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Introduction

Osteosarcoma (OSA) is the most common primary osseous 
malignancy of the canine patient; OSA is highly aggressive, 
both locally and systemically.13,21 Canine OSA (cOSA) is 
commonly used as a model system for human (pediatric) 
OSA (hOSA) given strong parallels in biologic behavior and 
response to treatment.9,70 OSA seeds the body with micro-
metastatic lesions (primarily to the lungs) that can avoid 
detection prior to removal of the primary tumor. These 
lesions may then develop into metastatic lesions following 
removal of the primary tumor. The addition of chemotherapy 
following amputation is necessary to combat this metastatic 
progression. With chemotherapy and surgery, canine patients 
have reported median survival times of 9–15.7 mo, with 30–
37% of patients alive at 1 y.57 A sharp drop-off in survival is 
evident once metastatic lesions are diagnosed, reducing sur-
vival times to 2–3 mo.5,6,71 In hOSA, 68% of patients survive 
for 5 y, and that survival rate decreases dramatically to < 30% 
once metastasis is present.13,14,54 Although the addition of 
chemotherapy to OSA treatment protocols > 30 y ago 
improved survival outcomes for cOSA and hOSA, these sur-
vival times have sadly remained stagnant.6,8,53,54

OSA is a highly heterogeneous and genetically chaotic 
tumor type.61 Whole-genomic sequencing paired with whole-
exome sequencing in hOSA has revealed distinct classes of 
DNA mutations, with 14 genes revealed to be the main driv-
ers of 87% of hOSA.61 Canine OSA is also genetically cha-
otic and possesses a high mutational load that shares multiple 
genetic mutations with hOSA.18,63,67,70 In the genetic assess-
ment of tumor samples using second-generation or next- 
generation sequencing (NGS) techniques, bulk sequencing 
techniques are commonly employed. The term “bulk 
sequencing” refers to the technique by which the target tissue 
is lysed as a whole, and the DNA (or RNA) is an amalgama-
tion of all of the DNA (or RNA) of those cells present.4,60 
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When second-generation or NGS is performed, the expres-
sion patterns observed reflect the majority of the cells—but 
the degree of majority is unknown, and less prominent 
mutations and biomarkers may be hidden or appear less sig-
nificant. As an adjunct to bulk analysis, single-cell RNA 
sequencing (scRNA-seq) has been developed. ScRNA-seq is 
the pooled sequencing of a sample in which the cells are 
individually barcoded, allowing the transcriptomes to be 
separated on a cell-by-cell level to determine intra-tumoral 
heterogeneity of transcribed genes.76 Thus, scRNA-seq can 
identify complex and rare cell populations, expose regula-
tory relationships between genes, and keep track of the 
development of distinct cell lineages.24

Using established OSA cell lines in in-vitro assays is an 
important first step toward understanding the molecular biol-
ogy of OSA while controlling for confounding variables asso-
ciated with in vivo models (e.g., DNA or RNA from normal 
stromal cells). In our laboratory at the University of Florida 
(UFL; Gainesville, FL), we have the following cOSA cell 
lines: COS31, POS, and DOUG, which are derived from pri-
mary cOSA tumor sites.25,68 We also have the highly meta-
static HMPOS cell line, which was reported to be derived 
from the primary POS cell line using a mouse xenograft 
model.3 No formal studies have been performed to character-
ize the transcriptome of these cell lines using NGS. Thus, our 
overall goal was to characterize the cOSA cell lines (COS31, 
DOUG, POS, and HMPOS) using scRNA-seq to detect pos-
sible tumor heterogeneity and the possible existence of rare 
populations of cOSA cells. Our first aim, in order to verify the 
future scRNA-seq results, was to use validated reverse-tran-
scription PCR (RT-PCR) methods and Sanger sequencing to 
interrogate the cDNA of the 4 cOSA cell lines for oncogenes 
and tumor suppressor genes known to be implicated in the 
pathogenesis of cOSA (PTEN, P53, P16, MYC, P21, IGF1, 
ERBB2, RB1, EGFR, MET, and STAT3).14,15,20,21,30,41,44,47,61,66 
Our second aim was to use the 10X Genomics single-cell 
transcriptomics solution (scRNA-seq platform) to character-
ize and profile gene expression in the DOUG and COS31 cell 
lines using the canine reference genome CanFam3.1.22 We 
then compared scRNA-seq results to the RT-PCR and Sanger 
results to validate the results for COS31 and DOUG cell lines. 
In addition, we hoped with the analysis of the scRNA-seq 
data to identify novel targets for therapy, biomarkers for prog-
nosis and diagnosis, and cell types without the constraints of 
pre-selecting the targets or masking smaller populations.37,80

The innovative nature of scRNA-seq data allowed us to 
perform pathway analysis on the DOUG and COS31 cell 
lines. The novelty of our research includes reporting on the 
previously unknown transcriptomic data of 4 commonly 
used canine cell lines, the validation of the scRNA-seq pipe-
line using the 10X Genomics platform for the identification 
and expression of canine genes and new pathways implicated 
in cOSA, and the confirmation of significant tumor expres-
sion heterogeneity in cOSA.

Materials and methods

Bulk sequencing of OSA cell lines using  
RT-PCR and Sanger sequencing

Study population. To establish the study population, we 
cultured 4 cOSA cell lines: COS31,68 POS,25 HMPOS,3 
and DOUG. COS31 is a cell line isolated from a primary 
OSA of the left distal radius of an 8-y-old male St. Bernard 
dog.68 POS was established from a primary OSA lesion of 
the left femur of a 1.5-y-old male mixed-breed dog; 
HMPOS (highly metastasizing POS) was derived from 
metastatic lung lesions using the POS cell line in a xeno-
grafted mouse model.3 DOUG was established at UFL 
from a primary OSA lesion of the right proximal humerus 
of an 8-y-old castrated male Rottweiler dog. All 4 cell 
lines were tested for Mycoplasma spp. contamination using 
PCR methods and ELISA (MycoAlert mycoplasma detec-
tion kit; Lonza) and were found to be negative. To confirm 
the cell lines as canine in origin, Sanger sequencing results 
from all 4 cell lines were compared to the mouse, human, 
and canine genome; homology was 99% for all cell lines 
compared to the canine genome.

Cells were seeded into 6-well plates, with triplicates of 
each cell line plated and extracted. COS31 was maintained 
in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% non–heat-inactivated fetal bovine serum 
(10% FBS; Cellgro Mediatech). POS and HMPOS were 
maintained in Roswell Park Memorial Institute medium 
supplemented with 10% heat-inactivated FBS (10% HI-
FBS; MilliporeSigma) and the addition of L-glutamine, 
sodium pyruvate, vitamin solution, nonessential amino 
acids, and penicillin–streptomycin. DOUG was maintained 
in DMEM and 10% HI-FBS. Cells were grown to 75–80% 
confluence to reduce cellular stress, then washed with 
Hanks balanced salt solution (BSS) and detached with 
0.25% trypsin. Cells were counted on an automated cell 
counter (Cellometer; Nexelcom Bioscience) with dual flu-
orescence to determine the live-to-dead ratios and cell con-
centration.

RNA isolation and cDNA generation

RNA was extracted from the cOSA samples (RNeasy plus 
mini kit; Qiagen) per the manufacturer’s instructions. The 
final product was eluted with RNase-free water. Purity  
(via the 260/280 nm ratio of ~2.0) and concentration were 
determined (NanoDrop 8000 spectrophotometer; Thermo 
Fisher). cDNA was then generated (QuantiTect reverse 
transcription kit; Qiagen) per the manufacturer’s instruc-
tions, and incubated (42°C for 30 min, 95°C for 3 min) to 
inactivate the reverse transcriptase. Then, 30 µL of DNase-
free water was added to the samples, and purity and con-
centration were determined via spectrophotometry with a 
260/280 ratio of ~1.8.
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Primer design for RT-PCR

Based on a literature review of clinically and biologically 
relevant mutations in cOSA and hOSA, 11 genes were cho-
sen for RT-PCR in all cell lines, including PTEN, P53, 
P16, MYC, P21, IGF1, ERBB2, RB1, EGFR, MET, and  
STAT3.14,15,21,31,41,45,47,48,62,66,70 Primers were designed using 
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Suppl. 
Table 1). Primers were selected to cover 350–700 bp of the 
cDNA sequence of the selected gene. Sequences from the 
CanFam3.1 genome22 were analyzed using Primer3 soft-
ware (primer3.org), and 18–20-bp primers were chosen 
that yielded the most stable products (melting temperature 
close to 60°C, 40–60% GC content, moderate specificity 
to bind at the 3’-end). The primers were then run through a 
virtual PCR software (Amplify 4; University of Wiscon-
sin), and the primers selected were confirmed to have no 
mispriming to any other section of the sequence and no 
hairpin formation.

RT-PCR and gel extraction

The cDNA generated underwent RT-PCR with the primers 
for the gene of interest and SYBR Green RT-PCR master mix 
(Thermo Fisher), according to the manufacturer’s instruc-
tions. The reference gene, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), was used as an internal control. The 
RT-PCR thermocycler protocol (SimpliAmp thermal cycler; 
Thermo Fisher) utilized was 95°C for 10 min to activate the 
Taq polymerase, followed by 40 cycles of 95°C for 15 s for 
denaturing, and then 60°C for 1 min to anneal and synthe-
size. The products were then run in 1% agarose gel at 90V 
until the product was approximately one-half to three-quar-
ters down the gel (Fig. 1A–D). The gels were cut at the loca-
tion of the bands, and cDNA was extracted (Gel extraction 
kit; Qiagen) per the manufacturer’s instruction. The quantity 
and purity of the cDNA were assessed (NanoDrop 8000 
spectrophotometer) and submitted for Sanger sequencing 
(Genewiz).

Sequences were then cross-referenced against the canine 
genome (Canis lupus familiaris CanFam 3.1)22 using 
Geneious Prime (v.2019) to determine the degree of homol-
ogy (Table 1). All sequences were run in triplicate for all 4 
cell lines. If a gene was not present, the process was repeated 
in triplicate. All reactions were run with a negative control 
eluted with RNase-free water.

Characterization of cOSA cell lines using 10X 
Genomics single-cell transcriptomics solution

Study population. Only COS31 and DOUG were selected for 
10X Genomics single-cell analysis given the cost associated 
with single-cell analysis and NextSeq 550 high-throughput 
sequencing. DOUG was selected because the Milner Com-
parative Laboratory (UFL) has histopathology samples from 

the original tumor, allowing for further investigation. The 
cells were cultured as described in the bulk sequencing sec-
tion. After removal of media and rinsing with Hanks BSS, the 
cells were incubated with trypsin at 37°C for 5 min. The cells 
were washed twice following centrifugation at 168 rcf for 
5 min, and then cells were resuspended and counted. The cells 
were centrifuged again at 168 rcf for 3 min and the superna-
tant removed. One mL of a mixture of 1× PBS with bovine 
serum albumin (0.04% or 400 µg/mL) was added, and second 
centrifugation (168 rcf × 3 min) was performed before the 
cells were strained (Flomi cell strainer tip; Bel-Art). The cells 
were counted, and cell viability was determined using an 
automated cell counter (Cellometer) using dual field fluores-
cence and acridine orange–propidium iodide staining. The 
samples were verified to have >90% of cells alive, with an 
ideal concentration of 1,200–1,600 cells/µL.

Library preparation and Illumina  
high-throughput sequencing

The libraries for both COS31 and DOUG were prepared 
(10X Chromium single-cell transcriptome kit; 10X Genom-
ics) following the manufacturer’s instructions. Both samples 
had a concentration of 1,200 cells/µL (total of ~10,000 cells/
sample) with a target minimum of 1,000 cells/µL for recov-
ery. The 10X Genomics platform has an ~65% mean recov-
ery rate of cells per sample. The platform uses a droplet-based 
system to generate a gel bead-in-emulsion (GEM) droplet, 
which encapsulates the cells and reagents. The GEMs then 
undergo reverse transcription to generate barcoded cDNA. 
All cDNA generated from individual cells shares a common 
10X Genomics barcode. The produced barcoded libraries are 
then run through standard Illumina sequencers (Suppl. Fig. 1). 
The libraries were run with the NextSeq 550 high-through-
put sequencer, which yielded 20,000 read pairs per cell via 
paired-end single index sequencing in a 28+91 bp configura-
tion, to obtain 400 million reads. The read depth was based 
on recommendations by 10X Genomics.

Cell Ranger pipeline

Briefly, the Cell Ranger pipeline (v.3.0.0; 10X Genomics) 
analyzes the NextSeq 550 high-throughput sequencer (in our 
experiment) data produced from the Chromium single-cell 
gene expression kit and processes the data generated using 
Feature Barcode technology. To perform the analysis, we 
first created a Cell Ranger genome index from the annotated 
canine genome (CanFam3.1).22 Raw sequencing reads were 
demultiplexed by Cell Ranger based on a sample spread-
sheet in comma-separated values (CSV) format. The Cell 
Ranger Count tool then filters and aligns the reads from the 
file containing the reads for each sample and counts the 
unique molecular identifiers (UMIs) of the aligned reads  
to quantify the expression of each gene in each cell.  
Alignment is performed using STAR software (Spliced  

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 1. RT-PCR agarose gels from 4 canine osteosarcoma cell lines showing cDNA expression of MYC, ERBB2, IGF1, P21, RB1, 
MET, STAT3, PTEN, P53, EGFR, and P16 genes. Primers were selected to cover 350–700 bp of the cDNA sequence of the selected gene 
(Suppl. Table 1). A. HMPOS expressed 9 of 11 genes but did not express PTEN or IGF1. B. POS expressed 10 of 11 genes but did not 
express PTEN. C. DOUG expressed 10 of 11 genes but did not express P16. D. COS31 expressed 10 of 11 genes but did not express P16. 
Both DOUG and COS31 cell lines showed lower IGF1 band intensity relative to other genes, and a lower expression was later confirmed 
by scRNA-seq (Suppl. Fig. 4B).

Transcripts Alignment to a Reference).10 STAR software 
aligns high-throughput long and short RNA-seq data to the 
canine reference genome (CanFam3.1)22 using uncom-
pressed suffix arrays. The software can detect canonical 

junctions, non-canonical splices, and chimeric transcripts, 
and map full-length RNA sequences.10

By using the combination of Chromium cellular barcodes 
and UMIs, the Cell Ranger Count tool generates a gene-barcode  
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matrix that is then analyzed to identify clusters of cells show-
ing similar gene expression patterns. The result is a collec-
tion of files containing quality control data, gene expression 
values, and clustering results, which can then be displayed 
through the Loupe Cell Browser (a free tool provided by 10X 
Genomics).

Loupe Browser

Briefly, the Loupe Browser (v.5.0.0; 10X Genomics) is a 
desktop application for Windows and Macintosh operating 
systems that allows easy visualization and analysis of Chro-
mium single-cell 5′ and 3′ gene expression data. The software 
is used to identify significant genes and cell types, and to 
explore substructure within cell clusters. The Loupe Browser 
viewer uses single points that represent cell barcodes. To 

visualize the data in the Loupe Browser 2D space, Cell 
Ranger passes PCA-reduced (Principal Components Analy-
sis) data into a t-SNE (t-Stochastic Neighbor Embedding) 
plot, which uses a nonlinear dimensionality reduction method 
with modifications by 10X.43 Cell Ranger determines the vec-
tors that are the most significant, which the Loupe Browser 
then displays as 2D t-SNE scatter plots (Fig. 2).

The Loupe Browser offers a “Categories” mode allowing 
the user to label subpopulations of cells in the clustering 
plot with a specific category. This view offers 2 options:  
“Significant Feature Comparison” and “Feature Type”. The 
Significant Feature Comparison option works to distinguish 
a cluster from every other cluster in a dataset (globally dis-
tinguish) and to find what distinguishes that cluster from 
other clusters within its category (locally distinguish; Fig. 2). 
In the Feature Type expression mode, a specific feature or 

Table 1. The expression of cDNA sequences of selected genes in 4 canine osteosarcoma cell lines (COS31, DOUG, POS, and 
HMPOS).

Gene (cDNA) COS31 DOUG POS HMPOS

cPTEN Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Not expressed Not expressed

cP53 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cP16 Not expressed Not expressed Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cMYC Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cP21 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cIGF1 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Not expressed

cERBB2 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cRB1 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cEGFR Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

cMET Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 99% sequence match 
to canine transcriptome, single 
base substitution of A to G 
@base 3466, no change in 
predicted protein

cSTAT3 Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% 
sequence match to 
canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

Expressed, 100% sequence 
match to canine transcriptome

The expression of the genes was determined by the presence of gene-specific cDNAs (expected base pair number) on the RT-PCR gel and by comparing the sequence following 
RT-PCR to the canine genome (CanFam3.1) on BLAST software. COS31 and DOUG did not express P16; POS and HMPOS did not express PTEN; HMPOS did not express 
IGF1.
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gene can be represented as a heat map of expression values 
across all represented cell clusters (Fig. 3).

Statistical analysis of single-cell data

Differential gene expression between the cell groups was 
determined with a negative binomial exact test (sSeq 
method).7 Clusters were run through the algorithm and 
compared against all other cells and within clusters to yield 
genes that were differentially expressed in the cluster rela-
tive to the rest of the sample. Cell Ranger performed batch 
effect corrections, which allowed the samples to be run in 
separate wells and combine the datasets from these runs. 
The algorithm identified similar cell subpopulations 
between batches and merged them. The algorithm is based 
on the “Mutual Nearest neighbor” method (i.e., a pair of 
cells from 2 different batches that contain each other’s 
nearest neighbor); differences between the cells provided 
an estimate of the batch effect.

The identified cell clusters were then compared to each 
other to determine the set of marker genes for each cluster 

(i.e., genes that were highly expressed in a cluster with 
respect to all other clusters). The output from this process is 
a list of marker genes for each cluster, with an associated 
fold change (in log

2
 scale) and p value (with Benjamini–

Hochberg correction for multiple testing). These statistical 
values were then exported for further analysis with external 
software.

Pathway analysis using Ingenuity Pathway 
Analysis

The Loupe Browser outputs were then formatted for upload 
into Ingenuity Pathway Analysis (IPA; Qiagen).28 In the  
output data, some genes were listed as loci instead of the 
formal gene name. All loci-listed genes that had a corre-
sponding genetic identifier were manually altered in the gene 
identifier column. The fold change and p value columns from 
the Loupe Browser output data were used for analysis. The 
core analysis selected was the expression analysis based on 
the fold expression changes for base genes, only with consid-
eration for direct or indirect relationships. Pathway activity 

Figure 2. Loupe Browser output displayed as a t-SNE plot for the COS31 canine osteosarcoma cell line, which is based on globally 
distinguishing gene clusters from 10,319 barcoded cells. Globally distinguishing genes are those genes that are highly expressed within a 
cluster relative to the entire dataset. Ten clusters were identified: cluster 1 (1,929 cells); 2 (1,527 cells); 3 (1,454 cells); 4 (1,378 cells); 5 
(1,355 cells); 6 (1,117 cells); 7 (576 cells); 8 (459 cells); 9 (387 cells); 10 (137 cells) (see online version for colors).
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is indicated by the z score (≥2 = activated; ≤2 = inhibited) 
and is computed on directional expression. Pathways are 
organized based on the p value of a right-tailed Fisher exact 
test (p ≤ 0.05), and the color depth of the pathway reflects the 
z score. Upstream pathways were also predicted on statistical 
significance (p ≤ 0.05) for the clusters.

Results

RT-PCR and Sanger sequencing

RT-PCR and Sanger sequencing revealed differential cDNA 
expression of the 11 genes analyzed (Table 1, Fig. 1A–D). 
Three extractions from each cell line were performed and run 
in triplicate, all with the same results for cDNA expression. 
The COS31 and DOUG cell lines expressed 10 of 11 genes, 
with P16 not being detectable in either cell line. POS 
expressed 10 of 11 genes but did not express PTEN. HMPOS 
expressed 9 of 11 genes but did not express PTEN or IGF1. 
Using validated methods to identify the cDNA for PTEN, 
P53, P16, MYC, P21, IGF1, ERBB2, RB1, EGFR, MET, and 
STAT3 in the 4 cOSA cell lines, which was cross-referenced 

against the canine genome, a cDNA expression profile was 
created to compare with the scRNA-seq finding.

Uploading canine genome and generation of 
Cell Ranger outputs

Canine genome CanFam3.1 was chosen because of the 
need for an annotated genome index for Cell Ranger analy-
sis. The file format of the genome was not consistent among 
the annotated genes within CanFam3.1 and required con-
version of genes from GFF (general feature format) into 
GTF (gene transfer format). Some genes required manual 
conversion to the correct gene name to be recognized by the 
software. Once converted, the data were run against the 
CanFam3.1 genome.

The Cell Ranger output read 10,319 cells for COS31 and 
9,791 cells for DOUG, with 167,518,632 and 125,779,629 
mean reads per cell, respectively (Suppl. Figs. 2, 3). In 
COS31, 92.8% of reads were mapped to the canine genome 
(85.1% with p < 0.05 confidence), and in DOUG, 92.2% 
were mapped to the genome (85.0% with p < 0.05 confi-
dence). The number of reads per cell performed depended on 

Figure 3. Loupe Browser output displayed as a t-SNE plot for the DOUG canine osteosarcoma cell line which is based on globally 
distinguishing gene clusters from 9,791 barcoded cells. Globally distinguishing genes are those genes that are highly expressed within a cluster 
relative to the entire dataset. Twelve clusters were identified: cluster 1 (1,470 cells); 2 (1,202 cells); 3 (1,142 cells); 4 (1,078 cells); 5 (1,018 
cells); 6 (977 cells); 7 (788 cells); 8 (691 cells); 9 (648 cells) 10 (294 cells); 11 (281 cells); 12 (202 cells) (see online version for colors). 
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the concentration of cells per sample and recovery rate, 
which were similar for both COS31 and DOUG cell lines. A 
median of 2,797 genes was identified per cell in COS31, and 
a median of 2,780 genes was identified in DOUG. Overall, 
23,564 genes were detected in COS31 and 22,241 in DOUG. 
The Q30 (the fraction of bases with a Q score of at least 30 
for a cell barcode/UMI count) of the reads greatly exceeded 
the minimum of 70–80% for a clean run in both samples, 
with a Q30 of 98.1% in COS31 and 98.3% in DOUG (Q30 
Bases in Barcode). The saturation of repeated reads was low 
for both COS31 and DOUG at 8.9% and 6.3%, respectively. 
Cell Ranger clustering analysis identified 10 clusters for 
COS31 and 12 for DOUG (Figs. 2, 3). Each cluster repre-
sented a group of cells within the cOSA samples, which 
shared genetic similarities in the over- or under-expression 
of the identifiable genes.

Loupe Browser output data

Ten clusters from 10,319 barcoded cells were identified from 
the COS31 cell line and displayed in the t-SNE plot format 
(Fig. 2, Suppl. Fig. 4). The cluster with the highest number of 
barcoded cells was cluster 1 with 18.7% of cells, followed by 
cluster 2 with 14.8% of cells, cluster 3 with 14.1% cells, 
cluster 4 with 13.4% of cells, cluster 5 with 13.1% of cells, 
cluster 6 with 10.8% of cells, cluster 7 with 5.6% of cells, 
cluster 8 with 4.4% of cells, cluster 9 with 3.8% of cells, and 
cluster 10 with 1.3% of cells. Similarly, the SNE plot for 
DOUG (Fig. 3, Suppl. Fig. 4) identified 12 clusters from 
9,791 barcoded cells. Cluster 1 had 15.0% of barcoded cells, 
followed by cluster 2 with 12.3% of cells, cluster 3 with 
11.7% of cells, cluster 4 with 11.0% of cells, cluster 5 with 
10.4% of cells, cluster 6 with 10.0% of cells, cluster 7 with 
8.0% of cells, cluster 8 with 7.1% of cells, cluster 9 with 
4.0% of cells, cluster 10 with 3.0% of cells, cluster 11 with 
2.9% of cells, and cluster 12 with 2.1% of cells.

A hypothesis for the differences in the number and sep-
aration distance of clusters (Figs. 2, 3) between cell lines 
could be that COS31 is a cell line that has been used exten-
sively in in-vitro experiments, whereas DOUG is unique to 
UFL and thus has a lower passage rate. We estimate the 
passage rate for DOUG to be 30–40 times from the first 
plating. In addition, the DOUG cell line has a greater dis-
tance between clusters compared to COS31, which may be 
as a result of DOUG having had fewer passages than 
COS31. For example, the COS31 cells (Fig. 2) have 3 clus-
ters (8–10) that are distinctly separate from the larger clus-
ters, whereas the DOUG cells (Fig. 3) have clusters, 5,  
7, 8, 10–12 that are separated from the larger clusters.  
Furthermore, these clusters occur in smaller populations  
of (barcoded) cells, which confirms the ability of the 10X 
Genomics platform to identify smaller unique cell popula-
tions. The t-SNE plots combined with the statistical data 
confirm the transcriptional heterogeneity of the cells in the 
COS31 and DOUG OSA cell lines.

The 10 globally distinguishing genes expressed in each 
cluster from COS31 and DOUG (Tables 2, 3) represent the 
highest cluster average and the log

2
-fold change relative to 

all other clusters based on the nearest-neighbor algorithm. 
The genes are ranked in order of cluster average and log-
fold changes. However, these data (Tables 2, 3) should be 
viewed with caution given that the importance of individual 
genes cannot be fully discerned because the expression pat-
tern is related to the cell line itself and not to a normal cell 
baseline expression. Single-cell transcriptomic analysis is a 
group expression pattern comparison and is limited in its 
ability to discern the importance of individual genes given 
that it cannot detect point mutations nor reflect mutational 
status. The over- or under-expression of different genes 
relative to other clusters from the same cell line is their 
discriminating character; however, the relevance of the 
genes to neoplastic progression cannot be widely discerned 
outside of pathway analysis because some genes are likely 
performing housekeeping roles or are differentially 
expressed relative to other clusters but lacking in overall 
significance to pathogenesis. Therefore, to determine if 
genes were relevant to cellular pathways and if their dif-
ferential expression were important to these pathways, we 
ran pathway analyses with IPA.

Cluster analysis with Ingenuity Pathway 
Analysis

The IPA software was successfully applied to the Cell Ranger 
outputs once all loci were labeled correctly. IPA has specifi-
cations for gene nomenclature, and the canine genome 
required significant manual reformatting to correct the 
nomenclature before the genes could be identified accurately. 
The COS31 (Suppl. Fig. 5) cell line had 89 canonical path-
ways identified; the DOUG (Suppl. Fig. 6) cell line had 124 
canonical pathways identified, which were either up- or 
down-regulated within the clusters. Although similar path-
ways were shared among the 2 cell lines, especially the most 
significant pathways, there remained significant heterogene-
ity between pathway expression patterns. For example, some 
pathways represented in COS31 were either absent or under-
expressed in DOUG, and vice versa (Suppl. Figs. 5, 6). 
Upstream regulator analyses yielded similar results. Within 
the clusters of both cell lines, the pathways expressed were 
overall consistent—most of the clusters expressed the same 
important pathways. However, there was considerable het-
erogeneity between clusters as pathways were either up-reg-
ulated or down-regulated (Suppl. Figs. 5, 6). The variability 
of these expression patterns reflected the “globally distin-
guishing” features of each cluster relative to the other clus-
ters within the same tumor and may reflect populations of 
cells with variable features of malignancy.

The top 5 canonical pathways expressed in the COS31 
cells were EIF2 signaling, oxidative phosphorylation, glycol-
ysis I, CDC 42 signaling, and tRNA charging (Suppl. Fig. 5). 
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Within the clusters, these pathways were variably expressed. 
For example, within the EIF2 signaling pathway (based on z 
scores), clusters 1, 3, 6–8 (5 of 10) show down-regulation, 
whereas clusters 2, 4, 5, 9, and 10 (5 of 10) showed up-regu-
lation (p < 0.001). The cluster with the most robust down-
regulation of the EIF2 pathway was cluster 1 (the largest 
cluster, with 1,929 cells), and the cluster with the most up-
regulation of the EIF2 pathway was cluster 10 (the smallest 
cluster, with 137 cells). Interestingly, on the COS31 t-SNE 
plot, cluster 10 was 1 of 3 clusters separated from the main 
cluster grouping (Fig. 2). The most significant disease bio-
functional pathway predicted for COS31 was cell death (p < 
0.001). The major upstream regulatory pathways identified 
were the RICTOR, MYC/MYCN, NFE2L2, RABL6 (RAS 
oncogene family–like 6), and TGFB1.

In the DOUG cells (Suppl. Fig. 6), the top 5 canonical 
pathways expressed were (in order of importance) oxidative 
phosphorylation, cholesterol biosynthesis (I–III), EIF2 sig-
naling, tRNA charging, and death receptor signaling. When 
comparing the clusters, variation in expression was signifi-
cant within all 12 clusters. For example, within oxidative 
phosphorylation, clusters 2, 3, 9, and 10 (4 of 12) were up-
regulated, whereas clusters 1, 4, 5, 8, 11, and 12 (6 of 12) 
were down-regulated. Clusters 6 and 7 (2 of 12) clusters 
showed no change in baseline expression of the pathway  
(p < 0.001). Unlike COS31, where cell death pathway was 
predicted, in DOUG, up-regulation of pathways associated 
with cell proliferation and cell viability was expressed in a 
higher number of clusters. Nevertheless, cell death in DOUG 
cells was still expressed in all clusters but was only up-regu-
lated in 6 of 12 clusters. This could indicate that the DOUG 
cells were likely less stressed and more replicative at the 
time of extraction relative to COS31. The 5 major upstream 
regulators for DOUG were MYC, RICTOR, ATF4, HSF2, and 
CLPP (p < 0.001).

Comparing RT-PCR and Sanger sequencing 
results with 10X Genomics outputs for  
DOUG and COS31

We compared the RT-PCR and Sanger sequencing data for 
COS31 and DOUG to the scRNA-seq data from the 10X 
Genomics platform; real-time PCR (rtPCR) was not per-
formed to quantify the expression profiles of the genes of 
interest. The genes reported in the RT-PCR bulk analysis 
(PTEN, P53, P16, MYC, P21, IGF1, ERBB2, RB1, EGFR, 
MET, and STAT3) were examined for distribution in the 
scRNA-seq clusters (Table 1, Fig. 4, Suppl. Fig. 4). Simi-
lar to the RT-PCR cDNA findings, transcription of P16 
(CDKN2A) in scRNA-seq clusters was absent in both cell 
lines (Fig. 4). The remaining genes were distributed dif-
fusely throughout the clusters, albeit at different expres-
sion levels (Suppl. Fig. 4). Thus, the RT-PCR data from 
COS31 and DOUG genes of interest were in concordance 

with the presence or absence of gene expression from the 
scRNA-seq data.

Discussion

In the first aim of our study, bulk sequencing of the cOSA 
cell lines (COS31, POS, HMPOS, and Doug) using RT-PCR 
and Sanger sequencing identified differences in the presence 
or absence of key genes (PTEN, P53, P16, MYC, P21, IGF1, 
ERBB2, RB1, EGFR, MET, and STAT3). COS31 and DOUG 
both lacked P16 expression, POS and HMPOS lacked PTEN, 
and HMPOS lacked IGF1 expression. Although we report on 
the cDNA expression patterns of these genes in the 4 cOSA 
cell lines, we did not sequence the entire genes to detect 
point mutations, nor did we quantify the RNA expression 
using rtPCR because this was not our goal at the time. The 
profile of genes generated allowed for further validation of 
our novel application of scRNA-seq to the canine genome 
when comparing the presence or absence of key OSA genes. 
The RT-PCR expression patterns in COS31and DOUG 
matched the outputs from the scRNA-seq run with P16 
(CDKN2A), being absent in both cell lines. Interestingly, the 
remaining 10 genes were distributed diffusely throughout the 
scRNA-seq clusters, albeit at different expression levels.

The characterization of COS31 and DOUG cell lines uti-
lizing scRNA-seq provided a transcriptomic expression 
profile not achievable previously with bulk analysis. The 
scRNA-seq data also allowed us to perform detailed canon-
ical pathway analyses, which identified significant tran-
scriptional tumor heterogeneity in both cOSA cell lines. 
NGS using scRNA-seq is a powerful tool and, to our 
knowledge, has not been attempted previously with the 
canine genome, nor has it been applied to OSA samples of 
any species. This required significant development work by 
the authors to upload the canine genome (CanFam3.1) into 
the 10X Genomics Cell Ranger pipeline. The output from 
the pipeline identified transcriptomes from 20,110 individ-
ual cOSA cells from both cell lines, which resulted in the 
identification of previously unreported pathways in cOSA. 
A limitation of all scRNA-seq platforms is the relatively 
low capture efficiency, which is ~65% for the 10X Genom-
ics platform. The cell capture inefficiency can be overcome 
by increasing the number of viable cells and the purity of 
the cells. However, a cell number ceiling exists of 10,000 
cells per sample; increasing the cell number above the ceil-
ing leads to a higher saturation of repeated reads.2,42,78 
These limitations plus the lack of transcriptomic data were 
an incentive for us to start with the 4 cOSA cell lines, 
thereby controlling for viable cell numbers and non-can-
cerous cell cDNA contamination. Samples were optimized 
for a high live-to-dead ratio by extracting COS31 and 
DOUG at 75% confluence for the scRNA-seq runs. Confir-
mation of this approach was reflected in the quality of the 
samples for the scRNA-seq runs, which is supported by 
our quality control data.42 Nevertheless, some evidence of 



 Ayers et al.272

cell proliferation and cell death pathway differences existed 
between cell lines, which requires further investigation.

The scRNA-seq identified individual clusters within 
each cell line with unique expression profiles, demonstrat-
ing that COS31 and DOUG OSA cell lines have heteroge-
neous cell populations with pathways differentially up- and  
down-regulated based on cluster. The Cell Ranger output 
revealed 10 cellular clusters in COS31 and 12 cellular clus-
ters in DOUG, as visualized in the 2D t-SNE plots gener-
ated by the Loupe Browser. The plots and dataset of the 
highest cluster average and log

2
-fold change reflected the 

heterogeneous nature of the 2 cell lines. Although many 
more genes were transcribed, we selected the 10 globally 
distinguishing genes expressed in clusters from COS31 and 
DOUG to illustrate the heterogeneity between clusters. 
Also, DOUG, a recently derived cell line, had more clusters 
and greater separation between clusters when comparing 
the spatial nature of cluster patterns of COS31 with DOUG. 
Although speculative at this time, the differences between 
the cell lines may be a result of their age; the passage pro-
cess may apply a selection bias to older cell lines.72 Our 
data also served to illustrate the ability of scRNA-seq to 
identify clusters with low cell numbers in comparison to 
“dominant clusters”; further investigation of these clusters 
may result in genotypes associated with “stemness” or 
tumorigenicity.50 The t-SNE plots plus the statistical data 
confirm the transcriptional heterogeneity of the cells in the 
COS31 and DOUG OSA cell lines.

To further explore canonical gene pathways in the 2 cOSA 
cell lines, we performed IPA analysis on the Cell Ranger out-
puts. A constraint of the IPA software was its limit to human 
and murine species. Thus, any unidentified loci or genes not 
present in either human or murine species were excluded. 
The loci excluded from our study were only those that were 
unidentified in the reference canine genome. Importantly, 
genes relevant to our study were available for analysis but 
required manual reformatting into the correct nomenclature 
to be identified by the software. Clusters largely expressed 
similar pathways but were highly heterogeneous in expres-
sion and were either up- or down-regulated (Tables 4–7, 
Suppl. Figs. 5, 6). Furthermore, when comparing clusters 
within cell lines, no single cluster had the same combination 
of pathway expression. This was also the case when compar-
ing COS31 with DOUG. Of the 81 distinct and significant 
pathways identified in both COS31 and DOUG, 33 were 
identified as important to OSA based on our literature  
review.14,15,20,21,31,41,44,47,61,66 The remaining pathways were 
either related to cellular maintenance (reference genes), 
inflammation, or had not been investigated previously in OSA.

Although the heterogeneity of the pathway expression 
profiles in the cell lines was complex and requires further 
investigation, we can comment on the possible signifi-
cance of the 33 pathways in OSA. Of the 33 pathways 
important to OSA pathogenesis, 18 have been investigated 
previously in the cOSA patient (Tables 4, 5). In hOSA and 

cOSA, a poor prognosis has been associated with altera-
tions in the mitochondrial oxidative phosphorylation, pro-
tein kinase A (PKA), integrin pathways, VEGF, polo-like 
kinase (PLK), and IGF1 pathways.9,27,33,38,44,45,65,73,75 The 
CXCR4, aryl hydrocarbon, mTOR, MAPK/ERK, and 
PII3-AKT pathways have also been demonstrated to play a 
role in hOSA and cOSA tumorigenesis, with the MAPK/
ERK and PII3-AKT pathways investigated as potential 
therapeutic targets for hOSA and cOSA.11,19,24,51,55,56,74,82,85,

87 The Il-8 and WNT signaling pathways have been impli-
cated in increasing the metastatic potential in canine and 
human OSA.12,31,33,56,58

The cholesterol biosynthesis pathway, which showed sig-
nificant up-regulation in some clusters in the DOUG cell 
line, has been reported to be of importance in hOSA meta-
static development.11,23,49,74 Interestingly, a study in cOSA 
looked at the total cholesterol elevations in cOSA patients 
versus controls with limb fractures, and found a significant 
elevation in cholesterol in OSA-bearing patients, indicating 
that the cholesterol biosynthesis pathway is of probable sig-
nificance in cOSA patients.29

The platelet-derived growth factor (PDGF) pathway was 
significantly represented in both COS31 and DOUG, and, in 
prior studies, overexpression was associated with the major-
ity of hOSA and cOSA cases.46,84 The targeting the PDGF 
pathway in multi-agent clinical trials in hOSA appears to 
potentiate OSA cell death—such trials have not been per-
formed in the canine patient to date.46,84

Another interesting finding was the significance of the 
glutathione transferase pathway, which had been investi-
gated previously in COS31, whereby increases in glutathione 
transferase potentiated resistance to carboplatin cytotoxicity.69 
The specific polymorphisms of the glutathione transferase 
pathways in hOSA have been associated with an increased 
risk of OSA development based on evidence from meta-anal-
ysis studies of hOSA trials.81

Importantly, scRNA-seq identified 15 pathways in both 
cell lines (Tables 6, 7) that have not been investigated in 
the cOSA patient or cell lines. The SAPK/JNK pathway, a 
major apoptotic pathway for eIF (eukaryotic initiation fac-
tor 2), and the direct EIF2 pathway mRNA regulating path-
way, were significant in both DOUG and COS31 clusters, 
albeit with significant cluster heterogeneity. Analysis in 
hOSA tumors has demonstrated that eIF-2α levels are typ-
ically lower in cancer cells.16 With treatment, the increase 
in phosphorylated eIF-2α was associated both with 
increased cancer cell death and was synergistic when com-
bined with chemotherapeutic treatments.83 There were also 
multiple pathways expressed in COS31 and DOUG that 
have been implicated in the promotion of metastasis in 
hOSA, such as the Rho GTPase pathway (encompassing 
Rac, Rho, and Cdc42 subfamilies), CDK5 pathway, and 
ephrin receptor pathway.1,35,64 The suppression of the Rho 
and Cdc42 pathways has been shown to prevent metastasis 
and cell growth in culture.1,35,64 The Rho pathway has also 
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Figure 4. Loupe Browser output as a t-SNE plot for COS31 and DOUG in the active feature search browser. The log
2
-expression level is 

reflected by the color scale and the lower numerical value to the right of the scale. The numerical value reflects if a gene is present or absent; 
the color scale indicates the intensity of expression in barcoded cells across all clusters. Both COS31 and DOUG lacked P16 expression 
(no barcoded cells and 0 log

2
-expression) but had intense MET expression (positive barcoded cells [color scale] and 0–3.9 [COS31], 0–3.0 

[DOUG] log
2
-expression) (see online version for colors).

been implicated in alterations in the phosphoinositide 
phospholipase C (PLC) transduction pathway, and both are 
being investigated as pathways to block OSA growth.39,40 
EPHA2 (ephrin type-A receptor 2) is being tested as a 
potential therapeutic target in hOSA.17 Pathways impli-
cated in chemoresistance (such as the tRNA pathway and 
the Nrf2 pathway) were also found to be upregulated in 
multiple clusters in DOUG and COS31.36,86 For COS31, 
these pathways were up-regulated in clusters 4–7 repre-
senting a population of cells that would likely have been 
overshadowed by the other more populous clusters. The 
sirtuin pathway was also significant in both cell lines, and 
this tumor suppressor pathway has been implicated in the 
tumorigenesis of hOSA in murine models.59 Furthermore, 
sirtuin-1 (SIRT1) was found to impair liver kinase B1 
(LKB1) protein in 41% of OSA patients and was also 
found to be regulated by miR-204.59 There was also a path-
way of potential epigenetic interest, the HOTAIR pathway, 
which was variably expressed across clusters in both 
DOUG and COS31. The HOTAIR (long non-coding RNA 
[lncRNA]) pathway was found to be significantly up- 
regulated in a study of 900 hOSA samples versus matched 

controls.88 The silencing of the pathway in experimental 
settings has inhibited OSA proliferation, migration, and 
invasion.88 Furthermore, methylating agents are currently 
being investigated to inhibit HOTAIR in hOSA.32 The 
androgen receptor pathway was shown to be significant to 
multiple cellular clusters. The androgen receptor pathway 
expression has been inversely predictive of survival in 
hOSA.34 Interestingly, a large 2019 cOSA study77 found 
castrated males and spayed bitches had a greater frequency 
of OSA compared to intact dogs, indicating that sex hor-
mones may play a role in cOSA. Finally, a specific target 
for aminobisphosphonate drugs, the mevalonate pathway, 
was also found to be significant in COS31 and DOUG, and 
is reported to be implicated in the progression of hOSA 
and cOSA.26,52,79

The weaknesses of our study with regards to scRNA-seq 
are also those inherent within any NGS study, namely quality 
and purity of the sample, the integrity of the method, library 
preparations, level of annotation of the reference genome, 
and computational challenges.24 Another weakness of our 
study was the use of cOSA cell lines versus tissue samples 
from OSA cases; nonetheless, as a first step, our primary 



 Ayers et al.274

Table 5. Pathways with previously investigated roles in both hOSA and cOSA in DOUG as expressed by each cluster of cells  
(12 clusters of cells total, with 9,791 cells accounted for across all clusters) within the IPA output.

Pathway

Cluster

1 2 3 4 5 6 7 8 9 10 11 12

Oxidative phosphorylation DR UR UR DR DR NE DR DR UR UR DR DR

Integrin signaling UR UR DR DR UR DR UR UR DR DR UR DR

Cholesterol biosynthesis DR UR UR UR DR UR DR DR DR DR DR UR

Actin cytoskeleton DR NE DR DR UR DR UR UR DR DR UR DR

CXCR4 signaling DR UR DR NE UR DR NE DR DR DR NE DR

IL8 signaling NE UR DR NE DR DR DR UR DR DR NE DR

Miotic PLK pathways DR DR DR UR UR UR DR DR NE DR UR DR

mTOR pathway NE UR DR UR UR DR UR DR DR UR UR DR

IGF1 signaling pathway DR DR DR UR DR DR UR UR DR UR UR DR

VEGF signaling DR UR NE UR UR UR NE UR DR NE UR DR

PDGF signaling NE NE DR UR UR DR UR UR DR UR UR DR

Glutathione pathways UR UR DR DR NE DR DR DR UR NE DR NE

Apoptosis signaling DR NE UR UR UR NE DR DR DR DR DR UR

MAPK pathway UR NE DR NE DR DR NE UR DR NE UR DR

PI3K/AKT pathway DR UR UR UR UR DR UR UR DR DR UR DR

Wnt-β-catenin pathway DR UR UR UR NE UR DR DR DR DR DR DR

Aryl-HC receptor DR DR UR NE NE NE DR UR UR DR DR DR

PKA pathway DR NE UR UR UR DR DR NE DR DR NE DR

DR (blue) = down-regulation of the pathway; NE (gray) = no change in baseline expression of the pathway; UR (orange) = up-regulation of the pathway (see online version for colors).

Table 4. Pathways with previously investigated roles in both hOSA and cOSA in COS31 as expressed by each cluster of cells  
(10 clusters of cells total, with 10,319 cells accounted for across all clusters) within the IPA output.

Pathway

Cluster

1 2 3 4 5 6 7 8 9 10

Oxidative phosphorylation DR DR DR UR UR DR DR DR DR UR

Integrin signaling DR UR UR DR DR DR NE NE NE DR

Cholesterol biosynthesis UR UR DR UR DR DR UR DR DR DR

Actin cytoskeleton DR UR UR NE NE DR UR DR DR DR

CXCR4 signaling DR UR UR UR NE DR DR DR DR DR

IL8 signaling DR UR UR DR DR DR NE DR NE DR

Miotic PLK pathways UR DR DR DR DR UR UR DR DR DR

mTOR pathway DR UR UR DR NE DR NE DR DR DR

IGF1 signaling pathway DR DR UR UR NE UR UR DR DR DR

VEGF signaling DR NE UR DR DR UR UR NE DR DR

PDGF signaling DR DR UR UR DR UR UR DR DR DR

Glutathione pathways NE UR NE DR DR DR DR DR DR UR

Apoptosis signaling UR UR DR DR NE DR DR NE DR DR

MAPK pathway DR UR UR DR DR DR DR DR DR DR

PI3K/AKT pathway DR DR UR UR UR DR UR DR DR DR

Wnt-β-catenin pathway UR DR DR DR UR DR NE UR DR DR

Aryl-HC receptor UR NE UR NE DR DR NE UR UR NE

PKA pathway NE DR DR DR UR DR UR DR DR DR

DR (blue) = down-regulation of the pathway; NE (gray) = no change in baseline expression of the pathway; UR (orange) = up-regulation of the pathway (see online version for colors). 
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Table 6. Pathways with previously investigated roles in hOSA, which have not been investigated previously in cOSA, which were 
detected in the IPA output for COS31.

Pathway

Cluster

1 2 3 4 5 6 7 8 9 10

eIF2 signaling DR UR DR UR UR DR DR DR UR UR

Glycolysis/gluconeogenesis DR UR DR UR UR DR UR DR DR DR

Rho signaling DR UR UR NE UR DR NE DR DR DR

tRNA charging DR DR UR DR DR UR DR DR DR DR

Nrf2-med. oxidative stress DR DR DR UR UR UR UR DR DR DR

Ephrin receptor signal DR UR UR NE DR DR NE DR DR DR

Mevalonate Signaling UR NE DR UR DR DR UR DR DR DR

Phospholipase C signaling DR UR UR NE NE DR DR DR DR DR

Nuclear excision repair DR DR NE UR DR NE NE NE UR UR

SAPK/JNK signaling DR UR NE UR UR DR UR DR DR DR

HOTAIR reg pathway DR NE UR DR DR DR DR UR UR DR

Androgen signaling NE DR UR NE UR DR UR DR DR DR

Calpain protease DR UR UR NE NE NE NE DR DR DR

CDK5 signaling DR UR UR DR DR DR DR NE NE DR

P2Y purinergic receptor sig DR DR UR DR NE NE NE DR NE DR

DR (blue) = down-regulation of the pathway; NE (gray) = no change in baseline expression of the pathway; UR (orange) = up-regulation of the pathway (see online version for colors). 

Table 7. Pathways with previously investigated roles in hOSA, which had not previously been investigated in cOSA, which were 
detected in the IPA output for DOUG.

Pathway

Cluster

1 2 3 4 5 6 7 8 9 10 11 12

eIF2 signaling DR DR NE DR NE DR NE NE NE UR DR DR

Glycolysis/gluconeogenesis UR UR UR UR NE NE DR UR DR NE DR DR

Rho signaling DR UR NE DR UR DR UR NE DR DR UR DR

tRNA charging UR DR DR DR UR DR UR DR UR DR UR UR

Nrf2-med. oxidative stress DR NE UR UR DR UR DR DR NE DR DR DR

Ephrin receptor signal DR UR DR NE UR DR UR UR DR DR UR DR

Mevalonate signaling DR UR UR UR NE UR NE DR DR DR NE DR

Phospholipase C signaling UR UR DR DR NE DR NE UR DR NE NE DR

Nuclear excision repair DR NE UR NE DR UR UR UR NE UR NE DR

SAPK/JNK signaling DR UR UR UR UR DR UR NE DR NE UR DR

HOTAIR reg pathway DR NE DR UR NE DR DR UR NE DR DR UR

Androgen signaling NE DR UR UR UR DR UR DR NE NE UR DR

Calpain protease UR UR DR NE UR DR UR UR DR NE UR NE

CDK5 signaling UR NE UR UR DR NE NE DR DR DR UR DR

P2Y purinergic receptor sig NE DR DR UR DR DR UR UR DR UR UR DR

DR (blue) = down-regulation of the pathway; NE (gray) = no change in baseline expression of the pathway; UR (orange) = up-regulation of the pathway (see online version for colors).

motivation for using the OSA cell lines for RT-PCR and 
scRNA-seq revolved around the ability to get clean samples 
in vitro versus in vivo, and to exclude any normal cell DNA/
RNA contamination. In addition, little was known about the 
transcriptome of these commonly used cOSA cell lines.
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