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1 | INTRODUCTION

| Joelle M. Fenger? |

Ryan D. Roberts® | Cheryl A. London?

Abstract

Signal transducer and activator of transcription 3 (STAT3) dysregulation has been char-
acterized in canine OS, with previous data suggesting that constitutive STAT3 activation
contributes to survival and proliferation in OS cell lines in vitro. Recently, the contribu-
tion of STAT3 to tumour metabolism has been described across several tumour histolo-
gies, and understanding the metabolic implications of STAT3 loss may elucidate novel
therapeutic approaches with synergistic activity. The objective of this work was to char-
acterize metabolic benchmarks associated with STAT3 loss in canine OS. STAT3 expres-
sion and activation was evaluated using western blotting in canine OS cell lines OSCA8
and Abrams. STAT3 was deleted from these OS cell lines using CRISPR-Cas9, and the
effects on proliferation, invasion and metabolism (respirometry, intracellular lactate)
were determined. Loss of STAT3 was associated with decreased basal and compensa-
tory glycolysis in canine OS cell lines, without modulation of cellular proliferation. Loss
of STAT3 also resulted in diminished invasive capacity in vitro. Interestingly, the absence
of STAT3 did not impact sensitivity to doxorubicin in vitro. Our data demonstrate that
loss of STAT3 modulates features of aerobic glycolysis in canine OS impacting capacities

for cellular invasions, suggesting a role for this transcription factor in metastasis.
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processes, including cellular differentiation and proliferation, cell cycle

progression, inflammation and apoptosis by transmitting cytokine sig-

Despite three decades of effort, canine osteosarcoma (OS) remains a
therapeutic challenge, with no improvements in patient outcome
observed for over three decades. Macroscopic metastases are extremely
refractory to treatment, including chemotherapy and kinase inhibitors
(i.e., toceranib) necessitating the identification of novel targets for thera-
peutic intervention.»? Consequently, increased emphasis has been placed
on targeting recently defined aberrant signalling pathways in canine OS,
such as those involving MAPK and PI3K/mTOR, among others.>~?

Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor that mediates a number of critical biologic

nals through gp130.1%! These activities are traditionally associated
with STAT3 phosphorylation on conserved tyrosine 705 (Y705) resi-
dues, with subsequent homodimerization and nuclear translocation.*?
More recently, studies are increasingly ascribing non-canonical func-
tions to STAT3, including cellular metabolism mediated by mitochon-
drial STAT3, STAT3 acetylation resulting in methylation of tumour
suppressor genes such as CDKN2A, and dimerization and transcrip-
tional activation of unphosphorylated STAT3.22"Y7 In human cancers,
STATS3 dysregulation is typically a due to upstream drivers, including
IL-6 family cytokines, G-protein coupled receptors and non-receptor
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tyrosine kinases (e.g., SRC, ABL).1%1¢ Constitutive phosphorylation of
STAT3 has also been previously described in canine OS, with both
SRC and IL-6 receptor/gp130 identified as upstream drivers of activa-
tion. In canine OS cell lines, pSTAT3 promoted survival and prolifera-
tion in vitro, which was inhibited by STAT3-targeting small molecule
inhibitors or STAT3 knockdown using siRNA.”18-2! DeltaNp63, a
splice variant of p63 that does not contain the N-terminal trans-
activation domain, is overexpressed in both canine and human 05.22
In human and canine OS, DeltaNp63 is associated with increased IL-6
(human) and IL-8 (canine and human) secretion, resulting in STAT3
phosphorylation and VEGF section, supporting a role in tumour angio-
genesis.?2?% Additionally, deltaNpé3 expression has been shown to
be higher in OS pulmonary metastases, and has been associated with
enhanced invasive capacity of canine OS cell lines and pulmonary
metastasis in vivo.?272* Furthermore, IL-6 and IL-8 have been shown
to act as drivers of pulmonary tumour cell seeding in canine OS, but
has no effect on primary tumour growth, together supporting a role
for canonical STAT3 activation by cytokines in OS metastasis.?*

One increasingly recognized non-canonical function of STAT3 is
tumour metabolism. A metabolic switch in the mitochondria leading to
increased electron transport chain (ETC) activity and mitochondrial super-
oxide production has been associated with a pro-metastatic phenotype in
human and murine cancer cell lines.?® Interestingly, this effect involves
the tyrosine kinase Src, an upstream driver of STAT3 which was previ-
ously noted to be constitutively activated in canine OS lines.*®%> Conse-
quently, the purpose of this work was to characterize the metabolic
implications of STAT3 loss in canine OS cell lines as a foundation for

future investigation of rationale therapeutic combinatorial approaches.

2 | MATERIALS AND METHODS

21 | Celllines and primary tumour samples

The canine OS cell lines: OSCA-2 and OSCA-8 were obtained from
Dr. Jaime Modiano (University of Minnesota, Minneapolis, MN, USA).
The Abrams cell line was provided by Dr. Douglas Thamm (Colorado
State University, Fort Collins, CO, USA). The canine D17 cell line was
purchased from ATCC (Cat #: CCL-183).

The Abrams cell line was cultured in DMEM media with 10% foe-
tal bovine serum (FBS) and 1% penicillin/streptomycin, 1% HEPES
(4-[2-dydroxethyl]-1-piperazineethanesulphonic acid), 1% NEAA (non-
essential amino acids). The OSCA-2, OSCA-8 and D17 cell lines were
cultured in RPMI 1640 with 10% FBS and 1% penicillin/streptomycin,
1% HEPES, 1% sodium pyruvate and 1% NEAA. All cells were cultured
at 37°C in 5% CO,. All media and media supplements were purchased
from Gibco (Thermo Fisher Scientific).

2.2 | Cellline validation statement

Cell lines were routinely tested for mycoplasma via standard PCR

prior to initiating experimental protocols. All canine cell lines were

confirmed to be of canine origin via species-specific multiplex PCR, as
previously described.?%?” STR profiling of canine cell lines was per-
formed using commercially available loci (StockMarks Applied Bio-
systems). One-tenth of the resultant PCR reaction was used for
fragment analysis. Loci are reported in Table S1, and compared to
available published loci.2¢

2.3 | Western blot

Protein was extracted from cell lines using fresh complete lysis buffer
(20mM Tris-HCI pH 8.0, 137 mM NaCl, 10% glycerol, 1% IPEGAL
CA-630, 10 mM ethylenediaminetetra-acetic acid (EDTA), 1 mg/ml
aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 1mM
phenylmethylsulphonyl fluoride, 1 mM sodium orthovanadate, and 10
mM sodium fluoride (all from Sigma), quantified using the Bradford
assay, and transferred to a PVDF membrane after separation via SDS-
PAGE, as previously described.?® Membranes were blocked in 5%
bovine serum albumin dissolved in tris-buffered saline with 0.1%
Tween20 (TBST) or 3% nonfat dry milk in TBST, for phosho-proteins
and non-phospho proteins, respectively. Membranes were incubated
with primary antibodies as indicated in Table S2 at 4°C overnight;
HRP-linked secondary antibodies were used at a dilution of 1:20000.
SuperSignal West Dura Extended Duration Substrate (ThermoFisher
Scientific) was incubated on the membranes 3 min prior; membranes

were sealed in clear plastic sheet protectors prior to film exposure.

24 | CRISPR-Cas9 cell lines

Forward and reverse oligos (Table S3) designed to target STAT3 or a
non-targeting scramble control were annealed using 1M Tris (pH 8.0),
0.5 M EDTA and 2.5M NaCl, and ligated into the lentiCRISPRv2 plas-
mid, a gift from Feng Zhang (Addgene plasmid #52961; http://n2t.
net/addgene:52961; RRID:Addgene_52961).% Ligation was per-
formed using Quick Ligase (New England Biolabs [NEB] M2200S), and
E. coli (NEB Stable Competent E. coli C3040H) were transformed per
manufacturer recommendations. Guide insertion was confirmed using
sanger sequencing. Lentivirus was isolated from 293T cells trans-
fected with a non-targeting scramble control or targeting len-
tiCRISPRv2 plasmid using polyethylenamine (PEIl; Polysciences:
#23966-1). Target OS cells were transduced with lentivirus and
polybrene (Millipore: #TR-1003-G), per manufacturer recommenda-
tions. After puromycin selection, monoclonal lines were isolated, and

the resulting STAT3 expression was confirmed via western blotting.

2.5 | Intracellular lactate

Intracellular lactate was determined enzymatically using a Lactate-Glo
Assay (Promega: #J5022) per manufacturer recommendations.
Twenty-thousand cells were seeded in opaque 96-well plates and
incubated 24 h at 37°C in 5% CO.. Cells were washed with PBS and
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lysed according to published recommendations.*° Luminescence was
determined after a 1-h incubation, and total intracellular lactate con-

centration was determined by a standard curve.

2.6 | Seahorse assays
OS cell lines were plated at a density of 20 000 cells/well in 96-well plates
(Agilent) and incubated 24 h at 37°C in 5% CO,. Oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were measured using
a Seahorse XFe96 Extracellular Flux analyzer (Agilent). Prior to initiating
the assay, standard cell culture media was replaced with Agilent Seahorse
XF Base Medium (Agilent: #103335) or Agilent Seahorse XF RPMI
Medium (Agilent: # 103336) supplemented with 1 mM Na pyruvate, 2
mM glutamine, 10 mM glucose and HEPES (5 mM DMEM, 1 mM RPMI),
all from Gibco. All OS cell lines were subjected to the Agilent Seahorse XF
Cell Mito Stress Test (Agilent: #103015-100) or the Agilent Seahorse XF
Glycolytic Rate Assay (Agilent), per manufacturer recommendations. All
compounds used in these assays were obtained from Sigma Aldrich as fol-
lows: 2-deoxy-p-glucose (2-DG) (Sigma: #D6134), Oligomycin (Sigma:
#04876), Rotenone (Sigma: #R8875), Antimycin A (Sigma: #A8674) and
carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (Sigma:
#C2920). Briefly, for Cell Mito Stress Tests, basal respiratory measure-
ments were initially taken prior to injection of oligomycin (Complex
V/ATP synthase inhibitor), resulting in decreased mitochondrial respira-
tion linked to ATP production. FCCP is injected into the system, which
uncouples respiration from the proton gradient and permits cells to
reach maximal uninhibited respiratory capacity. Finally, rotenone
(Complex | inhibitor) and antimycin A (Complex llI inhibitor) inhibit all
mitochondrial respiration and are utilized as a positive control in the
system. Regarding the Glycolytic rate assay, proton efflux rate is mea-
sured as extracellular acidification and is composed of both CO, from
mitochondrial respiration and protons from the breakdown of lactate.
After measurement of extracellular acidification and oxygen consump-
tion, rotenone and antimycin A are injected to inhibit sources of cellular
acidification derived from mitochondrial respiration. Measurements
taken thereafter are reflective of compensatory glycolysis. Finally,
2-DG (hexokinase inhibitor) is injected to inhibit glycolysis and is uti-
lized as a positive control for the experiment.

OCR and ECAR readings were normalized to protein concentration
(using a Bradford assay) or cell count (as estimated from a standard curve
analysed using the sulphorhodamine B assay). Assays were performed

with six technical replicates and repeated at least three times.

2.7 | Proliferation assays

For the sulphorhodamine B assay: OS cells were seeded in 96-well
plates at a density of 2500 cells/well and incubated 24, 48, and 72 h.
Cells were fixed with 10% trichloroacetic acid and stained with 0.04%

sulphorhodamine B, as previously described.®!
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For the CyQUANT Cell Proliferation Assay: OS cells were seeded
in 96-well plates at a density of 2500 cells/well and incubated 24 h at
37°C in 5% CO,, prior to the addition of doxorubicin (Pfizer) (0, 0.06,
0.11, 0.23, 0.45, 0.91, 1.81, 3.344 uM), after which cells were incu-
bated an additional 24 h. The CyQUANT Cell Proliferation Assay
(Molecular Probes, Inc.) was performed as previously described.?* Pro-
liferation was calculated as a fraction of the untreated control. The

IC50 was calculated after plotting proliferation on a logarithmic scale.

2.8 | Transwell invasion assays

OS cell lines were plated at a density of 100 000 cells/transwell and
the assay was performed as previously described.®2 Briefly, cells
were plated in the upper chamber in media containing 0% FBS and
allowed to invade into the lower chamber containing 10% FBS over
24 or 48 h. Inserts were processed as previously described.®? Cells
were plated in duplicate and experiments were repeated three times.
Cells from 10 random fields were counted and averaged for each
transwell assay. The mean and SE across all biologic replicates are

reported.

2.9 | Statistical analyses

Invasion assays were performed in duplicate and repeated three
times. Seahorse assays were performed with six technical replicates
and repeated three times. All other assays were performed in triplicate
and repeated three times. For analysis of SRB proliferation assays, a
linear regression model was used; p <.05 was considered significant.
A 2-way ANOVA was used to determine significance of Seahorse
assay experiments, to account for multiple factors. Intracellular lactate
and Matrigel invasion assays were analysed using a 1-way ANOVA.
All analyses were completed using GraphPad Prism 7.0.4 (GraphPad
Software). All statistical tests referenced the parental (wild-type) cell

line for comparisons.

3 | RESULTS
3.1 | STAT3is phosphorylated in a subset of
canine OS cell lines

Expression of STAT3 was confirmed in canine OS cell lines using
western blotting. Consistent with previous studies, canine OS
lines express STAT3, and exhibit constitutive activation of STAT3,
as determined by phosphorylation on the Y705 residue (Figure 1).
As STAT3 has previously been evaluated in the Abrams and
OSCA-8 cell lines using siRNA techniques and small molecule
inhibitors, we chose these cell lines for downstream functional

studies. 1820
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3.2 | Lossof STAT3 is associated with decreased
basal and compensatory glycolysis in canine OS cells,
but does not alter cellular proliferation

We next sought to assess the metabolic effects of STAT3 loss in
canine OS lines. Two measures of metabolic capacity were utilized:
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FIGURE 1 STATS3 s activated in canine OS. Western blot
demonstrating expression of pSTAT3 and STAT3 in canine OS cell
lines. Protein lysates are representative of one biologic replicate, and
were not pooled across multiple passages.
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respirometry and intracellular lactate concentration. Notably, canine
OS cell lines exhibited downregulation of basal and compensatory gly-
colysis, without downregulation of cellular proliferation in the absence
of STAT3 (Figure 2). This suggests that while the canine cell lines uti-
lize glycolysis to meet their energetic needs, they readily use the mito-
in the absence of STAT3.

Consistent alterations in basal or maximal mitochondrial respiration,

chondrial electron transport chain
ATP production and intracellular lactate were not observed in canine
OS cell lines in which STAT3 was deleted (Figure 2, Figures S1 and
S2). However, a trend towards an inverse correlation between base-
line glycolytic and oxidative parameters was noted. For example, in
cells where basal respiration was decreased, glycolysis was not signifi-
cantly depressed, supporting the notion that cells utilize alternate bio-
energetic pathways to meet metabolic requirements in vitro. Finally,
the percent PER from glycolysis in Abrams cells was consistently
higher in comparison to the OSCA-8 line, indicating variability in the
relative contribution of glycolysis to extracellular acidification across
OS cell lines (Figure 3).

Interestingly, we noted that with prolonged passaging, the per-
centage of proton efflux solely from glycolysis trended upwards in
the OSCA-8 line (Figure 3A), suggesting metabolic adaptation in

this cell line with prolonged passaging. In contrast, the Abrams cell
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Effect of STAT3 on cellular proliferation and glycolytic rate. (A) Representative western blot confirming STAT3 deletion in canine

OS cell lines. (B) Proliferation over 72 h was determined in STAT3 knockout lines using the SRB assay. Results are presented as the mean + SD
across three biologic replicates. p < .05 was considered significant. (C) Basal and compensatory glycolysis were determined in STAT3 knockout cell
lines using the Seahorse XFe Glycolytic Rate Assay. Results of one representative biologic replicate are shown as mean + SD. p <.01 was

considered significant. M(#) = monoclonal cell line. *p <.01; #p <.001
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FIGURE 3 Longitudinal Trends in Glycolytic Rate. Percent proton
export rate (%PER) in (A) OSCA-8 and (B) Abrams cell lines across
biologic replicates using the Seahorse XFe Glycolytic Rate Assay.
Error bars represent the mean + SD.

line remained relatively stable throughout passaging (Figure 3B),
indicating that any differences in glycolytic proton efflux rate in
this line over time were due to STAT3 inhibition. Together, these
findings stress the importance of tracking tumour cell line adapt-
ability following gene editing, particularly with repeated passage

in vitro.

3.3 | Loss of STAT3 results in decreased invasive
capacity without modulating cellular proliferation

The invasive capacity of OS cells lacking STAT3 was assessed in the
Abrams and OSCA-8 cell lines using a transwell invasion assay. In both the
Abrams and OSCA-8 cell lines, the invasive capacity of OS cells was
reduced in the absence of STAT3, consistent with previous studies
(Figure 4)2+23
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3.4 | Lossof STAT3 does not enhance
chemosensitivity

We next explored whether STAT3 deletion sensitized cells to cyto-
toxic chemotherapy. Doxorubicin was of considerable interest
because (1) it is a common component of frontline chemotherapy in
OS and (2) is known to have effects on the mitochondria through inhi-
bition of Complexes | and Il of the electron transport chain, thereby
impacting a source of NAD+ regeneration.>33# In the Abrams OS cell
line, loss of STAT3 did not alter sensitivity to doxorubicin exposure
over 24 h as determined by cellular proliferation (Figure 5A). However
a possible effect of the lentiCRISPR plasmid was observed in the
OSCAS8 line (Figure 5B) as both the scramble and STAT3 deficient
clones exhibited an increased sensitivity to doxorubicin. Together
these findings highlight the importance of correlating metabolic dys-

regulation with functional outcomes.

4 | DISCUSSION

STAT3 has been extensively studied as a potential therapeutic target in
several cancers, including OS, and increasing evidence supports coordi-
nated metabolic and nuclear transcriptional STAT3 activity across various
tumour types.?1%>¢ However, successful development of STAT3-specific
inhibitors with clinical efficacy has remained a challenge.>>*¢ The purpose
of this study was to characterize the effects of STAT3 loss on features of
tumour cell metabolism and correlate them with the canonical transcrip-
tional functions of STAT3 in canine OS to identify metabolic biomarkers
that may influence response to STAT3 inhibition.

In the current study, we assessed the effects of STAT3 loss using
CRISPR-Cas? based knockout in OS cell lines. Consistent with previous
reports, we found that cells deficient in STAT3 demonstrated impaired
invasive capacity, concordant with previous studies in canine and human
05.2137 While STAT3 mediated effects on tumour cell invasive capaci-
ties have been associated with direct alteration of transcriptional targets,
our data support the notion that STAT3 also contributes to metabolic
adaptations likely necessary to confer a survival advantage in the tumour
microenvironment.3® Interestingly, deletion of STAT3 using CRISPR-
Cas9 did not cell proliferation, which is a departure from historical data
in canine 0S.28-2! This discrepancy highlights the differential effects of
gene deletion, transient knockdown and target inhibition with small mol-
ecules when evaluating protein function in tumour cell lines. Prior studies
in canine OS utilized STAT3 small molecule inhibitors or transient siRNA
transfection.”*8-21 Therefore, it is possible that the previously reported
impact of STAT3 on cellular proliferation and viability were due to off-
target effects of small molecule inhibitors or short-term/incomplete
STAT3 downregulation. Importantly, our findings are consistent with
emerging data in human OS cell lines in which inhibition of STAT3 has
little impact on cellular proliferation.3” Future work should therefore
incorporate multiple assessments of cellular proliferation after short-term
and long-term STAT3 inhibition/deletion using more than one platform
and additional cell lines to verify the impact of STAT3 loss on OS cell
growth.
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FIGURE 5 STAT3 deletion does not sensitize OS cells to doxorubicin. Proliferation in (A) OSCA8 and (B) Abrams cell lines exposed to

increasing concentrations of doxorubicin are displayed as a fraction of an untreated control after exposure doxorubicin for 24 h. Error bars

indicate the SD across three biologic replicates.

While typically considered in the context of its role as a nuclear
transcription factor, STAT3 is thought to have a multi-faceted role in
tumour metabolism, with activity increasingly attributed to transcrip-
tional and non-transcriptional activities in the cytosol and mitochon-
dria. 10133940 gpecifically, STAT3 has been identified in the

mitochondria associated with ETC Complexes and mitochondrial
DNA, suggesting that the nuclear and metabolic features of STAT3
are coordinated to promote oncogenic phenotypes.t>144142 Addi-
tionally, STAT3 appears to activate aerobic glycolysis and inhibit mito-

chondrial oxidative phosphorylation (OXPHOS) through its action as a
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nuclear transcription factor.*>~** Our data demonstrate that loss of
STAT3 modulates features of aerobic glycolysis in OS cell lines with-
out affecting cellular proliferation. Taken together this implies that
canine OS lines can maintain bioenergetic processes (ATP production)
through oxidative phosphorylation when glycolysis is compromised
upon STAT3 deletion, sustaining cellular proliferation.

Not surprisingly, as downregulation of aerobic glycolysis was
incomplete in STAT3-deficient cells, concentrations of intracellular lac-
tate were variable in the absence of STAT3. This likely indicates the
presence of alternate mechanisms for maintenance of aerobic glycolysis
in STAT3-deficient cell lines, such as modulation of glucose uptake and
altered glycolytic enzyme or monocarboxylate transporter (MCT1,
MCT4) activity to facilitate lactate exchange. Notably, these effects
were identified in vitro, without considering the metabolic relationship
between the tumour and stromal cells.*> Indeed, metabolic plasticity
promotes cell survival and growth in the metastatic microenvironment
across several tumour types, and metabolic pathway dysregulation
alters OS metastatic progression in murine models.**=*° Consequently,
inhibition of STAT3 function in vivo may be insufficient to impact
tumour cell biology without concordant blockade of additional key cel-
lular proteins (such as MCT1/4) that support this plasticity.

In conclusion, these data further support the contribution of
STATS3 to aerobic glycolysis and cellular invasive capacity in canine
OS. Further interrogation is warranted to identify how best to lever-
age STATS inhibition as a therapeutic strategy in OS through rational
combinatorial targeting of key pathways that influence OS metabolic

plasticity and drive metastatic capacities.
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