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Xenogeneic fibroblasts inhibit the growth of the breast and ovarian cancer cell 
lines in co-culture 
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Cell-based therapies cure some hematologic malignancies, although little information exists on solid cancer cell 
responses. The study objective was to test the hypothesis that xenogeneic fibroblasts can inhibit the growth of human cancer 
cell lines in vitro. Seven human cell lines (pancreatic cancer HPAF II; brain cancer U-87 MG; fibrosarcoma; ovarian cancer 
OVCAR3 and SKOV3; and breast cancer MCF7 and MDA-MB231) were co-cultured with two xenogeneic fibroblast cell 
lines (CV-1; monkey, Cercopithecus aethiops and DF-1; chicken, Gallus gallus) in a Transwell culture system. Cancer cell 
proliferation was assessed colorimetrically. Different concentrations of breast and ovarian cancer cells were tested. Gene 
expression induced by DF-1 xenogeneic fibroblasts was assessed by RNAseq of MCF7 breast cancer cells. The proliferation 
of the majority of the cancer cell lines was altered by co-culture with xenogeneic fibroblasts. Cell proliferation was increased 
(4–17%) by CV-1; DF-1 increased brain cancer cell proliferation (16%), decreased breast and ovarian cancer cell growth 
(15 and 26% respectively) but did not affect fibrosarcoma and pancreatic cancer cells. When the initial cancer cell concen-
trations were lowered 4-fold, growth inhibition of breast and ovarian cancer increased more than 2-fold. DF-1 fibroblasts 
induced significant differential expression of 484 genes in MCF7 breast cancer cells; 285 genes were downregulated and 
199 genes were upregulated compared to control. Genes involved in the immune response were the major downregulated 
entities. RNAseq results were validated by qRT-PCR of 12 genes. The results show that xenogeneic fibroblasts can alter the 
growth and gene expression of cancer cells in vitro. This suggests a potentially novel investigational approach to the control 
of cancer cell growth. 
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Metastatic cancer remains a lethal disease despite 
numerous advances in cancer treatment. Although existing 
cancer treatments such as surgery, radiotherapy, and chemo-
therapy can achieve a cure in some early-stage cancers, they 
have only a palliative effect in advanced cancers. In addition, 
they often have complications and toxicities. For some 
malignancies with a single gene defect, treatment progress 
and sometimes a cure is achieved by “targeted” drugs, such 
as the PARP inhibitor Olaparib for ovarian cancer in women 
with germline BRCA mutations [1, 2] and imatinib which 
targets BCR-ABL tyrosine kinase in Philadelphia chromo-
some-positive chronic myelogenous leukemia [3]. However, 
in the majority of cases, the common epithelial malignan-
cies (e.g., colon, breast, lung, liver, pancreas, and ovary) 
have multiple genetic alterations that often involve deletion 
and amplification of large parts of the genome, as well as 

complex and interacting cellular and molecular networks. 
Consequently, the success of single-target therapies or even 
their combinations is often limited.

A potential alternative to targeted therapies is 
cytotherapy. Cytotherapy has been successfully used to 
treat cancer. Although commonly used in experimental 
conditions cells include mesenchymal stem cells (MSC) 
and fibroblasts, a  variety of other cells were investigated 
[4, 5]. For example, CAR-T (chimeric antigen receptor) 
cell therapy was recently developed and FDA-approved for 
some forms of leukemia [6].

Xenogeneic cytotherapies have shown some promise. 
Xenogeneic cells have the potential to stimulate the immune 
system to overcome tumor immunosuppression [7–9]. An 
influx of immune cells and tumor regression occurred in 
patients with solid metastatic tumors in Phase 1 clinical 
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trial in which xenogeneic African green monkey fibroblasts, 
engineered to produce human IL-2, were administered intra-
tumorally [10]. Likewise, targeted cytotherapy for pancre-
atic cancer using naïve, non-engineered rat umbilical cord 
matrix derived stem cells to control the growth of pancreatic 
cancer, strongly attenuated the growth of pancreatic carci-
noma cells in vitro and in vivo in a peritoneal mouse model 
[11]. Xenogeneic immunization with tyrosine hydroxylase-
derived DNA vaccines was effective against neuroblastoma 
in mice [12]. In a human clinical trial performed in Russia, 
irradiated xenogeneic murine cell vaccines were effective in 
breaking the immune tolerance to human tumor-associated 
antigens in human colorectal cancer [13].

One appeal of cell therapy is that cells may express and 
secrete thousands of biologically active molecules, which 
could interfere with malignant growth. Also, specific cells, 
such as stem cells or fibroblasts, can migrate to the corre-
sponding tissue/organ (“homing”) or at least in the case of 
mesenchymal stem cells, to the site of injury, inflammation, 
or cancer [14, 15]. Once “homed” to the tumor, xenogeneic 
fibroblasts can potentially elicit a robust immune response 
to the tumor. Cancer-associated fibroblasts play a funda-
mental role in modulating the behavior of cancer cells and 
cancer progression [15, 16]. There is evidence for both pro- 
and anti-tumor actions of cancer-associated fibroblasts [17]. 
Interestingly, normal human and murine fibroblasts inhibit 
the proliferation and motility of prostate tumor cell lines 
when co-cultured in vitro [18]. This effect involves both cells’ 
contact with fibroblast monolayers and fibroblast secreted 
biomolecules.

The objective of the study was to assess the effect of 
xenogeneic fibroblasts on cancer cells in order to test the 
hypothesis that xenogeneic fibroblast cell lines can inhibit 
the growth of human cancer cell lines in vitro. The approach 
was to use a simplified system of exposing cancer cells to 
xenogeneic fibroblasts in vitro in which cells are separated 
in a Transwell system. Cancer cell growth and molecular 
expression changes in cancer cells were examined.

Materials and methods

Cell culture. All cell lines were obtained from the 
American Type Culture Collection (ATCC; Manassas, VA, 
USA). The two fibroblast cell lines included UMNSAH/
DF-1 (henceforward designated DF-1) derived from 
normal Gallus gallus (chicken) embryo fibroblasts (ATCC 
CRL12203) and CV-1 derived from normal Cercopithecus 
aethiops (African green monkey) kidney fibroblasts (ATCC 
CCL70). The seven human cancer cell lines included those 
from pancreatic cancer HPAF II (ATCC CRL1997); brain 
cancer U-87 MG (ATCC HTB14); fibrosarcoma (ATCC 
CCL121); ovarian cancer OVACAR3 (ATCC HTB161) and 
SKOV3 (ATCC HTB77); and breast cancer MCF7 (ATCC 
HTB22) and MDA-MB231 (ATCC HTB26). After experi-
ments at a fixed starting cancer cell concentration, the 

two breast cancer cell lines and two ovarian cancer cell 
lines were selected to explore the effects of initial cancer 
cell concentrations on growth effects in co-culture with 
the chicken embryo-derived fibroblast cell line. The breast 
cancer cell lines were estrogen and progesterone receptor-
positive (MCF7) or estrogen and progesterone-negative 
(MDA-MB231); ovarian cancer cell lines included a p53 
mutant cell line (OVCAR3) and a p53 wild-type cell line 
(SKOV3).

Cells were cultured in Eagle’s Essential Minimum Media 
(ATCC) containing 10% fetal bovine serum (FBS) (Sigma; 
St. Louis, MO, USA) in a humidified incubator (5% CO2) 
at 37 °C. Cancer cells were co-cultured with fibroblast cell 
lines using a Transwell system (Greiner Bio-one Thincert™; 
Monroe, NC, USA) with fibroblasts layered in the upper well 
(Figure 1). Cancer cells were seeded at 4×104 cells/well/800 µl 
of media and fibroblast cells in the insert at 2×104 cells/300 µl 
media. As a control, the matching cancer cells were used in 
both the well and insert with the cancer cells in the insert at 
2×104 cells/300 µl media.

Cultures were monitored for mycoplasma contamination. 
Also, RNA sequencing data were analyzed for mycoplasma 
sequences. The data were uploaded into the Galaxy server, 
four million reads from each file were selected using the 
“split file tool,” and the split FASTQ sequencing file aligned 
using “Bowe2” against three mycoplasma fasta sequences (M. 
fermentans M64, M. hominis ATCC 23114, and M. hyorhinis 
MCLD) commonly found in cell cultures [19]. No alignment 
with the mycoplasma sequences was found, supporting a lack 
of mycoplasma contamination.

Cell growth. After five days, the growth of the cancer cells 
was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) cell proliferation assay. 
The reduction of yellow tetrazolium dye (MTT) by living 
cells produces purple formazan crystals. In brief, the inserts 
were removed, and 80 µl of 5 mg/ml MTT reagent (MP 
Biomedicals; Santa Ana, CA, USA) was added to each well 
and incubated for 4 h. The media was removed, and the intra-
cellular formazan was solubilized by adding 500 µl of DMSO 
(Sigma; St. Louis, MO, USA) and incubating for 30 min at 
room temperature. Optical density was read at 560 nm with 
a reference wavelength of 650 nm using an Epoch spectro-
photometer (BioTek Instruments; Winooski, VT, USA). The 
percent change in growth compared to the control incuba-
tions was calculated.  The experiment was repeated three 
times for cell growth assays and RNA extraction. The data 
were analyzed using the Student’s t-test with p<0.05 consid-
ered significant.

RNA extraction. The effect of the DF-1 fibroblast cell 
line on gene expression changes in human MCF7 breast 
cancer cells was determined. The media was removed after 
co-culture for five days, and the culture wells were washed 
with cold phosphate-buffered saline (PBS). RNA was 
extracted with 100 µl of TRIzol per well, triplicate wells were 
pooled, and the TRIzol extractions continued according to 
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the manufacturer’s protocol. Precipitated RNA was solubi-
lized in 40 µl of molecular biology grade water (RPI Research 
Products; Mount Prospect, IL, USA) and stored at –80 °C. 
RNA quantity and quality were measured in a Nanodrop 
Spectrophotometer. Novogene checked RNA integrity with 
an Agilent 2100 analyzer, and RNA degradation was assessed 
by gel electrophoresis before subjecting the sample to next-
generation sequencing.

Next-generation sequencing. The extracted RNA was sent 
to Novogene Inc. (Davis, CA, USA) for sequencing.  cDNA 
libraries were made from the RNA according to the in-house 
Novogene protocol. Paired-end (PE-150 bp) sequencing was 
performed using the Illumina sequencing platform; each 
RNA sample was sequenced to obtain at least 40 million 
reads per sample. The RNA sequence data was “cleaned” 
using the Novogene default protocol to remove the adapter 
sequences, reads containing more than 10% N (sequence not 
determined), and reads with a low-quality Phred score (Q 
Score ≤5) (Supplementary Table S1).

The cleaned data was uploaded to Galaxy (https://
usegalaxy.org/) for analysis. Sequence count  per gene was 
determined using the “Salmon” method in Galaxy. The 
Salmon program quantifies the expression of transcripts 
from RNAseq data; it indexes, quantifies, and provides the 
count per each transcript aligned to the reference genome 
[20]. The count files from each sample are merged into one 
list and uploaded to the Degust webserver for differential 
gene expression (DE) analysis between groups.  The data was 
further filtered to remove “no count” transcripts by using 
the criteria of at least one count per transcript in all samples. 
EdgeR implemented in the Degust (http://degust.erc.
monash.edu/) was used to identify differentially expressed 
genes (FDR = 0.01 and absolute log fold change = ±0.5), 
using the quasi-likelihood functionality of edgeR; DE genes 
lists were analyzed further for functional enrichment using 
the “Reactome pathway browser” at https://reactome.org/
PathwayBrowser/.

qRT-PCR. Examples of differentially expressed genes 
were selected for confirmation and validation: interleukin 1 
receptor, type I, cysteine-rich secretory protein 3, KIT ligand, 
selectin L, G protein-coupled estrogen receptor 1, protein 
kinase C, delta, interleukin 1 receptor antagonist, chemo-
kine (C-X-C motif) ligand 12, CD36 molecule (thrombos-
pondin receptor), B-cell CLL/lymphoma 2, Janus kinase 2, 
and interleukin 18. The qRT PCR primers were designed 
using NCBI primer blast.  One microgram of total RNA was 
treated with DNase (Thermo Fisher; Waltham, MA, USA) 
to remove any genomic DNA contamination according to 
the manufacturer’s standard protocol. Five hundred ng of 
DNASE treated RNA was used for the first-strand synthesis 
using an ABI high-capacity cDNA reverse transcription 
kit (Applied Biosystems; Foster City, CA, USA). qRT-PCR 
was carried out using Fast Sybr green (ABI). Ct values were 
exported, and the ddCt value was used to calculate fold 
change in differential expression.

Results

Cell growth. The proliferation of the majority of the 
cancer cell lines was altered by Transwell co-culture with 
xenogeneic fibroblast cell lines.

Specifically, CV-1 fibroblasts increased the proliferation of 
brain cancer cells by 12%, OVCAR3 ovarian cancer cells by 
13.5%, and fibrosarcoma cells by 11% compared to control. 
These changes were significant (p<0.05). The growth of the 
pancreatic cancer cell line increased by 20% in two out of 
three experiments, while the growth of the MCF7 breast 
cancer cell line did not increase significantly (Figure 2A).

DF-1 fibroblasts had mixed effects on cancer cell line 
growth.  Brain cancer cell proliferation increased by 16%. The 
growth of MCF7 breast cancer cells was reduced by 25% and 
OVCAR3 ovarian cancer cell growth was reduced by 14% 
compared to control (p<0.05). The pancreatic cancer and the 
fibrosarcoma cell lines showed no significant growth change 
in co-culture with either fibroblast cell line (Figure 2B).

To assess the effect of different initial cancer cell concen-
trations (10,000, 20,000, and 40,000) on cell growth in 
the presence of xenogeneic fibroblasts, proliferation was 
examined for the breast and ovarian cancer cell lines in 
co-culture with DF-1 fibroblasts.  Inhibition was higher 
overall at lower starting cell concentrations (Figure 3) except 
for OVCAR3 where the inhibition was higher at the highest 
cell concentration.  Thus, the growth effects differed between 
the two ovarian cancer cell lines.  The pattern was similar 
for either breast cancer cell lines regardless of estrogen and 
progesterone receptor absence (e.g., MDA-MB231 cells) or 
presence (e.g., MCF7 cells).

Gene expression. Gene expression was examined in 
the MCF breast cancer cell line in response to DF-1 fibro-
blasts. Overall, 484 genes were significantly differentially 
expressed; of these, 285 genes were downregulated and 199 
genes were upregulated compared to control. The results of 
Reactome analysis show the major functional pathways that 
are differentially upregulated (Table 1A) and downregulated 
(Table  1B). Immune pathway genes (n=101 entities found) 
were the major over-represented group among the downreg-

Figure 1. Diagram of Transwell used for co-culture of fibroblasts and 
cancer cell lines. Legend: In the experimental wells, cancer cells were 
seeded in the lower chamber and fibroblast cell lines were seeded in the 
upper well. In the control wells, the same cancer cells were seeded in the 
top and bottom wells without added fibroblast cell lines. Upper wells con-
tained 2×104 cells/300 µl media.
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of significantly up- and downregulated genes is shown in 
Figure 4.

To validate the RNA sequencing data, 12 genes with a 
significant fold change in expression were chosen and quanti-
fied by qRT-PCR. The results of qRT-PCR supported those 
obtained from transcriptome analysis and demonstrated a 
similar up- or downregulation of the genes (Table 2).

Discussion

The proliferation of a majority of the cancer cell lines was 
altered by co-culture with xenogeneic fibroblasts. The direc-
tion of the effect varied with different cell combinations. 
The DF-1 chicken embryo-derived fibroblast cell line most 
effectively inhibited breast and ovarian cancer cell lines. 
Associated genomic changes in breast cancer cells showed 
that in addition to the expected changes in proliferation and 
differentiation pathways, downregulation of components of 
immune system pathways was the most dramatic change of 
the cancer cells.

These findings are significant since cancer-associated 
fibroblasts are an active component of the tumor microen-
vironment and they coordinate interactions between the 

Table 1. Selected genes in MCF7 breast cancer cell line with altered expression after exposure to DF-1 fibroblasts.
A) Upregulated genes
Pathway ID Pathway name Entities

# Found Total # p-value FDR
R-HSA-428540 Activation of RAC1 3 15 0.001 0.227
R-HSA-1266738 Developmental biology 27 1176 0.005 0.292
R-HSA-5617472 Activation of hindbrain anterior HOX genes during early embryogenesis 6 116 0.005 0.292
R-HSA-5619507 Activation of HOX genes during differentiation 6 116 0.005 0.292
R-HSA-8985586 SLIT2: ROBO1 increases RHOA activity 2 8 0.006 0.292
R-HSA-8937144 Aryl hydrocarbon receptor signaling 2 8 0.006 0.292
R-HSA-428543 Inactivation of CDC42 and RAC1 2 12 0.012 0.490
R-HSA-2559585 Oncogene induced senescence 3 42 0.020 0.508
R-HSA-419037 NCAM1 interactions 3 44 0.023 0.508
R-HSA-9018681 Biosynthesis of protectins 2 18 0.025 0.508
B) Downregulated genes
Pathway ID Pathway name Entities

# Found Total # p-value FDR
R-HSA-983170 Antigen presentation: Folding, assembly and peptide loading of class I MHC 56 102 1.11E-16 6.99E-15
R-HSA-1280215 Cytokine signaling in immune system 81 1051 1.11E-16 6.99E-15
R-HSA-913531 Interferon signaling 67 388 1.11E-16 6.99E-15
R-HSA-198933 Immunoregulatory interactions between a lymphoid and a non-lymphoid cell 56 316 1.11E-16 6.99E-15
R-HSA-1280218 Adaptive immune system 62 999 3.20E-10 1.82E-08
R-HSA-9018519 Estrogen-dependent gene expression 20 153 8.08E-09 4.28E-07
R-HSA-8939211 ESR-mediated signaling 20 160 1.67E-08 8.04E-07
R-HSA-9006931 Signaling by nuclear receptors 23 230 7.93E-08 3.57E-06
R-HSA-168256 Immune system 101 2638 3.74E-05 0.001
R-HSA-1474228 Degradation of the extracellular matrix 12 148 6.72E-04 0.021

Note: Selected genes from Reactome analysis with altered expression by RNAseq of the MCF7 breast cancer cell line in response to DF-1 xenogeneic 
fibroblasts are shown. There were more B) downregulated (n=285) than A) upregulated (n=199) entities. The top 10 with up- or downregulated expression 
are shown. Overall, the p-values were more significant for downregulated genes. The major changes in expression in the cancer cells involved the immune 
system.

Table 2. The difference in expression of selected genes in MCF7 breast 
cancer cell line after exposure to DF-1 fibroblasts.

Gene NGS fold 
change

qRT PCR 
fold change

interleukin 1 receptor, type I 2.86 2.93
cysteine-rich secretory protein 3 1.72 2.21
KIT ligand 1.64 2.20
selectin L 1.52 1.62
G protein-coupled estrogen receptor 1 1.49 1.48
protein kinase C, delta 1.41 1.72
interleukin 1 receptor antagonist –3.13 –1.75
chemokine (C-X-C motif) ligand 12 –2.27 –1.75
CD36 molecule (thrombospondin receptor) –1.92 –1.77
B-cell CLL/lymphoma 2 –1.89 –1.74
Janus kinase 2 –1.79 –1.60
interleukin 18 –1.79 –1.60

Note: changes in expression of selected genes seen in next-generation 
sequencing (NGS) were confirmed by qPCR

ulated genes. Among the upregulated genes, those involved 
in developmental pathways were the most overrepresented 
genes (n=27 entities found). An MA plot of the distribution 
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Immunotherapy became an important new development 
in the treatment of multiple malignancies and after more 
than 100 years of basic research and clinical trials, finally 
proved that manipulating the host immune system can 
lead to a clinically significant anti-tumor effect. However, 
the percentage of patients with advanced solid tumors who 
achieve a durable response or cure from immunotherapy 
remains small [23]. Immunotherapy employs monoclonal 
antibodies to biomarkers present on immune cells such 
as PD-L1 or CTLA-4 [23] and assumes all relevant targets 
are addressed. A potential advantage of cell therapy is that 

Figure 2. Xenogeneic fibroblast cell lines alter cancer cell growth in co-
culture. A) The proliferation of a majority of the cancer cell lines was in-
creased significantly (p<0.05) in the presence of CV-1 fibroblasts (mon-
key; C. aethiops). The percent change in growth is shown for brain cancer 
(HTB14 cells), ovarian cancer (HTB161 line of OVACR3 cells), fibrosar-
coma (CCL121 cells), and pancreatic cancer (HPAF II and CRL1997 cells) 
compared to the control. The small increase in the breast cancer cell line 
MCF7 (HTB22) growth was not significant. B) The DF-1 fibroblast cell 
line had mixed effects on the cancer cell lines; the growth of brain cancer 
increased but the growth of breast cancer MCF7 (HTB22) and OVCAR3 
was reduced compared to the control (p<0.05). The pancreatic cancer cell 
line (HPAF II, CRL1997) and the fibrosarcoma cell line (CCL121) showed 
no significant change in response to DF-1 fibroblasts. All experimental 
wells were seeded at 4×104 cancer cells/well/800 µl of media along with 

2×104 cells/300 µl media DF-1 fibroblasts in the transwell insert. Controls 
consisted of adding matched cancer cells to the both upper and lower 
Transwell.

Figure 3. Cancer cell concentration and inhibition of their growth by 
DF-1 fibroblasts. Legend: Inhibition of cancer cell line growth by DF-1, a 
xenogeneic fibroblast cell line, is greater at lower initial cancer cell num-
bers. Inhibition is relative to control wells without DF-1 cells. The y-axis 
shows the starting number of cells/well.

Figure 4. MA plot of significantly up- and downregulated genes in re-
sponse to DF-1 fibroblasts. Legend: MA plot shows the distribution of 
significantly (p<0.05) up- and downregulated genes in response to DF-1 
fibroblasts as a fold change (FC) in expression.

cancer cells and stromal cells [15, 17]. Fibroblasts are known 
to remodel tumor stroma and can have pro- and anti-tumor 
effects [16, 21]. In this study, the difference between monkey 
and chicken fibroblasts effects on cell growth could be due 
to a number of factors.  Aside from the obvious difference 
in species origin, the monkey fibroblasts are from adult 
kidneys while chicken fibroblasts were from embryos that 
are pluripotent and could produce a different and greater 
range of active factors. Interestingly, exposure to embryonic 
microenvironment(s) of chicken or zebrafish reprograms 
human melanoma cells and inhibits tumor development [22]. 
Fibroblasts are a dominant component of tumor stroma and 
play a key role in regulating the anti-tumor immune response 
[5]. Thus, the results of RNA-seq in this study are consistent 
with a major effect on immune system pathways.
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multiple factors are produced by therapeutic cells, which 
could address multiple targets.

Xenogeneic cell and organ transplantations have been 
used to replace damaged cells in Parkinson’s disease (DA 
neurons), diabetes (islets), and liver and heart failure [7]. 
Xenogeneic cell transplantation has been proposed as a 
therapeutic approach to re-activate anti-tumor immunity 
and restore impaired function [7]. Various cell types and 
preparations have been used as a cancer therapy [8]. Human, 
mouse, and rat MSCs transfected with various vectors (e.g., 
viruses, transposon-based gene vectors) attenuated growth 
of different tumors targeted by each individual genetically 
engineered group of MSCs [24]. A composite xenogeneic 
polyantigenic vaccine prepared from murine melanoma 
B16 and carcinoma LLC cells increased survival and tumor 
immunity (e.g., increased T cell responses to human Caco-2 
colon adenocarcinoma-associated antigens) in stage IV 
colorectal cancer patients [13]. Xenogeneic monkey fibro-
blasts (Vero cells) genetically engineered to produce human 
IL-2 were administered intratumorally; this treatment was 
associated with an anti-tumor effect [10]. A vaccine using 
xenogeneic whole endothelial cells effectively inhibited 
tumor growth, induced regression of established tumors, and 
prolonged survival of tumor-bearing mice [9]. Fibroblasts 
inhibited cancer cell growth in co-culture; this inhibition 
varied depending on the source and the site of origin of the 
fibroblasts [18].

Caveats and considerations for this study are related to 
the heterogeneity of fibroblast functions. A uniform effect 
of fibroblasts was not expected since subsets of cancer-
associated fibroblasts have cancer-suppressing or cancer-
promoting functions [15, 16]. Furthermore, fibroblasts 
have intrinsic cellular plasticity and exhibit heterogeneity 
in tumors [25]. Activated fibroblasts, which have similar 
features to mesenchymal stromal cells, may be capable of 
reprogramming into different lineages, including endothelial 
cells, adipocytes, and chondrocytes [17]. The function of the 
co-cultured fibroblasts may differ when paired with different 
cell lines. A future study would reveal the effect of fibroblasts 
in direct contact with cancer cells in co-culture.

Finally, this simplified system was used to gain knowl-
edge of the effect of xenogeneic fibroblasts on cancer cells. 
However, it does not include the complex interactions that 
might occur in vivo; in other words, would the chicken 
fibroblast cell line drive the same response in situ? While 
there is interest in the development of fibroblast-targeted 
cancer therapies, the complexities of fibroblast-cancer cell 
interactions remain to be adequately understood before 
novel therapies targeting or exploiting fibroblasts can be 
implemented [5].

In conclusion, the results of the studies showed that 
xenogeneic fibroblasts can inhibit the proliferation of human 
ovarian and breast cancer cells in vitro. Furthermore, this 
growth inhibition was associated with differential expression 
of genes and genomic pathways involved in cell proliferation, 

differentiation, and immune function. Thus, the co-culture 
experiments suggest that xenogeneic cells may affect not only 
tumor cell growth and differentiation, but also, their interac-
tions with the immune system.

Future directions will include analysis of biomolecules 
secreted by chicken embryonic fibroblasts in paracrine 
fashion in co-culture. These biomolecules may have human 
homologs with potential utility in cancer treatment. We are 
also planning to explore this phenomenon further in vivo 
using animal models.

Supplementary information is available in the online version 
of the paper.
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Supplementary Information

Supplementary Table S1. Summary of data quality measures for Next Generation Sequencing results.

Sample Raw
Reads

Clean
Reads

Effective
Rate (%)

Error
Rate (%) Q20 (%) Q30 (%) GC

Content (%)
Treated 1 42704286 42510515 99.55 0.03 95.25 88.81 48.58
Treated 2 41128273 40920172 99.49 0.03 95.27 88.85 48.37
Treated 3 40324878 40087851 99.41 0.02 95.32 88.94 48.50
Control 1 40600290 40220009 99.06 0.03 95.32 88.86 48.33
Control 2 41092608 40803301 99.3 0.02 95.67 89.53 48.45
Control 3 45191393 44848640 99.24 0.03 94.75 87.84 48.33

Notes: Clean bases: (Clean reads) × (sequence length), calculating in G. For paired-end sequencing like PE150, sequencing length equals 150, otherwise it 
equals 50 for sequencing like SE50; Effective Rate (%): (Clean reads/Raw reads) ×100%; Error rate: base error rate; Q20, Q30: (Base count of Phred value 
>20 or 30) / (Total base count); GC content: (G & C base count) / (Total base count)
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