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anchorage-independent growth of canine sarcomas
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Tri methylguanosine synthase 1 (TGS1) is the enzyme that hyper methylates the hallmark 7-methyl-guanosine cap (m7G-cap)
appended to the transcription start site of RNAs. The m7G-cap and the eIF4E-cap binding protein guide canonical cap-dependent
translation of mRNAs, whereas hyper methylated cap, m2,2,7G-cap (TMG) lacks adequate eIF4E affinity and licenses entry into a
different translation initiation pathway. The potential role for TGS1 and TMG-capped mRNA in neoplastic growth is unknown.
Canine sarcoma has high translational value to the human disease. Cumulative downregulation of protein synthesis in
osteosarcoma OSCA-40 was achieved cooperatively by siTGS1 and Torin-1. Torin-1 inhibited the proliferation of three canine
sarcoma explants in a reversible manner that was eliminated by siRNA-downregulation of TGS1. TGS1 failure prevented the
anchorage-independent growth of osteo- and hemangio-sarcomas and curtailed sarcoma recovery from mTOR inhibition. RNA
immunoprecipitation studies identified TMG-capped mRNAs encoding TGS1, DHX9 and JUND. TMG-tgs1 transcripts were
downregulated by leptomycin B and TGS1 failure was compensated by eIF4E mRNP-dependent tgs1 mRNA translation affected by
mTOR. The evidence documents TMG-capped mRNAs are hallmarks of the investigated neoplasms and synergy between TGS1
specialized translation and canonical translation is involved in sarcoma recovery from mTOR inhibition. Therapeutic targeting of
TGS1 activity in cancer is ripe for future exploration.
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Graphical Abstract

INTRODUCTION
Transactions at the hallmark 7-methyl-guanosine (m7G-cap) are
now recognized as a major variable driving the form and function
of RNAs generated by RNA polymerase II [1]. Cap is a non-
template addition to the transcription start site of nascent RNAs
that is co-transcriptionally bound by heterodimeric CBP20/CBP80
complex (CBC). This process is required for productive gene
expression and for cell homeostasis.
Cap exchange is the replacement of CBC by alternative cap-

binding proteins that sandwich the m7G-structure between two
aromatic residues (reviewed in [1]). Cap exchange to eIF4E is

necessary for mRNA entry to the eIF4E-dependent translation
pathway that is an engine of cell proliferation and cell cycle
progression [2, 3]. The translation activity of eIF4E is tightly
regulated by the eIF4E binding protein, 4EBP1 [4]. Hypo-
phosphorylated 4EBP1 is the allosteric repressor of eIF4E, wherein
the hyper phosphorylation of 4EBP1 de represses eIF4E and
promptly activates cap-dependent translation. 4EBP1 activity is
controlled by the evolutionary conserved kinase, mammalian
target of rapamycin (mTOR) and abnormal activity of this
regulatory circuit is characteristic of tumor cells [2, 5, 6]. In clinical
trials, patients’ tumor growth could be diminished by mTOR
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inhibitor but on a temporary basis [7, 8]. A new framework posits
the repression of eIF4E-dependent translation is rescued by an
alternative, specialized translation pathway unaffected by mTOR
[9].
Cap exchange to TGS1 is a feature of some transcripts made by

RNA polymerase II. Studies have shown TGS1 hyper methylates
cap of several selenoprotein mRNAs for eIF4E-independent
translation in transformed human cells, setting a precedent to
investigate TGS1 activity in sarcoma explants [10]. TGS1 has been
shown to hyper methylate HIV-1 incompletely processed tran-
scripts, which antagonize eIF4E-dependent translation [9, 11, 12].
In addition to HIV-1 and selenoprotein mRNAs, few other TMG-
capped mRNAs have been identified. The majority of TMG-capped
RNA are noncoding small nuclear- and small nucleolar RNAs (sn-
and snoRNAs) that are components of ribosomes and spliceo-
somes and telomerase RNA, hTR [13, 14]. Despite distinct
functionalities in the RNA World, each of these RNA species
experience m7G-cap hyper methylation that changes the form
and directs the function of the mature transcript.
Studies have shown TGS1 binds m7G-cap with high affinity, but

is incompatible with TMG-cap [15]. Studies on snoRNPs have
shown TGS1 is released from Cap using chaperone activity of
CRM1 [16]. The covalent modification of CRM1 by treatment with
leptomycin B (LMB) was shown to trap TGS1 on m7G-snoRNPs.
Studies have yet-to-determine whether LMB also inhibits biogen-
esis of TMG-mRNAs.
Whereas TMG-cap fails interaction with TGS1 or other members

of the family of m7G-cap-binding proteins, until recently only one
vertebrate protein compatible with the TMG-cap structure was
known, Snurportin1 [17]. Recent evidence has shown NCBP3/
CBP80 is a TMG-cap-binding complex of HIV-1 mRNAs [9] that
require RNA helicase A/DHX9 (RHA) for translation [18]. RHA has
been shown to bind near the beginning of HIV-1 RNA and tether
TGS1 for cap-hyper methylation that licenses translation unaf-
fected by mTOR [9]. Another study identified NCBP3/CBP80-RHA
assembles JUND polysomes unaffected by mTOR [19]. RHA also is
known to bind near the beginning of the junD RNA and is
necessary for JUND translation [18]. Although studies have shown
heterodimeric NCBP3/CBP80 and RHA are necessary for junD
translation, yet-to-be investigated is the potential role for TGS1
and TMG-cap in junD mRNA unaffected by mTOR [19, 20].
RHA is a ubiquitous RNA binding protein that has been

proposed a central node in malignancy [21, 22]. However,
controversy exists whether RHA serves in an oncogene- or tumor
suppressor role [23, 24]. The dhx9 gene locus at 1q25 is frequently
mutated in breast and prostate neoplasms [25, 26] and RHA
overexpression was dubbed a biomarker of malignancies includ-
ing lung and ovarian cancer [26], hepatocellular carcinoma [27],
glioblastoma [28], chemo resistant leukemia [29], and osteosar-
coma exhibiting high metastatic ability [30, 31]. RHA binds RNA
polymerase II and undergoes co-transcriptional loading to the
BRCA1 [31, 32], EGFR [26, 33], MDR1 [34], p16INK4A [35] and p53
RNAs [36, 37]. There are post-transcriptional activities attributed to
RHA, including translation that contribute to its enigmatic role in
tumorigenesis [18, 21, 22, 38].
Unlike RHA, TGS1 is a relatively underexplored gene (~80

papers reporting on TGS1 on PubMed, accessed on January 26,
2023). Moreover, the data available on The Cancer Genome Atlas
(accessed on January 26, 2023) show TGS1 has not yet been
reported in bone cancer samples and the levels of expression in
cancerous tissues are unknown, as well as whether there is a
difference compared to the normal tissues.
Several human and canine sarcomas share clinical, histologic

and molecular characteristics [39–42]. Comparative research has
yielded therapeutic and diagnostic strategies with translational
benefit to canine and human patients [43–45]. OS is a primary
malignant bone tumor that occurs at the site of growth plates in
the metaphysis of long bones in children and young adults, and

canine patients. In people, OS is relatively rare, with 800–1000
cases diagnosed per year, while in dogs the annual incidence
exceeds 25,000 cases [41]. OS is highly malignant and over 90% of
canine and approximately 30% of pediatric patients succumb to
metastatic disease within 2–5 years following diagnosis [39].
OSCA-40 is a malignant canine osteosarcoma explant from a

spontaneously developed tumor in the right knee of a 6-year old
spayed female Saint Bernard [42]. OSCA-32 is derived from a
tumor in the left wrist of a 9-year old spayed female Great
Pyrenees [43]. Upon orthotopic implantation into mice, OSCA-40
progressed more quickly and generated more local bone
destruction than OSCA-32 [44]. OSCA-40 had higher metastatic
propensity, microscopic metastasis to lung and engendered
shorter median survival times, but both explants are informative
pre-clinical models. Hemangiosarcoma (HSA) [45, 46] is a highly
aggressive cancer of endothelial cells sharing the same poor
prognosis with OS and provides another comparative model of
the human disease. Canine HSA Emma is derived from a
metastatic tumor of the brain of a 9-year old spayed female
Golden Retriever and closely models all aspects of human
angiosarcoma of the breast and viscera, making it an important
tool for investigating malignancy [47–49].
Anchorage-independent growth is a hallmark of tumor cells and

is associated with their ability to invade and metastasize to other
tissues. Yet-to-be-determined are potential roles for TGS1 and
TMG-capped mRNAs in neoplastic growth, which could have
important implications for understanding the mechanisms of
cancer progression and identifying potential targets for therapy.
This study investigated whether TMG-capped mRNAs exist and
whether TGS1 activity plays a role in promoting anchorage-
independent growth in three representative canine sarcomas.

MATERIALS AND METHODS
Cell viability assays
OSCA-40, OSCA-32 or HSA Emma were cultured in Dulbecco’s Modified
Eagle Medium [DMEM] supplemented with 10% FBS, Primocin and 1%
HEPES. Per well of 6-well plates, 5 × 105 cells were seeded for 60 h harvest
and 1 × 106 cells were plated for 24 h harvest. Per well of 12-well plates,
2 × 105 to 4 × 105 cells were seeded and medium was supplemented with
Torin-1 (100 nM) or LMB (2.5 ng/mL) [50] or both for 24 h. Aliquots of 90 µl
were transferred into 96-well plates containing alamarBlue reagent (10 µl,
Invitrogen A50100, Carlsbad, CA USA), incubated at 37 °C, 5% CO2 for 3 h
and relative fluorescent units (RFU) were measured at 560 nm excitation
and 590 nm emission wavelengths. The percentage of viable cells in
treated and control samples were calculated: Treated RFU / Untreated RFU
cell control ×100. Recovery assays were carried out by pelleting aliquots of
treated cells, washing with PBS and reseeding in fresh media. The
alamarBlue assay was performed after 7-days.

Anchorage-independent growth assays
Growth in ultra-low attachment (GILA) assays were performed as described
[51]. OSCA-40, OSCA-32 or HSA Emma were collected 60 h post-
transfection of siRNAs targeting RHA, TGS1 or non-targeting control (siNT)
and supplementation with Torin-1 during the final 24 h. Cells were
collected, washed in PBS and 1000 cells were seeded per well of 96-well
Ultra Low Attachment Plates (Corning 3474, Durham, NC USA) in 100 µl of
fresh media. After 5 days, Cell Titer Glo was added to the wells (Promega
G755A, Madison, WI USA) according to manufacturer’s instructions and
luminescence was detected by an absorbance microplate reader (BioTek
Synergy, Santa Clara, CA USA) and interpreted by the same formula as
alamarBlue test results. The soft agar protocol was carried out with
modifications [52]. Briefly, 1% agarose was diluted with cell culture media
in 1:1 ratio and 1ml of 0.5% agarose was plated into 12 well plates as the
base agar layer. Next, 1% agarose was diluted in 1:2 ratio with 1 × 104 cells/
ml of DMEM without or with pre-treatments (24 h, Torin-1, LMB, both). One
ml of 0.3% agarose + OSCA-40 cells was plated on top of the solidified
base layer in triplicates for each treatment, amounting to 2 × 104 cells/well.
One ml of cell culture media was added on top (feeding medium). Cells
were incubated at 37 °C, 5% CO2 for 14 days and the feeding media was
exchanged every 3–4 days. Plates were stained using crystal violet and
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colonies were counted on a Nikon Eclipse Ti-S microscope (Melville, NY
USA). Graphpad Prism Version 6 (Graphpad Software Inc., San Diego, CA
USA) was used to analyze viability assays and anchorage-independent
growth data by Student’s t-test. The mean and standard deviation of the
mean (SD) values were always calculated.

Metabolic labeling
OSCA-40 were supplemented with puromycin (4 mmol, Sigma P7255) for
20min at 37 °C. Total cell lysates were collected and subjected to WB with
indicated antisera. PAGE was carried out on 4 to 20% gradient gels.
Proteins were transferred to nitrocellulose, incubated with antiserum and
detected by Pierce enhanced chemiluminescence (Thermo Fisher,
Waltham, MA USA) on ImageQuant LAS4000 (GE Healthcare Life Sciences,
Uppsala Sweden). ImageJ software (NIH, Bethesda, MD USA) performed
densitometry. Antibodies used in this study are summarized in Tables S1
and S2.

RT-qPCR
RNA was prepared in Trizol and aliquots of 0.5 to 1 µg of RNA were
subjected to reverse transcription by Omniscript RT in 20–30 µl reactions.
Two to 3 µl of each reaction was subjected to qPCR with gene-specific
primers (Table S3) and SYBR-Green (Stratagene MX 3005p, San Diego, CA
USA). Standard curves were generated on 102–108 copies of DNA
amplicons. The mean RNA copies and standard deviation (SD) were
calculated and statistical significance between RNA copies and treatment
groups was evaluated by Student’s and Welch’s t-tests, respectively.

RNA interference
Each siRNA (50 nM) (Table S4) was mixed with Lipofectamine 2000 (2.5 µl,
Invitrogen) in OPTI-Minimum Essential media (200 µl), incubated for 15min
at RT and dispensed to each well of a 12-well plate seeded with 2 × 105

OSCA-40, OSCA-32 or HSA Emma in 1mL DMEM. Medium was exchanged
eight h post transfection. After 24 h, cells were transfected again,
incubated and harvested 60 h after the first transfection. Collected cells
were washed in PBS and suspended in a RIPA buffer for 15min on ice and
soluble proteins were collected by centrifugation at 13,400 RPM for 2min.
Pellets suspended in PBS were mixed with TRizol-LS and RNA was
extracted per manufacturer instructions (Thermo Fisher).

Ribosome profiles
Cytosol was extracted from three 10 cm plates of OSCA-40 at 80%
confluence. Culture medium was supplemented for 30min with cyclohex-
imide (CHX) (100 µg/ml, Millipore Sigma O1810) prior to harvest. Cells were
washed 3 times with ice cold PBS containing CHX, collected and
suspended in ice cold low salt buffer, incubated on ice for 5 min and the
lysis buffer was added (Table S5). The samples were decanted to a Dounce
homogenizer and subjected to 10 strokes, and centrifuged at 17,000 × g
for 2 min. The supernates were layered onto 10ml linear gradients of 10 to
50% sucrose [19] and centrifuged 225,000 × g for 2.25 h at 4 °C in a
Beckman Coulter Optima XPN-100 Ultracentrifuge, SW41 rotor (Chaska, MN
USA). Gradients were fractionated and A254 measurements were collected
on an ISCO system (Lincoln, NB USA). Brandel Peak Trace software was
used to process the corresponding profiles and area under the curve.

Immunoprecipitation (IP)
RNA binding proteins were immune precipitated by magnetic Dynabeads
Protein G (30 µl, Invitrogen 10004) conjugated to specific antiserum: rabbit
anti-RHA (3 µl, Vaxron PA-001), rabbit anti-eIF4E (4 µl, Sigma E5906) or
rabbit anti-IgG (1 × 10−4 µl, Sigma I8140) for 30min at room temperature
on a rotating wheel. Beads were collected on a magnet, supernates were
removed and beads were washed with NETN and then wash buffer (Table
S5) to remove unbound antibody, and incubated with protein lysates for
2–4 h on a rotating wheel at 4 °C. Lysates were isolated from the OSCA-40
suspended in RIPA buffer (Table S5). After incubation for 15min on ice,
soluble proteins were collected by centrifugation at 13,400 RPM for 2min.
Beads were then washed 3 times with cold NETN and 3 times with cold
wash buffer. Beads were collected, 10% was reserved for WB and 90% was
reserved for RNA extraction.
To isolate TMG-capped RNAs, we modified protocols by Singh [9] and

Gribling-Burrer et al. [53]. Briefly, 30 µl aliquots of Dynabeads were
incubated with BSA (20mg/mL) and tRNA (20 mg/mL) for 30min on a
rotating wheel at room temperature; 10 µl of mouse anti-TMG (Millipore

Sigma MABE302, Burlington, MA USA) antibody or 1 µl mouse anti-IgG
antibody (Sigma I8765, diluted 1:10 000) was added and the beads were
incubated at 4 °C overnight on a rotating wheel. Beads were washed once
with cold NETN and once with a cold wash buffer. Ten µg of Input RNA was
pre-incubated with IgG-coated beads for 30min and transferred to the
TMG-coated beads and incubated at 4 °C for 2–4 h on a rotating wheel.
Beads were washed 3 times with ice cold NETN and 3 times with ice cold
wash buffer and resuspended in 100 µl water and mixed with 500 µl TRIzol-
LS, extracted with chloroform and chloroform-isoamyl alcohol (24:1) and
precipitated in isopropanol. RNAs were suspended in 30 µl.

Statistical analysis
Results are presented as mean with error bars indicating SD. Statistical
analysis has been performed using Student’s t-test or Welch’s t-test, as
indicated in figure legends. P-values of ≤0.05 were considered significant.
Experimental replicates were typically N= 3 and are specified in the figure
legends.

RESULTS
Downregulation of TGS1 and RHA cooperatively decrease
canine osteosarcoma proliferation and protein synthesis
capacity
To begin to investigate a role for TGS1 and TMG-capped mRNAs in
canine sarcoma, we determined the effect of TGS1 downregula-
tion on the proliferation and translation capacity of the OSCA-40
canine osteosarcoma. Titration studies with siRNA targeting tgs1
and dhx9/rha (rha) identified two transfections for 60 h were
necessary to diminish TGS1 and RHA by 40 to 60% relative to the
non-targeting control siRNA (siNT) (Supplementary Fig. 1A) and
Supplementary Fig. 1B. The effect the treatments on OSCA-40
viability was assessed by alamarBlue assays, which detect cellular
respiration and redox capacity in proliferating cells by the
reduction of resazurin to highly fluorescent resorufin. While the
redox capacity was robust in cells treated with siNT or siRHA, it
was reduced in cells treated with siTGS1 (siTGS1, p ≤ 0.01) and
further decreased when siTGS1 were combined with siRHA
(siBOTH, p ≤ 0.001) (Fig. 1A). As a control, the OSCA-40 cultures
were supplemented with the small molecule mTOR inhibitor,
Torin-1. Titration experiments identified the minimal dosage of
Torin-1 to downregulate P-4EBP1 was similar to that observed in
titration studies on human CD4+ T lymphocytes (100 nM) [19].
AlamarBlue assays identified proliferation of OSCA-40 was reduced
by 50% in the presence of Torin-1 alone and additionally reduced
proliferation of siTGS1- or siBOTH-treated cells (Fig. 1A). OSCA-40
experiencing the wash-out of Torin-1 recovered proliferation
similar to control, as shown by alamarBlue assays 72 h later
(Supplementary Fig. 2A, white bars). Also, light microscopy of the
cultures visualized the differences in cell morphology in the
presence and absence of Torin-1 (Supplementary Fig. 2C) and
after wash-out and recovery (Supplementary Fig. 2C). To
determine relative levels of protein synthesis under these
conditions, metabolic labeling with puromycin for 20 min was
carried out (Supplementary Fig. 1C). Densitometry results of three
replicate experiments showed metabolic labeling was reduced
50% in the presence of Torin-1 (p ≤ 0.05), indicating protein
synthesis was not abolished by the mTOR inhibitor (Fig. 1B).
Treatment with siTGS1 resulted in a 20% decrease in metabolic
labeling compared to the treatment with siRHA or siNT control
(p ≤ 0.05). Notably, the combination of siTGS1 + siRHA was
observed to further reduce protein synthesis (p ≤ 0.01) and Torin-1
led to another 50% reduction in metabolic labeling, indicating
cooperativity between Torin-1 and siTGS1 and siRHA in decreasing
protein synthesis (p ≤ 0.001). These results were in agreement with
results of the proliferation assays (Fig. 1A).
To further investigate OSCA-40 translation activity and the

apparent cooperativity between Torin-1 and siTGS1, ribosome
profiling was performed. The treatment of OSCA-40 cells with
siTGS1 resulted in decreased polysomes and increased 80 S/
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monosomes relative to the siNT control, indicative of initiation
complex formation and impaired loading of ribosomes onto
mRNA (Fig. 1C, blue and magenta lines). Torin-1 treatment of
OSCA-40 (siNT, green line) resulted in decreased polysomes and
80 S/monosomes, indicating failure to form initiation complexes,
as expected. Torin-1 addition to siTGS1 treatment eliminated any
residual polysomes and 80 S/monosomes to below the detection
limit of the assay (orange line). Analysis of the area under the
curve (AUC) documented the reduction in polysomes and 80 S/
monosomes observed in the ribosome profiles (Fig. 1C, inset
panel) were similar to the reduction in metabolic labeling (Fig. 1B).
The assay results agreed that cumulative downregulation of
protein synthesis in OSCA-40 cells was achieved through siTGS1
and Torin-1 cooperativity.
Since anchorage-independence is hallmark of neoplastic

growth, the treatments were evaluated in assays for anchorage-
independent growth. The OSCA-40 treated cells were washed in
PBS and cultured in ultra-low attachment plates with fresh
medium [51]. After 6 days, anchorage-independent growth was
assessed by Cell Titer Glo ATP assays. OSCA-40 anchorage-

independent growth was similar between the untreated control
and the Torin-1 wash-out cells, reiterating the mTOR inhibitor
diminished OSCA-40 proliferation and translation capacity in a
reversible manner (Fig. 1D, siNT). The siTGS1 and siRHA treatments
significantly diminished OSCA-40 capacity for anchorage-
independent growth (p ≤ 0.05) (blue and gold bars) and elimi-
nated the recovery from Torin-1 treatment (unfilled bars). The
cooperativity between siTGS1 and Torin-1 was recapitulated by
siRHA. However, since RHA has been shown necessary for TGS1
activity on HIV-1 mRNA, the results posited that siRHA diminished
host TMG-capped mRNA. To determine whether these findings
could be generalized to other canine sarcomas, similar investiga-
tions were conducted on OSCA-32 and HSA Emma explants.

TGS1 is necessary for anchorage-independent growth of
representative canine sarcomas
The siRNA treatments, WB regimen and densitometry was carried
out on OSCA-32 and identified the specific downregulation of
TGS1 or RHA by siTGS1 or siRHA, and that simultaneous siRNA
treatment produced the most effective downregulation (Fig. 2A).

Fig. 1 OSCA-40 anchorage-independent growth is abrogated by downregulation of TGS1 and RHA. OSCA-40 cultures transfected with
siRNAs for 60 h were supplemented with Torin-1 for the final 24 h. A Results of alamarBlue assays on the treated cells have been standardized
to siNT control, N= 3. B Twenty-min metabolic labeling with puromycin and evaluated by Western blot and densitometry. C Ribosomal RNA
profiles on 10-50% sucrose gradients were detected by spectrophotometry and the area under the curve (AUC) was quantified using Brandel
software. Results are representative of 2 experiments. D Anchorage-independent growth quantified by Cell titer Glo assays on cells from
C after wash in PBS. Mean and standard deviation of results from 3 independent experiments are presented. Statistical comparisons have
been made using Student’s t-test and are denoted by the horizontal lines (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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OSCA-32 redox capacity was significantly decreased by simulta-
neous siTGS1 and siRHA treatment (siBOTH p ≤ 0.05) (Fig. 2B), in
agreement with results in OSCA-40 (Fig. 1). Also similar to OSCA-
40, Torin-1 treatment resulted in a 50% reduction in OSCA-32
proliferation that was additive with siTGS1 and siBOTH (p ≤ 0.05)
(Fig. 2B). The results of GILA assays identified OSCA-32 anchorage-
independence and recovery after Torin-1 wash-out (Fig. 2C). The
anchorage-independence and OSCA-32 recovery from the effects

of Torin-1 was not observed in cells experiencing the combination
of siTGS1 and siRHA (siBOTH) (Fig. 2C).
In HSA Emma, the siRHA or siTGS1 treatments robustly

downregulated RHA or TGS1 proteins (Supplementary Fig. 3A)
and Torin-1 treatment, alone and in combination with the siRNA
downregulation, significantly reduced redox activity (p ≤ 0.01)
(Supplementary Fig. 3B). GILA assays showed HSA Emma
anchorage-independent growth was reduced significantly by
siTGS1 or siRHA treatment and these cells failed recovery from
Torin-1 wash-out of cells (Supplementary Fig. 3C). The results from
three representative canine sarcomas agreed that TGS1 and RHA
downregulation inhibited anchorage-independent growth. To
build on prior research that TGS1 and RHA are necessary for
expression of viral TMG-capped mRNA licensed for specialized
translation [9], the sarcomas were screened for TMG-capped
mRNAs.

TMG-capped junD, tgs1 and rha mRNAs are present in canine
sarcoma
Building on our previous studies of viral TMG-capped mRNAs in
human T-lymphocytes [9], the canine RNAs were collected and
subjected to RNA immunoprecipitation with anti-TMG antibody
(TMG IP) or IgG control. As depicted in Fig. 3A, OSCA-40 RNA
copies were measured between Input RNA, TMG IP and FT
samples by RT-qPCR with gene-specific primers and three
replicate experiments were carried out. The TMG IP values were
subtracted of IgG values and normalized to Input. Regardless of
Torin-1 treatment, comparable RNA copies were detected in each
Input with the exception of beta-actin (Fig. 3B, N= 3). Copies of
snoU3, tgs1, rha mRNAs were enriched in the TMG IP compared to
copies in the FT (Fig. 3C, p ≤ 0.01; 0.05; 0.01, respectively) and junD
approached significance (p ≤ 0.09). Recapitulating published
results in human cells, beta-actin was accumulated in FT
(p ≤ 0.002), whereas selT enriched in TMG IP (p ≤ 0.01) [9, 10]. In
the presence of Torin-1, TMG-tgs1 maintained significance,
whereas TMG-snoU3, TMG-rha, and TMG-junD did not approach
significance (Fig. 3C). TMG IP analysis carried out in HSA Emma
recapitulated TMG-snoU3, TMG-tgs1 and TMG-rha transcripts were
enriched compared to FT (p ≤ 0.005) and junD was below
detection in these cells (Supplementary Fig. 4). Taken together,
the results documented the presence of TMG-capped mRNAs in
canine sarcomas, and suggested experiments were warranted to
assess whether siRHA diminished TMG-capped mRNAs.
WB and densitometry validated downregulation of TGS1 or

RHA, respectively by siTGS1 or siRHA compared to the non-
targeting control (siNT) (Fig. 4A, B). Input RNA copies were
measured in each of three replicate assays and were not
statistically different between the treatment groups (Fig. 4C, D).
TMG RNA copies were detected in the siRHA- and siTGS1-treated
cells, but the difference between IP and FT no longer reached
significance, with the exception of negative control beta-actin was

Fig. 2 Downregulation of TGS1 and RHA attenuates anchorage-
independent growth of OSCA-32. OSCA-32 cultures were treated
with the indicated siRNAs for 60 h and supplemented with Torin-1
for the final 24 h. A Western blots on siRNA-treated cell lysates with
the indicated antisera were quantified by ImageJ and pixel density
have been presented relative to GAPDH. B Cell proliferation
measured by alamarBlue assay are standardized to siNT minus
Torin-1 control. Horizontal lines indicate statistical comparisons
between the treatment groups. C OSCA-40 from B were washed in
PBS and cultured in ultra-low attachment plates for 6 days without
treatments. Results of CellTiter Glo assay have been standardized to
siNT. Mean, standard deviation are presented from 3 independent
experiments. Horizontal lines report statistical comparisons between
treatment groups determined by Student’s t-test. (*p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001).

B

C

OSCA-32 density relative to GAPDH siNT
siRNA

siNT siRHA siTGS1 siBOTHWB

RHA 0.7 0.5 0.4 0.2

TGS1 0.9 1.0 0.5 0.5

GAP
DH 1.0 1.2 1.3 1.2

OSCA-32 redox capacity

Anchorage-independent growth after washout

A
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unchanged (Table 1, Welch’s test). TMG-RNA copies were not
significantly different between most groups, with the exceptions
of TMG-tgs1 RNA copies reduced by siRHA (p ≤ 0.01) or by
siTGS1+Torin-1. These observations suggested dearth of TMG-
tgs1 specialized translation was compensated by m7G-tgs1 mRNA
translation affected by the mTOR inhibitor.

TMG-tgs1 failure unmasks tgs1 mRNAs that are susceptible to
mTOR
To further investigate the susceptibility of tgs1 mRNA translation
to mTOR, OSCA-40 were treated with Torin-1 in combination with
siTGS1 or siRHA in 3 replicate experiments. As expected, WB

revealed Torin-1 reduced both the size of 4EBP1 isoforms (4EBP1
WB panel) and the abundance of P-4EBP (P-4EBP1 WB panel)
indicative of inhibition of 4EBP1 phosphorylation (Fig. 4A,
representative experiment). Densitometry normalized to the
GAPDH control (siNT) documented the presence of Torin-1
decreased TGS1 by 50%, and by 90% in combination with siTGS1
(Fig. 4B). The treatment with siRHA alone and in combination with
Torin-1 reduced RHA by a factor of 10 (Fig. 4B) and also reduced
TGS1. TGS1 was diminished to barely detectable levels by
combination with Torin-1 and siRHA and siTGS1 (Fig. 4B),
indicative of cooperativity between reducing TGS1 and the mTOR
inhibition. The RT-qPCR identified similar Input RNA copies

Fig. 3 Canine osteosarcoma OSCA-40 express TMG-capped mRNAs. OSCA-40 RNA samples from cells treated with Torin-1 for 24 h or
untreated control were precipitated with antiserum to TMG or IgG, followed by RT-qPCR. RNA copies in three independent experiments were
determined relative to standard curves. A Flow chart of the experiments. B Input RNA copies. Significant differences were determined by
Student’s t test. C RNA copies in TMG IP and FT normalized to Input. Significant differences between IP and FT were determined by Welch’s
t-test. *p= ≤0.05.
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between the treatment groups (Fig. 4C, N= 3) indicating the
changes in protein levels were not attributable to reduced steady
state rha or tgs1 mRNA. The cooperativity between siTGS1+Torin-
1 in reducing TGS1 agreed with the global translation reduction
observed in the metabolic labeling and ribosome profile experi-
ments (Fig. 1B, C). Notable was that TGS1 was equivalently
reduced by Torin-1, siRHA or siTGS1 and there was cooperativity
between the treatments (Fig. 4A, B). The results would be
explained by tgs1 transcription products segregated in mRNPs
qualified for eIF4E-dependent translation or RHA-mRNPs licensed
for specialized translation. Studies in human lymphocytes
segregated TMG-capped viral mRNAs licensed for specialized
translation in NCBP3/CBP80-RHA mRNPs, whereas downregulation
of TMG-cap resulted in accumulation in eIF4E mRNPs susceptible
to mTOR inhibition [9].
To test the hypothesis separable populations of tgs1 mRNAs

were components of eIF4E-RNPs and NCBP3/CBP80-RHA RNPs,
immune precipitates were isolated from OSCA-40 by eIF4E- or RHA-
specific antisera or non-immune IgG control and RNA was collected
and subjected to RT-qPCR. WB demonstrated robust capture of
RHA from Input with RHA-specific antiserum, and robust capture of
eIF4E by eIF4E-specific antiserum compared to the IgG negative
controls (Fig. 5A, lanes 1-3 and lanes 4-6, respectively). RT-qPCR
measured RNA copies in the Input and each IP. The tgs1 transcripts
were enriched in both the RHA mRNPs and eIF4E mRNPs, whereas
junD copies were only enriched in the RHA mRNP (IP/FT ratio >1)
and were less than detectable in eIF4E mRNP (Fig. 5B),
recapitulating results in human cells [19]. Also as expected, the
noncoding snoU3 RNA failed enrichment in the RHA- or eIF4E-
immune complexes and accumulated in FT (IP/FT ratio < 1). The
segregated tgs1 mRNA in eIF4E RNPs or RHA RNPs (Fig. 5) agreed
with the observation of TMG-tgs1 mRNA for specialized translation
and m7G-tgs1 mRNA affected by Torin-1 (Figs. 3, 4).

LMB downregulated TMG-capped tgs1 transcripts
Balade et al. identified LMB prevents TGS1 activity on snoRNA
independently of nucleocytoplasmic transport of the enzyme [16].
LMB is an antifungal compound that covalently modifies and
inactivates the chromosome region maintenance 1 protein
(CRM1/Xpo1) that is best known to inhibit nuclear export of
cargo proteins that contain a leucine-rich nuclear export
sequence, including TGS1 [16]. We considered LMB provides a
tool to inhibit TGS1 activity on TMG-tgs1 mRNA independently of
nuclear depletion of the enzyme. When OSCA-40 were treated
with LMB for 24 h, redox activity reduced significantly
(p < 0.01–0.001) (Supplementary Fig. 5A), yet cell viability
remained similar, as shown by light microscopy (Supplementary
Fig. 5B). RNA analysis identified steady state tgs1 mRNA copies
were similar between control (untreated) (2.9 ± 1.5 × 104) and
LMB-treated cells (2.2 ± 1.1 × 104, N= 3 experiments). TMG IP
identified TMG-tgs1 transcripts were readily detected in control
cells (p ≤ 0.05), but were not significantly enriched in the LMB-
treated cells (Fig. 6A). These results recapitulated that LMB
downregulated TGS1 hyper methylation of snoU3 RNA as
identified by Balade et al. [16]. WBs carried out on cytosol and
total protein lysates with specific antiserum identified TGS1 was
readily detectable (Fig. 6B). TGS1 was readily detectable in the
cytosol of cells treated with Torin-1 and diminished in total
protein, but LMB diminished TGS1 in the cytosol more than total
protein lysates, indicative of nuclear retention by LMB. In total
protein lysates, Torin-1 diminished GAPDH, whereas LMB did not.
The observation that LMB reduced TGS1 in cytosol samples more
than in total protein samples agreed with published results that
TGS1 is a substrate for CRM1-dependent nuclear export [16].
Tubulin provided the cytosolic loading control and was not
diminished by Torin-1, as shown previously [9]. Next we evaluated
OSCA-40 anchorage-independent growth of the LMB-treated or
control cells washed in PBS and plated in soft agar. OSCA-40

A

B

C

D
c Statistical comparison, P < 0.05

mRNA
siNT a siTGS1 b

siRHA siTGS1 siTGS1 +Torin

B-actin 0.3 0.3 0.3 0.1

snoU3 0.5 0.4 0.6 0.9

TGS1 0.8 0.7 0.5 0.8

RHA 0.7 1.0 0.6 0.5

junD 0.5 0.4 0.7 0.3

a Comparisons of siNT to siRHA, siTGS1, siTGS1+Torin.

b Comparison of siTGS1 to siTGS1+Torin.

c Data in Figure 4C failed to reach significance by Student’s t-test (<0.05). 

OSCA-40 RNA copies × 104 ± SD, N=3

mRNA
siNT a siTGS1 b

siRHA siTGS1 siTGS1 +Torin

B-actin 107±134 90±20 114±38 52±40

snoU3 1.2±0.4 0.8±0.8 1.5±0.4 1.6±1.1

TGS1 50±14 53±18 55±23 59±15

RHA 5±.2 6±.4 5±.1 9±.8

junD 2.3±2.0 1.3±0.8 1.2±0.3 1.8±0.8

Fig. 4 Downregulation of TMG-capped mRNAs by RHA or TGS1
siRNAs and Torin-1. OSCA-40 treated with siRNA for 60 h and
cultured without or with Torin-1 for final 24 h were collected. A WB
carried out on cell lysate with the indicated antisera. B Pixel density
of WB signals measured by ImageJ have been presented relative to
GAPDH siNT on the logarithmic scale. C Input RNA copies by RT-
qPCR, N= 3. D Significant differences between Input RNA copies
were determined by Student’s t test.
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demonstrated colony formation in soft agar at 4 weeks, as did
Torin-1 wash-out cells (Fig. 6C), in agreement with Fig. 1D.
However, LMB-wash-out cells and LMB+Torin-1 wash-out cells
failed growth in soft agar. Similar experiments were carried out on
HSA Emma and identified LMB or Torin-1 reduced proliferation
(Supplementary Fig. 5C). When the cells were washed and plated
in soft agar, anchorage-independent growth of HSA Emma was
similar between control and the Torin-1 or LMB wash-out cells, but
failed upon treatment of Torin-1+ LMB (Fig. 6D). The failure of
neoplastic growth was attributable at least in part, Torin-1
inhibition of eIF4E-dependent tgs mRNA and LMB downregulation
of TMG-tgs1 RNAs for specialized translation.

DISCUSSION
In this study of canine sarcomas, TMG-tgs1, TMG-junD and TMG-
rha mRNAs were identified hallmark of the investigated neo-
plasms and the blockade of the TMG-mRNA pathway prevented
anchorage-independent growth. Notably, the utility of the m7G-
tgs1 mRNA as translation templates was compensated by entry
into eIF4E-dependent translation pathway affected by mTOR. As a
result, the cumulative downregulation of TGS1 required TMG-cap-
downregulation and mTOR inhibition and prevented recovery
from mTOR inhibitor of all 3 tested sarcomas. In contrast, the m7G-
junD or m7G-dhx9 transcripts failed to exhibit utility as translation
templates.

Table 1. Identification of TMG-mRNA in canine sarcoma OSCA-40.

OSCA-40 RNA copies N= 3, TMG IP –IgG normalized to Input*

transcript beta-actin snoU3 TGS1 RHA junD

siNT

TMG IP 3.40E+ 04 2.70E+ 04 3.10E+ 06 4.30E+ 06 1.90E+ 05

2.9E+ 04 8.0E+ 03 2.1E+ 06 3.5E+ 06 1.9E+ 05

FT 4.1E+ 05 8.5E+ 03 3.6E+ 05 5.2E+ 04 9.7E+ 03

1.2E+ 05 8.2E+ 01 2.3E+ 03 1.9E+ 04 4.6E+ 03

p-val 0.002 0.013 0.045 0.054 0.060

siRHA

TMG IP <1E+ 04 1.8E+ 04 7.5E+ 05 1.5E+ 06 3.7E+ 05

2.7E+ 03 4.26E+ 03 1.07E+ 06 1.24E+ 06 3.52E+ 05

FT 6.8E+ 05 1.4E+ 04 3.7E+ 05 7.0E+ 04 1.3E+ 04

1.1E+ 05 7.74E+ 03 3.27E+ 05 3.8E+ 04 9.46E+ 03

p-val 0.001 0.224 0.395 0.328 0.342

siTGS1

TMG IP 5.10E+ 04 1.46E+ 04 1.53E+ 06 1.56E+ 06 3.24E+ 05

5.7E+ 03 2.7E+ 04 5.3E+ 05 1.3E+ 06 3.3E+ 05

FT 4.4E+ 05 1.02E+ 04 4.40E+ 05 4.60E+ 04 1.50E+ 04

1.8E+ 05 3.6E+ 03 1.8E+ 05 1.8E+ 04 1.3E+ 04

p-val 0.090 0.390 0.070 0.070 0.090

siTGS1+Torin-1

TMG IP <1E+ 04 1.83E+ 04 6.81E+ 05 9.44E+ 05 2.54E+ 05

1.5E+ 03 2.11E+ 03 2.50E+ 05 7.25E+ 05 6.43E+ 04

FT 1.66E+ 05 1.37E+ 04 4.27E+ 05 1.18E+ 05 1.95E+ 04

1.1E+ 05 5.83E+ 03 8.27E+ 04 1.13E+ 05 1.29E+ 04

p-val 0.050 0.130 0.450 0.230 0.130
*Welch’s t-test was performed to determine whether or not there were statistically significant differences in TMG IP RNA copies between the siNT control and
siRHA or siTGS1 treatments (Table S1).

Co-precipitated RNA copies ×104
Input    RHA       IgG

25 kDa

150 kDa

WB 
-RHA

-eIF4E

1          2            3

4            5          6

Input     eIF4E    IgG

RNA Input RHA IP
FT

eIF4E IP
FT

tgs1 54+15 8.0+4.0 7.0+3.0

junD 3.5+0.1 3.0+0.5 <0.1+0.1

snoU3 1.7+0.1 <1+.05 <1+0.03

IP

IP

Fig. 5 The tgs1 mRNAs are components of eIF4E RNPs and RHA RNPs. OSCA-40 s IPs with antisera to RHA, eIF4E or IgG were analyzed by WB
or RT-qPCR. A WB with antiserum to RHA or eIF4E on Input, IP and FT samples. B Input RNA copies identified by RT-qPCR with gene-specific
primers, and the ratio of RNA copies in IP relative to FT. RNA copies in IP were subtracted of IgG IP copies and normalized to Input RNA copies.
Mean and standard deviation of three independent experiments.
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Taking into consideration that our findings were made in
malignantly transformed canine cells with no non-cancerous
comparison, it is not our intention to claim that these observations
are specific to cancer. Published studies have documented

specialized translation is a constitutive pathway in human
lymphocytes that are not transformed [9, 19]. The important open
issue that TMG-capped mRNAs are dysregulated in malignancies is
well-beyond the scope of this article. Studies are warranted given
many reports of RHA and JUND dysregulation in neoplasms and
the important role we have identified for TGS1 in recovery from
mTOR inhibition. The results confirmed the prediction that TMG-
cap is necessary for specialized translation of JUND, resolving the
longstanding issue that JUND is unaffected by rapamycin [19, 20]
and adding to the notably complex regulation of this AP1 family
transcription factor [54].
How does blockade of TMG-tgs mRNA prevent sarcoma

recovery from mTOR inhibitor? The data exposed newly
appreciated linkage between the eIF4E-dependent and specia-
lized translation mechanisms, as depicted in Supplementary
Fig. 5. TMG-mRNPs are licensed for specialized translation
unaffected by (upper wheel), whereas m7G-mRNPs require
eIF4E activity controlled through mTOR (lower wheel). Experi-
mental results showed the blockade of TGS1 activity (inhibitory
treatments) downregulated TMG-tgs1 mRNA, yet TGS1 failure
was compensated by m7G-tgs1 mRNA entry to the eIF4E-
dependent translation pathway (lower wheel). The significance
of linkage between eIF4E-dependent TGS1 translation and
TMG-tgs1 mRNA specialized translation is broad. Fouled linkage
between the pathways has the potential to phenocopy disease
attributed to eIF4E dysregulation. The results suggest thera-
peutic targeting of TGS1 activity in cancer is ripe for future
exploration.
In closing, the dynamic regulation of cap-dependent translation

has been an emerging paradigm since the discovery that
hyperactive mTOR and eIF4E-dependent translation are hallmarks
of tumors [2], and that select mRNAs undergo de-capping
accompanied by recapping in a polysome-associated, enzymatic
process [55]. The traditional view that exchange of CBC to eIF4E, or
another m7G-cap binding protein, supports widespread cap-
dependent mRNA translation has been challenged [9, 56]. Now
recognized is that TGS1 epigenetic modification of the m7G-cap
engenders TMG-capped HIV-1 [9] and herein, host TMG-tgs1 and
TMG-junD that are licensed for cap-dependent translation
unaffected by mTOR. Blockade of TGS1 hyper methylation of
m7G of tgs1 mRNA, and potentially other substrate mRNAs, stops
canine sarcoma anchorage-independent growth and recovery
from mTOR inhibition.

DATA AVAILABILITY
Raw data have been provided. Reagents will be made available upon reasonable
request.
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Fig. 6 LMB downregulates TMG-tgs1 mRNA, but not tgs1 steady
state RNA. OSCA-40 cultures were supplemented with LMB or Torin-
1 for 24 h prior to harvest of lysates. A Graph presents ratio of IP/FT
RNA copies normalized to Input and subtracted of IgG. Mean,
standard deviation from three independent experiments. Significant
differences were identified by Welch’s t-test (*p ≤ 0.05). B WB of
cytosol and total protein lysates with indicated antiserum.
C Anchorage-independent growth of OSCA-40 colonies were
collected after 28 days in soft agar. Horizontal lines indicate
statistical comparisons. Mean, standard deviation are presented
from 3 independent experiments. Significant differences were
identified by Student’s t-test (*p ≤ 0.05, **p ≤ 0.01; ***p ≤ 0.001,
****p ≤ 0.0001). D HSA Emma growth in ultra-low attachment plates
measured by CellTiter Glo ATP assay. Mean, standard deviation are
presented from 3 independent experiments with significant
between control and Torin-1+ LMB treatment groups (Horizontal
line, p ≤ 0.05).

D. Zucko and K. Boris-Lawrie

1282

Cancer Gene Therapy (2023) 30:1274 – 1284



REFERENCES
1. Boris-Lawrie K, Singh G, Osmer PS, Zucko D, Staller S, Heng X. Anomalous HIV-1

RNA, How Cap-methylation segregates viral transcripts by form and function.
Viruses. 2022;14:935.

2. Mars JC, Ghram M, Culjkovic-Kraljacic B, Borden KLB. The Cap-Binding Complex
CBC and the Eukaryotic Translation Factor eIF4E: Co-Conspirators in Cap-
Dependent RNA Maturation and Translation. Cancers (Basel). 2021;13:6185.

3. Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca BD, Petroulakis E, et al.
mTORC1-mediated cell proliferation, but not cell growth, controlled by the 4E-
BPs. Science. 2010;328:1172–6.

4. Sonenberg N. eIF4E, the mRNA cap-binding protein: From basic discovery to
translational research. Biochem Cell Biol. 2008;86:178–83.

5. Tian T, Li X, Zhang J. mTOR Signaling in Cancer and mTOR Inhibitors in Solid
Tumor Targeting Therapy. Int J Mol Sci. 2019;20:755.

6. Ding L, Congwei L, Bei Q, Tao Y, Ruiguo W, Heze Y, et al. mTOR: An attractive
therapeutic target for osteosarcoma? Oncotarget. 2016;7:50805–13. https://
doi.org/10.18632/oncotarget.9305

7. Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: At the bench and bedside.
Semin Cancer Biol. 2019;59:125–32.

8. Zheng Y, Jiang Y. mTOR Inhibitors at a Glance. Mol Cell Pharmacol. 2015;7:15–20.
9. Singh G, Seufzer B, Song Z, Zucko D, Heng X, Boris-Lawrie K. HIV-1 hyper-

methylated guanosine cap licenses specialized translation unaffected by mTOR.
Proc Natl Acad Sci USA. 2022;119:e2105153118.

10. Wurth L, Gribling-Burrer AS, Verheggen C, Leichter M, Takeuchi A, Baudrey S, et al.
Hypermethylated-capped selenoprotein mRNAs in mammals. Nucleic Acids Res.
2014;42:8663–77.

11. Yedavalli VS, Jeang KT. Trimethylguanosine capping selectively promotes
expression of Rev-dependent HIV-1 RNAs. Proc Natl Acad Sci USA. 2010;107:
14787–92.

12. Sharma A, Yilmaz A, Marsh K, Cochrane A, Boris-Lawrie K. Thriving under stress:
selective translation of HIV-1 structural protein mRNA during Vpr-mediated
impairment of eIF4E translation activity. PLoS Pathog. 2012;8:e1002612.

13. Mouaikel J, Verheggen C, Bertrand E, Tazi J, Bordonné R. Hypermethylation of the
cap structure of both yeast snRNAs and snoRNAs requires a conserved methyl-
transferase that is localized to the nucleolus. Mol Cell. 2002;9:891–901.

14. Franke J, Gehlen J, Ehrenhofer-Murray AE. Hypermethylation of yeast telomerase
RNA by the snRNA and snoRNA methyltransferase Tgs1. J Cell Sci.
2008;121:3553–60. https://doi.org/10.1242/jcs.033308

15. Rutkowska-Wlodarczyk I, Stepinski J, Dadlez M, Darzynkiewicz E, Stolarski R,
Niedzwiecka A. Structural changes of eIF4E upon binding to the mRNA 5’
monomethylguanosine and trimethylguanosine Cap. Biochemistry. 2008;47:
2710–20.

16. Pradet-Balade B, Girard C, Boulon S, Paul C, Azzag K, Bordonné R, et al. CRM1
controls the composition of nucleoplasmic pre-snoRNA complexes to licence
them for nucleolar transport. EMBO J. 2011;30:2205–18.

17. Strasser A, Dickmanns A, Lührmann R, Ficner R. Structural basis for m3G-cap-
mediated nuclear import of spliceosomal UsnRNPs by snurportin1. EMBO J.
2005;24:2235–43.

18. Hartman TR, Qian S, Bolinger C, Fernandez S, Schoenberg DR, Boris-Lawrie K. RNA
helicase A is necessary for translation of selected messenger RNAs. Nat Struct Mol
Biol. 2006;13:509–16.

19. Singh G, Fritz SE, Seufzer B, Boris-Lawrie K. The mRNA encoding the JUND tumor
suppressor detains nuclear RNA-binding proteins to assemble polysomes that are
unaffected by mTOR. J Biol Chem. 2020;295:7763–73.

20. Short JD, Pfarr CM. Translational regulation of the JunD messenger RNA. J Biol
Chem. 2002;277:32697–705.

21. Lee T, Pelletier J. The biology of DHX9 and its potential as a therapeutic target.
Oncotarget. 2016;7:42716–39.

22. Heerma van Voss MR, van Diest PJ, Raman V. Targeting RNA helicases in cancer:
The translation trap. Biochim Biophys Acta Rev Cancer. 2017;1868:510–20.

23. Zucchini C, Rocchi A, Manara MC, De Sanctis P, Capanni C, Bianchini M, et al.
Apoptotic genes as potential markers of metastatic phenotype in human
osteosarcoma cell lines. Int J Oncol. 2008;32:17–31.

24. Gulliver C, Hoffmann R, Baillie GS. The enigmatic helicase DHX9 and its asso-
ciation with the hallmarks of cancer. Future Sci OA. 2020;7:FSO650.

25. Lee CG, Eki T, Okumura K, Nogami M, Soares Vda C, Murakami Y, et al. The human
RNA helicase A (DDX9) gene maps to the prostate cancer susceptibility locus at
chromosome band 1q25 and its pseudogene (DDX9P) to 13q22, respectively.
Somat Cell Mol Genet. 1999;25:33–9.

26. Wei X, Pacyna-Gengelbach M, Schlüns K, An Q, Gao Y, Cheng S, Petersen I, et al.
Analysis of the RNA helicase A gene in human lung cancer. Oncol Rep.
2004;11:253–8.

27. Shi F, Cao S, Zhu Y, Yu Q, Guo W, Zhang S. High expression of DHX9 promotes the
growth and metastasis of hepatocellular carcinoma. J Clin Lab Anal.
2021;35:e24052 https://doi.org/10.1002/jcla.24052

28. Nogales V, Reinhold WC, Varma S, Martinez-Cardus A, Moutinho C, Moran S, et al.
Epigenetic inactivation of the putative DNA/RNA helicase SLFN11 in human
cancer confers resistance to platinum drugs. Oncotarget. 2016;7:3084–97.

29. Zhong X, Safa AR. Phosphorylation of RNA helicase A by DNA-dependent protein
kinase is indispensable for expression of the MDR1 gene product P-glycoprotein
in multidrug-resistant human leukemia cells. Biochemistry. 2007;46:5766–75.

30. Fidaleo M, Svetoni F, Volpe E, Miñana B, Caporossi D, Paronetto MP. Genotoxic
stress inhibits Ewing sarcoma cell growth by modulating alternative pre-mRNA
processing of the RNA helicase DHX9. Oncotarget. 2015;6:31740–57.

31. Schlegel BP, Starita LM, Parvin JD. Overexpression of a protein fragment of RNA
helicase A causes inhibition of endogenous BRCA1 function and defects in ploidy
and cytokinesis in mammary epithelial cells. Oncogene. 2003;22:983–91.

32. Cheng DD, Zhang HZ, Yuan JQ, Li SJ, Yang QC, Fan CY. Minichromosome
maintenance protein 2 and 3 promote osteosarcoma progression via DHX9 and
predict poor patient prognosis. Oncotarget. 2017;8:26380–93.

33. Zandi R, Larsen AB, Andersen P, Stockhausen MT, Poulsen HS. Mechanisms for
oncogenic activation of the epidermal growth factor receptor. Cell Signal.
2007;19:2013–23.

34. Zhong X, Safa AR. RNA helicase A in the MEF1 transcription factor complex up-
regulates the MDR1 gene in multidrug-resistant cancer cells. J Biol Chem.
2004;279:17134–41.

35. Myöhänen S, Baylin SB. Sequence-specific DNA binding activity of RNA helicase A
to the p16INK4a promoter. J Biol Chem. 2001;276:1634–42.

36. Takagi M, Absalon MJ, McLure KG, Kastan MB. Regulation of p53 translation and
induction after DNA damage by ribosomal protein L26 and nucleolin. Cell.
2005;123:49–63.

37. Halaby MJ, Harris BR, Miskimins WK, Cleary MP, Yang DQ. Deregulation of Internal
Ribosome Entry Site-Mediated p53 Translation in Cancer Cells with Defective p53
Response to DNA Damage. Mol Cell Biol. 2015;35:4006–17.

38. Chakraborty P, Hiom K. DHX9-dependent recruitment of BRCA1 to RNA promotes
DNA end resection in homologous recombination. Nat Commun. 2021;12:4126.

39. Fenger JM, London CA, Kisseberth WC. Canine osteosarcoma: a naturally occur-
ring disease to inform pediatric oncology. ILAR J. 2014;55:69–85.

40. Gardner HL, Sivaprakasam K, Briones N, Zismann V, Perdigones N, Drenner, et al.
Canine osteosarcoma genome sequencing identifies recurrent mutations in DMD
and the histone methyltransferase gene SETD2. Commun. Biol. 2019;2:266.

41. Makielski KM, Mills LJ, Sarver AL, Henson MS, Spector LG, Naik S, et al. Risk Factors
for Development of Canine and Human Osteosarcoma: A Comparative Review.
Vet Sci. 2019;6:48.

42. Scott MC, Sarver AL, Gavin KJ, Thayanithy V, Getzy DM, Newman RA, et al.
Molecular subtypes of osteosarcoma identified by reducing tumor heterogeneity
through an interspecies comparative approach. Bone. 2011;49:356–67.

43. Scott MC, Tomiyasu H, Garbe JR, Cornax I, Amaya C, O’Sullivan MG, et al. Het-
erotypic mouse models of canine osteosarcoma recapitulate tumor hetero-
geneity and biological behavior. Dis Model Mech. 2016;9:1435–44.

44. Beck J, Ren L, Huang S, Berger E, Bardales K, Mannheimer J, et al. Canine and
murine models of osteosarcoma. Vet Pathol. 2022;59:399–414.

45. Cheng N, Schulte AJ, Santosa F, Kim JH. Machine learning application identifies
novel gene signatures from transcriptomic data of spontaneous canine heman-
giosarcoma. Brief Bioinform. 2021;22:bbaa252.

46. Griffin MA, Culp WTN, Rebhun RB. Canine and feline haemangiosarcoma. Vet Rec.
2021;189:e585 https://doi.org/10.1002/vetr.585

47. Young RJ, Brown NJ, Reed MW, Hughes D, Woll PJ. Angiosarcoma. Lancet Oncol.
2010;11:983–91.

48. Megquier K, Turner-Maier J, Swofford R, Kim JH, Sarver AL, Wang C, et al. Com-
parative Genomics Reveals Shared Mutational Landscape in Canine Hemangio-
sarcoma and Human Angiosarcoma. Mol Cancer Res. 2019;17:2410–21.

49. Schappa JT, Frantz AM, Gorden BH, Dickerson EB, Vallera DA, Modiano JF.
Hemangiosarcoma and its cancer stem cell subpopulation are effectively killed by
a toxin targeted through epidermal growth factor and urokinase receptors. Int J
Cancer. 2013;133:1936–44.

50. Dangel AW, Hull S, Roberts TM, Boris-Lawrie K. Nuclear interactions are necessary
for translational enhancement by spleen necrosis virus RU5. J Virol.
2002;76:3292–300.

51. Rotem A, Janzer A, Izar B, Ji Z, Doench JG, Garraway LA, et al. Alternative to the
soft-agar assay that permits high-throughput drug and genetic screens for cel-
lular transformation. Proc Natl Acad Sci USA. 2015;112:5708–13.

52. Borowicz S, Van Scoyk M, Avasarala S, Karuppusamy Rathinam MK, Tauler J, et al.
The soft agar colony formation assay. J Vis Exp. 2014;:e51998. https://doi.org/
10.3791/51998.

53. Gribling-Burrer AS, Eriani G, Allmang C. Modification of selenoprotein mRNAs by
cap tri-methylation. Methods Mol Biol. 2018;1661:125–41.

54. Hernandez JM, Floyd DH, Weilbaecher KN, Green PL, Boris-Lawrie K. Multiple
facets of junD gene expression are atypical among AP-1 family members.
Oncogene. 2008;27:4757–67.

D. Zucko and K. Boris-Lawrie

1283

Cancer Gene Therapy (2023) 30:1274 – 1284

https://doi.org/10.18632/oncotarget.9305
https://doi.org/10.18632/oncotarget.9305
https://doi.org/10.1242/jcs.033308
https://doi.org/10.1002/jcla.24052
https://doi.org/10.1002/vetr.585
https://doi.org/10.3791/51998
https://doi.org/10.3791/51998


55. Schoenberg DR, Maquat LE. Re-capping the message. Trends Biochemi Sci.
2009;34:435–42.

56. Borden KLB, Volpon L. The diversity, plasticity, and adaptability of cap-dependent
translation initiation and the associated machinery. RNA Biol. 2020;17:1239–51.

ACKNOWLEDGEMENTS
The authors thank lab members Dr. Gatikrushna Singh and Mr. Bradley Seufzer,
University of Minnesota for sharing advice and reagents; Professor Jaime Modiano,
University of Minnesota for the gift of authenticated OSCA-40, OSCA-32 and HSA
Emma cells.

AUTHOR CONTRIBUTIONS
DZ acquired data, played an important role in interpreting the results and drafting
the manuscript. KBL conceived the work, played an important role in interpreting the
results and manuscript preparation and revised the manuscript.

FUNDING
University of Minnesota College of Veterinary Medicine (KB-L) and Hanlon Schmidt
graduate fellowship (DZ).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41417-023-00636-9.

Correspondence and requests for materials should be addressed to Kathleen Boris-
Lawrie.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

D. Zucko and K. Boris-Lawrie

1284

Cancer Gene Therapy (2023) 30:1274 – 1284

https://doi.org/10.1038/s41417-023-00636-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Blocking tri-methylguanosine synthase 1 (TGS1) stops anchorage-independent growth of canine sarcomas
	Introduction
	Materials and methods
	Cell viability assays
	Anchorage-independent growth assays
	Metabolic labeling
	RT-qPCR
	RNA interference
	Ribosome profiles
	Immunoprecipitation (IP)
	Statistical analysis

	Results
	Downregulation of TGS1 and RHA cooperatively decrease canine osteosarcoma proliferation and protein synthesis capacity
	TGS1 is necessary for anchorage-independent growth of representative canine sarcomas
	TMG-capped junD, tgs1 and rha mRNAs are present in canine sarcoma
	TMG-tgs1 failure unmasks tgs1 mRNAs that are susceptible to mTOR
	LMB downregulated TMG-capped tgs1 transcripts

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




