Exp. 2015. [CrossRef] [PubMed]
27. Ogunwobi, O.O.; Puszyk, W.; Dong, H.J.; Liu, C. Epigenetic upregulation of HGF and c-Met drives metastasis

in hepatocellular carcinoma. PLoS ONE 2013, 8, e63765. [CrossRef] [PubMed]
28. Omori, Y.; Imai, J.; Watanabe, M.; Komatsu, T.; Suzuki, Y.; Kataoka, K.; Watanabe, S.; Tanigami, A.; Sugano, S.

CREB-H: A novel mammalian transcription factor belonging to the CREB/ATF family and functioning via
the box-B element with a liver-specific expression. Nucleic Acids Res. 2001, 29, 2154–2162. [CrossRef]

29. Barbosa, S.; Fasanella, G.; Carreira, S.; Llarena, M.; Fox, R.; Barreca, C.; Andrew, D.; O’Hare, P. An orchestrated
program regulating secretory pathway genes and cargos by the transmembrane transcription factor CREB-H.
Traffic 2013, 14, 382–398. [CrossRef]

http://dx.doi.org/10.1158/2159-8290.CD-13-1014
http://www.ncbi.nlm.nih.gov/pubmed/24801577
http://dx.doi.org/10.1038/nrc2375
http://dx.doi.org/10.3390/cells8060553
http://dx.doi.org/10.1007/s12029-014-9638-3
http://dx.doi.org/10.1101/gad.305805.117
http://dx.doi.org/10.1038/nrc3820
http://www.ncbi.nlm.nih.gov/pubmed/25154812
http://www.ncbi.nlm.nih.gov/pubmed/28819860
http://dx.doi.org/10.1056/NEJMoa040766
http://www.ncbi.nlm.nih.gov/pubmed/15317891
http://dx.doi.org/10.1155/2010/617421
http://www.ncbi.nlm.nih.gov/pubmed/20016752
http://dx.doi.org/10.1080/10408360590913696
http://www.ncbi.nlm.nih.gov/pubmed/15941083
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2018/cancer-facts-and-figures-2018.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2018/cancer-facts-and-figures-2018.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2018/cancer-facts-and-figures-2018.pdf
http://dx.doi.org/10.1038/nrdp.2016.18
http://dx.doi.org/10.1038/s41571-018-0073-4
http://dx.doi.org/10.3748/wjg.v25.i19.2279
http://dx.doi.org/10.1007/s11523-017-0484-7
http://dx.doi.org/10.1111/j.1742-1241.2011.02799.x
http://dx.doi.org/10.1177/1758834014529176
http://www.ncbi.nlm.nih.gov/pubmed/25057303
http://dx.doi.org/10.3892/br.2016.586
http://www.ncbi.nlm.nih.gov/pubmed/26998261
http://dx.doi.org/10.1001/jama.2017.7248
http://www.ncbi.nlm.nih.gov/pubmed/28655021
http://dx.doi.org/10.4111/kju.2014.55.3.153
http://www.ncbi.nlm.nih.gov/pubmed/24648868
http://dx.doi.org/10.3791/52861
http://www.ncbi.nlm.nih.gov/pubmed/26484891
http://dx.doi.org/10.1371/journal.pone.0063765
http://www.ncbi.nlm.nih.gov/pubmed/23723997
http://dx.doi.org/10.1093/nar/29.10.2154
http://dx.doi.org/10.1111/tra.12038


Cells 2019, 8, 618 15 of 18

30. Viswanathan, S.R.; Ha, G.; Hoff, A.M.; Wala, J.A.; Carrot-Zhang, J.; Whelan, C.W.; Haradhvala, N.J.;
Freeman, S.S.; Reed, S.C.; Rhoades, J.; et al. Structural Alterations Driving Castration-Resistant Prostate
Cancer Revealed by Linked-Read Genome Sequencing. Cell 2018, 174, 433–447. [CrossRef]

31. Wadosky, K.M.; Koochekpour, S. Androgen receptor splice variants and prostate cancer: From bench to
bedside. Oncotarget 2017, 8, 18550–18576. [CrossRef]

32. Yilmaz, M.; Christofori, G. Mechanisms of motility in metastasizing cells. Mol. Cancer Res. 2010, 8, 629–642.
[CrossRef] [PubMed]

33. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging biological principles of metastasis. Cell 2017,
168, 670–691. [CrossRef] [PubMed]

34. Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128–134.
[CrossRef] [PubMed]

35. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Invest. 2009, 119,
1420–1428. [CrossRef] [PubMed]

36. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell Biol. 2014, 15, 178–196. [CrossRef]

37. Tiwari, N.; Gheldof, A.; Tatari, M.; Christofori, G. EMT as the ultimate survival mechanism of cancer cells.
Semin. Cancer Biol. 2012, 22, 194–207. [CrossRef] [PubMed]

38. Ye, X.; Weinberg, R.A. Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression. Trends
Cell Biol. 2015, 25, 675–686. [CrossRef]

39. Alix-Panabieres, C.; Mader, S.; Pantel, K. Epithelial-mesenchymal plasticity in circulating tumor cells. J. Mol.
Med. 2017, 95, 133–142. [CrossRef]

40. Meng, X.N.; Jin, Y.; Yu, Y.; Bai, J.; Liu, G.Y.; Zhu, J.; Zhao, Y.Z.; Wang, Z.; Chen, F.; Lee, K.Y.; et al.
Characterisation of fibronectin-mediated FAK signalling pathways in lung cancer cell migration and invasion.
Br. J. Cancer 2009, 101, 327–334. [CrossRef]

41. Park, J.; Schwarzbauer, J.E. Mammary epithelial cell interactions with fibronectin stimulate epithelial-
mesenchymal transition. Oncogene 2014, 33, 1649–1657. [CrossRef]

42. Yousif, N.G. Fibronectin promotes migration and invasion of ovarian cancer cells through up-regulation of
FAK-PI3K/Akt pathway. Cell. Biol. Int. 2014, 38, 85–91. [CrossRef] [PubMed]

43. Ramos Gde, O.; Bernardi, L.; Lauxen, I.; Sant’Ana Filho, M.; Horwitz, A.R.; Lamers, M.L. Fibronectin
Modulates Cell Adhesion and Signaling to Promote Single Cell Migration of Highly Invasive Oral Squamous
Cell Carcinoma. PLoS ONE 2016, 11, e0151338. [CrossRef] [PubMed]

44. Wang, J.P.; Hielscher, A. Fibronectin: How its Aberrant Expression in Tumors may Improve Therapeutic
Targeting. J. Cancer 2017, 8, 674–682. [CrossRef] [PubMed]

45. Jeanes, A.; Gottardi, C.J.; Yap, A.S. Cadherins and cancer: How does cadherin dysfunction promote tumor
progression? Oncogene 2008, 27, 6920–6929. [CrossRef] [PubMed]

46. Wong, S.H.M.; Fang, C.M.; Chuah, L.H.; Leong, C.O.; Ngai, S.C. E-cadherin: Its dysregulation in carcinogenesis
and clinical implications. Crit. Rev. Oncol. Hematol. 2018, 121, 11–22. [CrossRef] [PubMed]

47. Puisieux, A.; Brabletz, T.; Caramel, J. Oncogenic roles of EMT-inducing transcription factors. Nat. Cell. Biol.
2014, 16, 488–494. [CrossRef]

48. Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities.
Nat. Rev. Cancer 2010, 10, 9–22. [CrossRef]

49. Hamidi, H.; Ivaska, J. Every step of the way: Integrins in cancer progression and metastasis. Nat. Rev. Cancer
2018, 18, 533–548. [CrossRef]

50. Seguin, L.; Desgrosellier, J.S.; Weis, S.M.; Cheresh, D.A. Integrins and cancer: Regulators of cancer stemness,
metastasis, and drug resistance. Trends Cell Biol. 2015, 25, 234–240. [CrossRef]

51. Blandin, A.F.; Renner, G.; Lehmann, M.; Lelong-Rebel, I.; Martin, S.; Dontenwill, M. beta1 Integrins as
Therapeutic Targets to Disrupt Hallmarks of Cancer. Front. Pharmacol. 2015, 6, 279. [CrossRef]

52. Howe, G.A.; Addison, C.L. beta1 integrin: An emerging player in the modulation of tumorigenesis and
response to therapy. Cell Adh. Migr. 2012, 6, 71–77. [CrossRef] [PubMed]

53. Gu, A.; Jie, Y.; Yao, Q.; Zhang, Y.; Mingyan, E. Slug is associated with tumor metastasis and angiogenesis in
ovarian cancer. Reprod. Sci. 2017, 24, 291–299. [CrossRef] [PubMed]

54. Uygur, B.; Wu, W.S. SLUG promotes prostate cancer cell migration and invasion via CXCR4/CXCL12 axis.
Mol. Cancer 2011, 10, 139. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2018.05.036
http://dx.doi.org/10.18632/oncotarget.14537
http://dx.doi.org/10.1158/1541-7786.MCR-10-0139
http://www.ncbi.nlm.nih.gov/pubmed/20460404
http://dx.doi.org/10.1016/j.cell.2016.11.037
http://www.ncbi.nlm.nih.gov/pubmed/28187288
http://dx.doi.org/10.1038/nrc.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29326430
http://dx.doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
http://dx.doi.org/10.1038/nrm3758
http://dx.doi.org/10.1016/j.semcancer.2012.02.013
http://www.ncbi.nlm.nih.gov/pubmed/22406545
http://dx.doi.org/10.1016/j.tcb.2015.07.012
http://dx.doi.org/10.1007/s00109-016-1500-6
http://dx.doi.org/10.1038/sj.bjc.6605154
http://dx.doi.org/10.1038/onc.2013.118
http://dx.doi.org/10.1002/cbin.10184
http://www.ncbi.nlm.nih.gov/pubmed/24115647
http://dx.doi.org/10.1371/journal.pone.0151338
http://www.ncbi.nlm.nih.gov/pubmed/26978651
http://dx.doi.org/10.7150/jca.16901
http://www.ncbi.nlm.nih.gov/pubmed/28367247
http://dx.doi.org/10.1038/onc.2008.343
http://www.ncbi.nlm.nih.gov/pubmed/19029934
http://dx.doi.org/10.1016/j.critrevonc.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29279096
http://dx.doi.org/10.1038/ncb2976
http://dx.doi.org/10.1038/nrc2748
http://dx.doi.org/10.1038/s41568-018-0038-z
http://dx.doi.org/10.1016/j.tcb.2014.12.006
http://dx.doi.org/10.3389/fphar.2015.00279
http://dx.doi.org/10.4161/cam.20077
http://www.ncbi.nlm.nih.gov/pubmed/22568952
http://dx.doi.org/10.1177/1933719116654989
http://www.ncbi.nlm.nih.gov/pubmed/27368877
http://dx.doi.org/10.1186/1476-4598-10-139
http://www.ncbi.nlm.nih.gov/pubmed/22074556


Cells 2019, 8, 618 16 of 18

55. Yu, M.; Chen, Y.; Li, X.; Yang, R.; Zhang, L.; Huangfu, L.; Zheng, N.; Zhao, X.; Lv, L.; Hong, Y.; et al.
YAP1 contributes to NSCLC invasion and migration by promoting Slug transcription via the transcription
co-factor TEAD. Cell Death Dis. 2018, 9, 464. [CrossRef] [PubMed]

56. Bubenik, J. MHC class I down-regulation: Tumour escape from immune surveillance? (review). Int. J. Oncol.
2004, 25, 487–491. [CrossRef] [PubMed]

57. Shastri, N.; Nagarajan, N.; Lind, K.C.; Kanaseki, T. Monitoring peptide processing for MHC class I molecules
in the endoplasmic reticulum. Curr. Opin. Immunol. 2014, 26, 123–127. [CrossRef]

58. Jang, M.H.; Seoh, J.Y.; Miyasaka, M. Cytokines, chemokines, and their receptors: Targets for immunomodulation.
Conference report: International Cytokine Society Conference 2005. J. Leukoc. Biol. 2006, 80, 217–219. [CrossRef]

59. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell
signalling and inflammatory disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef]

60. Lee, M.; Rhee, I. Cytokine Signaling in Tumor Progression. Immune Netw. 2017, 17, 214–227. [CrossRef]
61. Cao, Y.; Langer, R. A review of Judah Folkman’s remarkable achievements in biomedicine. Proc. Natl. Acad.

Sci. USA 2008, 105, 13203–13205. [CrossRef]
62. Dhanabal, M.; Ramchandran, R.; Volk, R.; Stillman, I.E.; Lombardo, M.; Iruela-Arispe, M.L.; Simons, M.;

Sukhatme, V.P. Endostatin: Yeast production, mutants, and antitumor effect in renal cell carcinoma. Cancer Res.
1999, 59, 189–197. [PubMed]

63. Walz, A.; Burgener, R.; Car, B.; Baggiolini, M.; Kunkel, S.L.; Strieter, R.M. Structure and neutrophil-activating
properties of a novel inflammatory peptide (ENA-78) with homology to interleukin 8. J. Exp. Med. 1991, 174,
1355–1362. [CrossRef] [PubMed]

64. Xia, J.; Xu, X.; Huang, P.; He, M.; Wang, X. The potential of CXCL5 as a target for liver cancer - what do we
know so far? Expert Opin. Ther. Targets 2015, 19, 141–146. [CrossRef] [PubMed]

65. Linzer, D.I.; Lee, S.J.; Ogren, L.; Talamantes, F.; Nathans, D. Identification of proliferin mRNA and protein in
mouse placenta. Proc. Natl. Acad. Sci. USA 1985, 82, 4356–4359. [CrossRef] [PubMed]

66. Jackson, D.; Volpert, O.V.; Bouck, N.; Linzer, D.I. Stimulation and inhibition of angiogenesis by placental
proliferin and proliferin-related protein. Science 1994, 266, 1581–1584. [CrossRef] [PubMed]

67. Toft, D.J.; Rosenberg, S.B.; Bergers, G.; Volpert, O.; Linzer, D.I. Reactivation of proliferin gene expression is
associated with increased angiogenesis in a cell culture model of fibrosarcoma tumor progression. Proc. Natl.
Acad. Sci. USA 2001, 98, 13055–13059. [CrossRef] [PubMed]

68. Tabassum, D.P.; Polyak, K. Tumorigenesis: It takes a village. Nat. Rev. Cancer 2015, 15, 473–483. [CrossRef]
[PubMed]

69. Cayrefourcq, L.; Mazard, T.; Joosse, S.; Solassol, J.; Ramos, J.; Assenat, E.; Schumacher, U.; Costes, V.;
Maudelonde, T.; Pantel, K.; et al. Establishment and characterization of a cell line from human circulating
colon cancer cells. Cancer Res. 2015, 75, 892–901. [CrossRef]

70. Gao, D.; Vela, I.; Sboner, A.; Iaquinta, P.J.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, J.N.;
Undvall, E.A.; Arora, V.K.; et al. Organoid cultures derived from patients with advanced prostate cancer.
Cell 2014, 159, 176–187. [CrossRef]

71. Hamilton, G.; Burghuber, O.; Zeillinger, R. Circulating tumor cells in small cell lung cancer: Ex vivo expansion.
Lung 2015, 193, 451–452. [CrossRef]

72. Yu, M.; Bardia, A.; Aceto, N.; Bersani, F.; Madden, M.W.; Donaldson, M.C.; Desai, R.; Zhu, H.; Comaills, V.;
Zheng, Z.; et al. Cancer therapy. Ex vivo culture of circulating breast tumor cells for individualized testing
of drug susceptibility. Science 2014, 345, 216–220. [CrossRef] [PubMed]

73. Bobek, V.; Kacprzak, G.; Rzechonek, A.; Kolostova, K. Detection and cultivation of circulating tumor cells in
malignant pleural mesothelioma. Anticancer Res. 2014, 34, 2565–2569. [PubMed]

74. Bobek, V.; Matkowski, R.; Gurlich, R.; Grabowski, K.; Szelachowska, J.; Lischke, R.; Schutzner, J.; Harustiak, T.;
Pazdro, A.; Rzechonek, A.; et al. Cultivation of circulating tumor cells in esophageal cancer. Folia Histochem.
Cytobiol. 2014, 52, 171–177. [CrossRef] [PubMed]

75. Cegan, M.; Kolostova, K.; Matkowski, R.; Broul, M.; Schraml, J.; Fiutowski, M.; Bobek, V. In vitro culturing
of viable circulating tumor cells of urinary bladder cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 7164–7171.
[PubMed]

76. Kang, J.H.; Krause, S.; Tobin, H.; Mammoto, A.; Kanapathipillai, M.; Ingber, D.E. A combined micromagnetic-
microfluidic device for rapid capture and culture of rare circulating tumor cells. Lab Chip 2012, 12, 2175–2181.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41419-018-0515-z
http://www.ncbi.nlm.nih.gov/pubmed/29700328
http://dx.doi.org/10.3892/ijo.25.2.487
http://www.ncbi.nlm.nih.gov/pubmed/15254748
http://dx.doi.org/10.1016/j.coi.2013.11.006
http://dx.doi.org/10.1189/jlb.1105671
http://dx.doi.org/10.1016/j.bbamcr.2014.05.014
http://dx.doi.org/10.4110/in.2017.17.4.214
http://dx.doi.org/10.1073/pnas.0806582105
http://www.ncbi.nlm.nih.gov/pubmed/9892206
http://dx.doi.org/10.1084/jem.174.6.1355
http://www.ncbi.nlm.nih.gov/pubmed/1744577
http://dx.doi.org/10.1517/14728222.2014.993317
http://www.ncbi.nlm.nih.gov/pubmed/25495348
http://dx.doi.org/10.1073/pnas.82.13.4356
http://www.ncbi.nlm.nih.gov/pubmed/3859868
http://dx.doi.org/10.1126/science.7527157
http://www.ncbi.nlm.nih.gov/pubmed/7527157
http://dx.doi.org/10.1073/pnas.231364798
http://www.ncbi.nlm.nih.gov/pubmed/11606769
http://dx.doi.org/10.1038/nrc3971
http://www.ncbi.nlm.nih.gov/pubmed/26156638
http://dx.doi.org/10.1158/0008-5472.CAN-14-2613
http://dx.doi.org/10.1016/j.cell.2014.08.016
http://dx.doi.org/10.1007/s00408-015-9725-7
http://dx.doi.org/10.1126/science.1253533
http://www.ncbi.nlm.nih.gov/pubmed/25013076
http://www.ncbi.nlm.nih.gov/pubmed/24778078
http://dx.doi.org/10.5603/FHC.2014.0020
http://www.ncbi.nlm.nih.gov/pubmed/25308732
http://www.ncbi.nlm.nih.gov/pubmed/25400813
http://dx.doi.org/10.1039/c2lc40072c
http://www.ncbi.nlm.nih.gov/pubmed/22453808


Cells 2019, 8, 618 17 of 18

77. Kolostova, K.; Matkowski, R.; Gurlich, R.; Grabowski, K.; Soter, K.; Lischke, R.; Schutzner, J.; Bobek, V.
Detection and cultivation of circulating tumor cells in gastric cancer. Cytotechnology 2016, 68, 1095–1102.
[CrossRef]

78. Kolostova, K.; Zhang, Y.; Hoffman, R.M.; Bobek, V. In vitro culture and characterization of human lung
cancer circulating tumor cells isolated by size exclusion from an orthotopic nude-mouse model expressing
fluorescent protein. J. Fluoresc. 2014, 24, 1531–1536. [CrossRef]

79. Kulasinghe, A.; Perry, C.; Warkiani, M.E.; Blick, T.; Davies, A.; O’Byrne, K.; Thompson, E.W.; Nelson, C.C.;
Vela, I.; Punyadeera, C. Short term ex-vivo expansion of circulating head and neck tumour cells. Oncotarget
2016, 7, 60101–60109. [CrossRef]

80. Ting, D.T.; Wittner, B.S.; Ligorio, M.; Vincent Jordan, N.; Shah, A.M.; Miyamoto, D.T.; Aceto, N.; Bersani, F.;
Brannigan, B.W.; Xega, K.; et al. Single-cell RNA sequencing identifies extracellular matrix gene expression
by pancreatic circulating tumor cells. Cell Rep. 2014, 8, 1905–1918. [CrossRef]

81. Zhang, Z.; Shiratsuchi, H.; Lin, J.; Chen, G.; Reddy, R.M.; Azizi, E.; Fouladdel, S.; Chang, A.C.; Lin, L.;
Jiang, H.; et al. Expansion of CTCs from early stage lung cancer patients using a microfluidic co-culture
model. Oncotarget 2014, 5, 12383–12397. [CrossRef]

82. Zhang, Z.; Shiratsuchi, H.; Palanisamy, N.; Nagrath, S.; Ramnath, N. Expanded Circulating Tumor Cells from
a Patient with ALK-Positive Lung Cancer Present with EML4-ALK Rearrangement Along with Resistance
Mutation and Enable Drug Sensitivity Testing: A Case Study. J. Thorac. Oncol. 2017, 12, 397–402. [CrossRef]
[PubMed]

83. Nuhn, P.; De Bono, J.S.; Fizazi, K.; Freedland, S.J.; Grilli, M.; Kantoff, P.W.; Sonpavde, G.; Sternberg, C.N.;
Yegnasubramanian, S.; Antonarakis, E.S. Update on Systemic Prostate Cancer Therapies: Management of
Metastatic Castration-resistant Prostate Cancer in the Era of Precision Oncology. Eur. Urol. 2019, 75, 88–99.
[CrossRef] [PubMed]

84. Wang, L.; Pan, D.; Yan, Q.; Song, Y. Activation mechanisms of alphaVbeta3 integrin by binding to fibronectin:
A computational study. Protein Sci. 2017, 26, 1124–1137. [CrossRef] [PubMed]

85. Schaffner, F.; Ray, A.M.; Dontenwill, M. Integrin alpha5beta1, the Fibronectin Receptor, as a Pertinent
Therapeutic Target in Solid Tumors. Cancers 2013, 5, 27–47. [CrossRef]

86. Folkman, J. Antiangiogenesis in cancer therapy—Endostatin and its mechanisms of action. Exp. Cell Res.
2006, 312, 594–607. [CrossRef]

87. Wang, S.; Lu, X.-A.; Liu, P.; Fu, Y.; Jia, L.; Zhan, S.; Luo, Y. Endostatin Has ATPase Activity, Which Mediates
Its Antiangiogenic and Antitumor Activities. Mol. Cancer Ther. 2015, 14, 1192. [CrossRef]

88. Sato, Y. Endostatin as a Biomarker of Basement Membrane Degradation. J. Atheroscler. Thromb. 2017, 24,
1014–1015. [CrossRef]

89. Walia, A.; Yang, J.F.; Huang, Y.-H.; Rosenblatt, M.I.; Chang, J.-H.; Azar, D.T. Endostatin’s Emerging Roles in
Angiogenesis, Lymphangiogenesis, Disease, and Clinical Applications. Biochim. Biophys. Acta 2015, 1850,
2422–2438. [CrossRef]

90. Ocana, A.; Nieto-Jimenez, C.; Pandiella, A.; Templeton, A.J. Neutrophils in cancer: Prognostic role and
therapeutic strategies. Mol. Cancer 2017, 16, 137. [CrossRef]

91. Coffelt, S.B.; Wellenstein, M.D.; De Visser, K.E. Neutrophils in cancer: Neutral no more. Nat. Rev. Cancer
2016, 16, 431–446. [CrossRef]

92. Granot, Z.; Henke, E.; Comen, E.A.; King, T.A.; Norton, L.; Benezra, R. Tumor entrained neutrophils inhibit
seeding in the premetastatic lung. Cancer Cell 2011, 20, 300–314. [CrossRef] [PubMed]

93. Speetjens, F.M.; Kuppen, P.J.; Sandel, M.H.; Menon, A.G.; Burg, D.; Van de Velde, C.J.; Tollenaar, R.A.;
De Bont, H.J.; Nagelkerke, J.F. Disrupted expression of CXCL5 in colorectal cancer is associated with rapid
tumor formation in rats and poor prognosis in patients. Clin. Cancer Res. 2008, 14, 2276–2284. [CrossRef]
[PubMed]

94. Blaisdell, A.; Crequer, A.; Columbus, D.; Daikoku, T.; Mittal, K.; Dey, S.K.; Erlebacher, A. Neutrophils Oppose
Uterine Epithelial Carcinogenesis via Debridement of Hypoxic Tumor Cells. Cancer Cell 2015, 28, 785–799.
[CrossRef] [PubMed]

95. Liao, D.; Johnson, R.S. Hypoxia: A key regulator of angiogenesis in cancer. Cancer Metastasis Rev. 2007, 26,
281–290. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10616-015-9866-9
http://dx.doi.org/10.1007/s10895-014-1439-3
http://dx.doi.org/10.18632/oncotarget.11159
http://dx.doi.org/10.1016/j.celrep.2014.08.029
http://dx.doi.org/10.18632/oncotarget.2592
http://dx.doi.org/10.1016/j.jtho.2016.07.027
http://www.ncbi.nlm.nih.gov/pubmed/27507192
http://dx.doi.org/10.1016/j.eururo.2018.03.028
http://www.ncbi.nlm.nih.gov/pubmed/29673712
http://dx.doi.org/10.1002/pro.3163
http://www.ncbi.nlm.nih.gov/pubmed/28340512
http://dx.doi.org/10.3390/cancers5010027
http://dx.doi.org/10.1016/j.yexcr.2005.11.015
http://dx.doi.org/10.1158/1535-7163.MCT-14-0836
http://dx.doi.org/10.5551/jat.ED077
http://dx.doi.org/10.1016/j.bbagen.2015.09.007
http://dx.doi.org/10.1186/s12943-017-0707-7
http://dx.doi.org/10.1038/nrc.2016.52
http://dx.doi.org/10.1016/j.ccr.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21907922
http://dx.doi.org/10.1158/1078-0432.CCR-07-4045
http://www.ncbi.nlm.nih.gov/pubmed/18413816
http://dx.doi.org/10.1016/j.ccell.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26678340
http://dx.doi.org/10.1007/s10555-007-9066-y
http://www.ncbi.nlm.nih.gov/pubmed/17603752


Cells 2019, 8, 618 18 of 18

96. Faye, C.; Moreau, C.; Chautard, E.; Jetne, R.; Fukai, N.; Ruggiero, F.; Humphries, M.J.; Olsen, B.R.;
Ricard-Blum, S. Molecular interplay between endostatin, integrins, and heparan sulfate. J. Biol. Chem. 2009,
284, 22029–22040. [CrossRef]

97. Rehn, M.; Veikkola, T.; Kukk-Valdre, E.; Nakamura, H.; Ilmonen, M.; Lombardo, C.; Pihlajaniemi, T.;
Alitalo, K.; Vuori, K. Interaction of endostatin with integrins implicated in angiogenesis. Proc. Natl. Acad.
Sci. USA 2001, 98, 1024–1029. [CrossRef]

98. Sudhakar, A.; Sugimoto, H.; Yang, C.; Lively, J.; Zeisberg, M.; Kalluri, R. Human tumstatin and human
endostatin exhibit distinct antiangiogenic activities mediated by alpha v beta 3 and alpha 5 beta 1 integrins.
Proc. Natl. Acad. Sci. USA 2003, 100, 4766–4771. [CrossRef]

99. Wickstrom, S.A.; Alitalo, K.; Keski-Oja, J. Endostatin associates with integrin alpha5beta1 and caveolin-1,
and activates Src via a tyrosyl phosphatase-dependent pathway in human endothelial cells. Cancer Res. 2002,
62, 5580–5589.

100. Yokoyama, Y.; Ramakrishnan, S. Binding of endostatin to human ovarian cancer cells inhibits cell attachment.
Int. J. Cancer 2007, 121, 2402–2409. [CrossRef]

101. Gast, C.E.; Silk, A.D.; Zarour, L.; Riegler, L.; Burkhart, J.G.; Gustafson, K.T.; Parappilly, M.S.; Roh-Johnson, M.;
Goodman, J.R.; Olson, B.; et al. Cell fusion potentiates tumor heterogeneity and reveals circulating hybrid
cells that correlate with stage and survival. Sci. Adv. 2018, 4, eaat7828. [CrossRef]

102. Laberge, G.S.; Duvall, E.; Haedicke, K.; Pawelek, J. Leukocyte-cancer cell fusion—Genesis of a deadly journey.
Cells 2019, 8, 170. [CrossRef] [PubMed]

103. Sallusto, F.; Baggiolini, M. Chemokines and leukocyte traffic. Nat. Immunol. 2008, 9, 949–952. [CrossRef]
[PubMed]

104. Chakraborty, A.K.; Funasaka, Y.; Ichihashi, M.; Pawelek, J.M. Upregulation of alpha and beta integrin
subunits in metastatic macrophage-melanoma fusion hybrids. Melanoma Res. 2009, 19, 343–349. [CrossRef]
[PubMed]

105. Knowles, L.M.; Gurski, L.A.; Engel, C.; Gnarra, J.R.; Maranchie, J.K.; Pilch, J. Integrin alphavbeta3 and
fibronectin upregulate Slug in cancer cells to promote clot invasion and metastasis. Cancer Res. 2013, 73,
6175–6184. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M109.002840
http://dx.doi.org/10.1073/pnas.98.3.1024
http://dx.doi.org/10.1073/pnas.0730882100
http://dx.doi.org/10.1002/ijc.22935
http://dx.doi.org/10.1126/sciadv.aat7828
http://dx.doi.org/10.3390/cells8020170
http://www.ncbi.nlm.nih.gov/pubmed/30781683
http://dx.doi.org/10.1038/ni.f.214
http://www.ncbi.nlm.nih.gov/pubmed/18711431
http://dx.doi.org/10.1097/CMR.0b013e32832fe121
http://www.ncbi.nlm.nih.gov/pubmed/22760065
http://dx.doi.org/10.1158/0008-5472.CAN-13-0602
http://www.ncbi.nlm.nih.gov/pubmed/23966293
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Mouse Tumor Studies 
	Immunofluorescence Staining 
	Migration Assays 
	Protein Extraction and Western Blotting 
	RNA Extraction and qPCR Analysis 
	Transfection of siRNAs 
	Flow Cytometry 
	Cytokine Array 
	Statistical Analyses 

	Results 
	CTCs Obtained from Blood Express Tissue-Specific Markers 
	CTCs Have a Greater Migratory Capacity than Primary Tumor-Derived Cells 
	CTCs Exhibit Epithelial to Mesenchymal Transition (EMT) 
	Fibronectin Expression Regulates Integrin B1 and SLUG Expression in CTCs 
	HCC CTCs have Decreased MHCI Cell Surface Expression 
	HCC CTCs have Significantly Decreased Secretion of Endostatin, CXCL5, and Proliferin 
	CTCs, in Comparison to Primary Tumor-Derived Cells, Have Decreased Endostatin Expression 

	Discussion 
	Conclusions 
	References

