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Signal transducer and activator of transcription 3 (STAT3)
is a major regulator of cell proliferation and survival, often
found to be aberrantly activated in cancer. Here, we identify
threonyl-tRNA synthetase 1 (TARS1) as an activator of
STAT3. Elevated TARS1 expression in lung cancer correlates
with poor patient survival. We find that overexpression of
TARS] supports non—small cell lung cancer cell proliferation
in vitro, tumor formation of xenografts in mice, and hyper-
activity of STAT3. Catalytically inactive TARS1 promotes
STAT3 activation and cell proliferation, indicating that
TARS] functions in a nontranslational manner. Mechanisti-
cally, TARS1 physically associates with both STAT3 and Janus
kinase (JAK), and TARS] activation of STAT3 requires basal
JAK activity. We propose a scaffold model in which TARS1
promotes proximity of STAT3 to JAK and subsequent phos-
phorylation of STAT3. This model is supported by the results
of reconstitution experiments expressing recombinant TARS],
STATS3, and JAK1 in noncancer cells. Our study uncovers a
novel mechanism of STAT3 dysregulation in cancer and pro-
vides a strong basis for therapeutic targeting of the nonca-
nonical function of a housekeeping protein.

The signal transducer and activator of transcription
(STAT) family of proteins are key transcription factors that
regulate a wide array of cellular and developmental processes
(1-4). Originally identified as the transcription factors
responsible for interferon-responsive gene expression, STATSs
are phosphorylated and activated by Janus kinases (JAKs), a
family composed of JAK1, JAK2, JAK3, and TYK2 (3, 5, 6).
Upon cytokine binding to its cognate receptor, receptor-
associated JAK becomes activated and phosphorylates re-
ceptor, which in turn recruits STAT to be phosphorylated by
JAK. Phosphorylated STAT forms a dimer, translocates into
the nucleus, and activates gene expression (1, 3, 6). STATs
can also be activated directly by some receptor tyrosine
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kinases, such as epidermal growth factor receptor (EGFR) (7)
as well as by the nonreceptor tyrosine kinase Src (8).

STAT3 plays multifaceted roles in biological processes
ranging from embryogenesis to immunity and homeostasis of
various tissues (9, 10). Y705 phosphorylation activates
STATS3, and S727 phosphorylation modulates its activity (11).
Notably, STAT3 is recognized as an oncogene because of its
ability to drive oncogenic transformation both in vitro and
in vivo when hyperactivated (12). Hyperactivation of STAT3
is found in many types of cancers, including breast, cervical,
colon, pancreatic, ovarian, and lung cancers, as well as cancers
of hematologic origin (13—15). Interleukin 6 (IL-6) is one of
the most studied cytokines that activate STAT3 via JAK1,
JAK2, or TYK2 (16), leading to the expression of genes that
support cancer cell survival, proliferation, metastasis, and
angiogenesis (16—18). More than 50% of non—small cell lung
cancer (NSCLC) tumors and cell lines have elevated or
constitutively active STAT3 (19). Potential upstream activa-
tors of STAT3 in lung cancer include IL-6, which has been
reported to be constitutively produced in some lung cancer
cell lines and lung cancer patients (20, 21), and EGFR, which
is often overexpressed or mutated in the kinase domain in
NSCLC cells (19). While the canonical mechanisms of STAT3
activation by receptors and JAKs are well characterized, there
is potential for alternative modes of STAT3 activation or
context-specific regulatory mechanisms given the ever-
expanding complexity of the JAK-STAT signaling system (3).

Aminoacyl-tRNA synthetases (AARSs) are housekeeping
enzymes that hydrolyze ATP and charge tRNAs with cognate
amino acids, essential for protein synthesis (22). Numerous
nontranslational functions of AARSs beyond the realm of
protein synthesis have been identified, including regulation of
gene expression, cytokine signaling, cell growth, angiogenesis,
and inflammation (23-26). Threonyl tRNA synthetase 1
(TARS1), a class II cytoplasmic AARS, has been reported to
have noncanonical functions (27). For instance, TARS1 can
assemble a cap-dependent translation initiation complex (28).
In an entirely different context, TARS1 negatively regulates
skeletal muscle cell differentiation through inhibiting JNK
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signaling (29). In both cases, the N-terminal noncatalytic
UNE-T domain is critical for the functions of TARSI (28, 29).
In addition, TARS1 is found to be secreted by human vascular
endothelial cells upon vascular endothelial growth factor
stimulation, and exogenous TARS1 can stimulate endothelial
cell migration and angiogenesis, although a molecular
mechanism is not known (30). Our current study uncovers a
novel mechanism of STAT3 activation by TARS1, which may
operate in cancer as well as noncancer cells.

Results

TARS1 promotes cell proliferation and tumor formation in a
nontranslational mechanism

In perusing the Human Protein Atlas (https://www.
proteinatlas.org/) (31), we noticed that TARSI mRNA
expression is elevated in several NSCLC cell lines. We also
found that TARS1 overexpression inversely correlated with
lung cancer patient overall survival (Kaplan—Meier plot:
https://kmplot.com/analysis/) (32). Notably, although seven
other AARSs displayed a similar correlation, the others did not
(Fig. S1). This observation implies that the canonical protein
synthesis role of AARS may not underlie the correlation be-
tween AARS overexpression and lung cancer patient outcome.

To probe a potential function of overexpressed TARS1, we
chose several NSCLC cell lines with diverse levels of TARS1
mRNA expression based on information in the Human

Protein Atlas and examined TARS1 protein expression by
Western blotting. As shown in Figure 1A, TARS1 protein
levels were found to be elevated in A549, H2170, H1703, and
H520 cells compared with human embryonic kidney 293
(HEK293) cells and significantly lower in H226 cells. To
examine a correlation between TARS1 expression and cell
proliferation, we knocked down TARS1 using a previously
published lentivirus-delivered shRNA (29). A significant
reduction in cell number was found upon TARS1 knockdown
in H1703 and H520 cells (Fig. 1B). TARS1 protein levels were
reduced to ~10% to 40% by the shRNA, and it is important to
note that the degree of TARS1 knockdown was not higher in
H1703 and H520 than in the other cell lines (Fig. S24). To
assess whether the reduction in cell number was due to
inhibited cell proliferation or increased cell death, we per-
formed 5-ethynyl-2'-deoxyuridine (EdU) labeling assay and
TUNEL assay in H1703 cells 24 and 48 h after TARS1 was
sufficiently knocked down (3 days of puromycin selection
following lentivirus transduction; Fig. S2B). The numbers of
proliferating and apoptotic cells were significantly reduced
(Fig. 1C) and increased (Fig. 1D), respectively. Since shTARS1
reduced proliferating cells from ~40% to ~20% and increased
apoptotic cells only by 1% to 2%, the effect of TARS1
knockdown on overall cell numbers was primarily because of
a reduction in cell proliferation.

The cell phenotype of TARS1 knockdown could have
resulted from compromised global protein synthesis. To
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Figure 1. TARS1 knockdown inhibits cell proliferation in a nontranslational manner. A, TARS1 protein levels were analyzed by Western blotting and
quantified. Data were normalized against HEK293 (N = 4). B, cells were transduced with lentiviruses and selected in puromycin for 4 days. Cell viability data
were normalized to control for each line (N = 4). C and D, H1703 cells were transduced with lentiviruses and selected in puromycin for 3 days, followed by
EdU assay (C) or TUNEL assay (D) after 24 and 48 h (N = 4). E, H1703 cells transduced with shTARS1 lentivirus and selected in puromycin for 2 days were
transfected with WT or mutant TARS1 for 3 days, followed by EdU assay (N = 4). F, H1703 cells transduced with lentiviruses and selected in puromycin for
4 days were grafted into mice. Tumor formation was monitored over time (N = 12 for each condition), with data presented in the Kaplan—Meier survival
curve. Statistical analyses: one-sample t test for A and B; paired t test for C-E. *p < 0.05, **p < 0.01. EdU, 5-ethynyl-2"-deoxyuridine; HEK293, human

embryonic kidney 293 cell line; TARS1, threonyl-tRNA synthetase 1.
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investigate that possibility, we made use of two mutants of
TARS1 (C412A and R441A) that were expected to be cata-
lytically inactive (29, 33). Aminoacylation assays with immu-
noprecipitated recombinant proteins confirmed that the
R441A mutant had drastically reduced activity, whereas the
C412A mutant activity was variable and not significantly
different from the WT (Fig. S3). In TARS1 knockdown
H1703 cells, expression of WT recombinant TARS1 (mouse
complementary DNA, resistant to the shRNA) promoted
proliferation as revealed by EdU assays, and each of the
TARS1 mutants also promoted cell proliferation to the same
extent as WT (Fig. 1E). At least, the result of R441A suggests
that TARS1 has a role in promoting cancer cell proliferation
through a nontranslational mechanism.

To probe the role of TARS1 in promoting cancer cell
growth in vivo, we performed mouse xenograft experiments
by grafting nude mice with H1703 cells treated with shTARS1
or shScramble lentivirus. We found that mice that were
injected with TARS1 knockdown cells took longer to form
palpable tumors than mice injected with control cells
(Fig. 1F). Furthermore, while all the mice injected with con-
trol H1703 cells developed tumors, 23% of the mice injected
with TARS1 knockdown cells did not form any tumor within
100 days of grafting (Fig. 1F). We observed no difference in
histological features of the shScramble and shTARS1 tumors
(Fig. S4). These observations indicate that tumor formation
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from the NSCLC cell line H1703 is dependent on elevated
levels of TARSI.

TARS1 promotes STAT3 activation

To decipher the molecular mechanism by which TARS1
regulates cell proliferation nontranslationally, we set out to
study the effect of TARS1 knockdown on signaling pathways
commonly known to control cell proliferation. We performed
experiments in the two NSCLC cell lines in which TARS1
knockdown inhibited cell growth—H1703 and H520 (Fig. 1B).
A549 cells, which were not affected by the knockdown, were
also included for comparison. The activity levels of the
following signaling proteins were examined by Western
blotting for their phosphorylation: ERK, p38, AKT, mTORC1
(S6K1), and STAT3. Previously, we had reported TARS1
regulation of JNK signaling in myoblasts (29), but phospho-
JNK was not detected reliably in these NSCLC cells. The
only consistent change observed in both H1703 and H520
(but not A549) cells was with STAT3; Y705 phosphorylation,
which is critical for STAT3 dimerization and activation, was
significantly diminished by TARS1 knockdown (Figs. 2A and
S5). S727 phosphorylation of STAT3 was not affected.

As expected, expression of recombinant WT-TARS1
restored the level of pY705-STAT3 in H1703 cells with
endogenous TARS1 knocked down (Fig. 2B). Importantly, the
catalytically inactive mutants of TARS1, C412A, and R441A
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Figure 2. TARS1 knockdown inhibits STAT3 activity. A, cells were transduced with shScramble (-) or shTARS1 (+) lentivirus and selected in puromycin
for 4 days, followed by Western blot analysis. N = 3. Quantification is shown in Figure S5. B, H1703 cells were transduced with lentiviruses as in A and
selected in puromycin for 2 days, followed by transfection of TARS1 for 3 days and Western blot analysis. Data were normalized to control (N = 3).
C, H1703 cells transduced with shTARS1 lentivirus were treated as in B, followed by Western blot analysis. Data were normalized to control (N = 3).
D, H1703 cells were transduced with lentiviruses, selected in puromycin for 2 days, and transfected with a STAT3 reporter for 2 days, followed by luciferase
assays (N = 7). E, H1703 cells were treated as in D, but the STAT3 reporter was cotransfected with TARS1. Luciferase assay was performed (N = 5).
F, H1703 cells were treated as in C and transfected with STAT3-C for 3 days, followed by EdU assay (N = 4). G, H1703 cells were treated as in B, with 2.5 UM
C188-9 for the last 24 h, followed by EdU assay (N = 3). Data without inhibitor were the same as in Figure 1E. Statistical analyses: two-way ANOVA followed
by Tukey's post hoc test for B and E; one-sample t test for C and D; paired t test for F and G. *p < 0.05, **p < 0.01, and ***p < 0.001. EdU, 5-ethynyl-2'-
deoxyuridine; STAT3, signal transducer and activator of transcription 3; TARS1, threonyl-tRNA synthetase 1.
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also activated pY705-STAT3 (Fig. 2C), consistent with the
notion that the effect of TARS1 on STAT3 is through a
nontranslational mechanism. Next, we measured transcrip-
tional activity of STAT3 using a luciferase reporter (34). Our
results showed that TARS1 knockdown drastically reduced
STATS3 reporter activity in H1703 cells (Fig. 2D) and that
expression of WT-TARS1 or catalytically inactive mutant
TARS1 (R441A) rescued the activity (Fig. 2E). Finally, to
ascertain the role of STAT3 in mediating TARS1 regulation of
cell proliferation, we expressed the constitutively active
STAT3-C (12) in TARS1 knockdown H1703 cells. Indeed, we
observed that STAT3-C enhanced proliferation of TARS1-
knockdown cells (Fig. 2F). On the other hand, in the pres-
ence of the STAT3 inhibitor C188-9, TARS1 overexpression
no longer promoted proliferation (Fig. 2G). Taken together,
our observations strongly suggest that TARS1 activates
STAT3 in a nontranslational manner to promote cell
proliferation.

TARS1 interacts with STAT3

To elucidate the mechanism by which TARS1 regulates
STAT3, we tested the possibility of physical interaction be-
tween the two proteins. We found that endogenous TARS1
and STAT3 interacted in coimmunoprecipitation (co-IP) ex-
periments performed with H1703 cell lysates (Fig. 3A). This
interaction was further confirmed by co-IP of recombinant
proteins expressed in HEK293 cells: IP of FLAG-TARS1
brought down GFP-STAT3 (Fig. 3B) and IP of FLAG-
STAT3 brought down GFP-TARS1 (Fig. 3C). We went on
to map the domain of TARS1 responsible for the interaction
by testing several truncation constructs (Fig. 3D). As shown in
Figure 3E, deletion of the TGS (ThrRS, GTPase, and SpoT)
domain, editing domain (ED), or anticodon-binding domain
(ABD) did not affect TARS] interaction with STAT3. On the
other hand, a C-terminal truncation, which removed the

interaction with STAT3, suggesting that AAD is necessary for
TARS] interaction with STAT3. We were not able to test
whether AAD is sufficient for interaction with STATS3
because AAD alone did not express well in cells.

Given our observation that the interaction with STAT3
involved TARS1’s catalytic core domain, which is conserved
among class II AARSs, we asked whether other AARSs may
also interact with STAT3. To that end, we tested recombinant
aspartyl-tRNA synthetase 1 (class II), lysyl-tRNA synthetase 1
(class II), leucyl-tRNA synthetase 1 (class I), and glutamyl-
prolyl-tRNA synthetase 1 (dual enzyme) in co-IP experi-
ments with recombinant STAT3. As shown in Figure 3F, none
of those AARSs was pulled down by FLAG-STAT3. There-
fore, interaction with STAT3 appears to be a feature unique
to TARS1 among the AARSs.

TARS1 acts as a scaffold to activate STAT3 through JAKs

Next, we asked which kinase might be responsible for
STATS3 phosphorylation promoted by TARS1 in NSCLC cells.
JAK1 and JAK2 have been reported to be upstream of STAT3
in various NSCLC cells (35-37). Indeed, the pan-JAK inhib-
itor momelotinib (38) inhibited pY705 of STAT3 in
H1703 cells in a dose-dependent manner (Fig. 44). However,
TARS1 knockdown did not affect the activity of JAK2 in
H1703 or H520 cells (Fig. 4B). We were not able to detect
JAK1 activity, which could be due to a low level of pJAKI in
these cells and/or low avidity of the antibody used. IL-6 is
known to activate STAT3 in many NSCLC cells, but IL-6
treatment did not markedly increase the level of pY705-
STAT3 in H1703 cells (Fig. S6A), most likely because
STAT3 was already hyperactivated in these cells. This
observation is consistent with the reported IL-6 independence
of H1703 cells (35). Interestingly, IL-6 fully protected pSTAT3
from TARS1 knockdown (Fig. S6A), suggesting that IL-6 is
capable of activating STAT3 in H1703 and that this activation
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Figure 3. TARS1 physically interacts with STAT3. A, H1703 cells were subjected to immunoprecipitation (IP) with anti-STAT3 followed by Western
blotting. N = 2. B, C, E, F, HEK293 cells were transfected for 2 days with various constructs as indicated, followed by anti-FLAG IP and Western blotting.
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Figure 4. TARS1 act as a scaffold to activate STAT3 by JAKs. A, H1703 cells were treated with momelotinib (MMB) at concentrations indicated or
dimethyl sulfoxide (DMSO) for 30 min, followed by Western blotting. N = 3. B, H1703 and H520 cells were transduced with shScramble (-) or shTARS1 (+)
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embryonic kidney 293 cell line; JAK, Janus kinase; STAT3, signal transducer and activator of transcription 3; TARS1, threonyl-tRNA synthetase 1.

starvation did not affect pSTAT3 status in H1703 cells
(Fig. S6B), ruling out any stimulatory factor in the serum to be
responsible for the hyperactivity of STAT3. Taken together,
our observations suggest that TARS]1 activation of STATS3 is
most likely dependent on the constitutive activity of JAK and
independent of cytokine receptor signaling.

A simple model that could explain all our observations thus
far would be that, when overexpressed such as in certain
NSCLC cells, TARSI serves as a scaffold to bring JAK and
STATS3 into proximity, thus promoting STAT3 phosphory-
lation and activation by JAK. Consistent with this model, a
recombinant JAK1 pulled down endogenous TARS1 in a co-
IP assay (Fig. 4C). Importantly, IP of endogenous TARS1
also brought down endogenous JAK2 from H1703 cells
(Fig. 4D). To test the scaffold model functionally, we exam-
ined the capacity of various TARS1 truncations to activate
STAT3 by expressing the recombinant proteins in TARS1-
knockdown H1703 cells, similar to the experiments
described earlier (Fig. 2, B and C). As shown in Figure 4E, the
UNE-T, TGS, and ABD domains were dispensable for
TARSI’s effect on STAT3, whereas constructs lacking either
ED or AAD no longer activated STAT3. Since AAD but not
ED was involved in interacting with STAT3 (Fig. 3E), the
requirement of ED for STAT3 activation suggests that ED
may interact with JAK.

To further test our proposed model, we carried out a
reconstitution experiment in HEK293 cells by expressing

SASBMB

GFP-STATS3, FLAG-TARS], and FLAG-JAK1. Expression of
recombinant TARS1 enhanced phosphorylation of GFP-
STAT3 (Figs. 4F and S7). Importantly, the JAK inhibitor
(momelotinib) abolished TARSI-induced elevation of
pSTAT3 (Fig. S7), suggesting that TARS1 activation of
STATS3 is dependent on JAK. Overexpression of TARS]1 also
boosted recombinant JAK1 activation of pSTAT3, but the
TARS1 mutants missing ED or AAD + ABD domains did not
have any effect (Fig. 4F). Taken together, these observations
are in full agreement with the scaffold model by which TARS1
promotes JAK activation of STAT3 (Fig. 4G).

Discussion

Our study unveils a novel mechanism of STAT3 activation
by TARS1. In some NSCLC cells where TARS1 expression is
elevated, cell proliferation is dependent on the overexpressed
TARS1. TARS1 knockdown in H1703 cells drastically reduces
tumor formation and growth in a xenograft mouse model,
consistent with poor patient survival in lung cancer with high
TARS1 expression. Our biochemical analyses have led us to
propose that the activation of STAT3 by TARSI is dependent
on basal activity of JAK, and that TARSI, acting in a non-
translational manner, serves as a molecular scaffold to
enhance JAK phosphorylation of STAT3. Constitutively active
or hyperactive STAT3 is found in many lung cancers. An
important question is why not all the TARS1-overexpressing
NSCLC cell lines we studied are dependent on TARS1 for
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STATS3 activity and cell proliferation. Both H1703 and H520
are derived from squamous cell carcinoma, which is a less
common type of NSCLC than adenocarcinoma. Common
drivers in lung adenocarcinoma (but not lung squamous cell
carcinoma) include EGFR and K-Ras mutations, which can
serve as the activating signal upstream of STAT3. The H1703
and H520 cells, in which TARS1 is found responsible for
STATS3 constitutive activity, do not harbor either EGFR or K-
Ras mutation (DepMap (39)), and they do not express notable
levels of IL-6 (The Human Protein Atlas (31)) for autocrine
signaling. Hence, it is tempting to speculate that overex-
pressed TARS1 may provide the alternative means to activate
STATS3 in NSCLC cells without EGFR and K-Ras mutations.
Future investigation taking advantage of resources such as the
Cancer Dependency Map (39) and a recently developed deep
learning model (40) can lead to a broader understanding of
TARST’s role in cancer.

Nontranslational functions of AARSs are often facilitated
by appended domains outside the catalytic core of these en-
zymes (24, 41). Previously, we reported that TARS1 regulates
JNK signaling through its appended domains (UNE-T and
TGS) (29). However, in the current study, we find that those
domains of TARS1 are dispensable for the activation of
STAT3. Instead, the catalytic ED and AAD of TARSI are
necessary to exert the scaffolding function. The AAD (but not
ED) is structurally conserved among class II AARSs (42), but
we did not find STAT3 to interact with other AARSs tested
(Fig. 3F). Therefore, it is conceivable that activation of STAT3
via a scaffolding mechanism is a unique function of TARS],
not shared by other AARSs. Several other AARSs also exhibit
a strong correlation between their expression levels and lung
cancer mortality (Fig. S1), and the underlying mechanisms
will warrant future investigation. Targeting nontranslational
functions of these house-keeping enzymes could offer novel
anticancer strategies.

Data from our reconstitution experiments expressing re-
combinant TARS1, STAT3, and JAK in HEK293 cells also
suggest that the scaffolding mechanism does not require a
cancer-specific cellular context. It is likely that activation of
STATS3 can occur under physiological conditions where the
optimal concentrations of TARS1-STAT3-JAK are present
to favor the scaffolding complex assembly. Identification of
the types of cells, tissues, and physiological contexts in which
TARS] activates STAT3 can potentially lead to new biological
insights. Although our current model does not involve re-
ceptor signaling, it is noted that JAK is often constitutively
associated with cytokine receptors, raising intriguing ques-
tions that can guide future mechanistic dissections. For
instance, what is the subcellular location where TARS1
functions as a scaffold? Are cytokine receptors involved in a
ligand-independent manner?

Experimental procedures
Antibodies and plasmids

All antibodies used in this study were obtained from
commercial sources (see supporting information for details).
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The sources or creation of plasmids are detailed in supporting
information.

Cell culture

Cells were maintained in Ham’s F-12K medium (for A549),
RPMI1640 medium (for all other NSCLC cell lines), or Dul-
becco’s modified Eagle’s medium (for HEK293), containing
4.5 g/l glucose, 10% fetal bovine serum, and 1% pen-
icillin—streptomycin. All cells were cultured at 37 °C with 5%
CO,. Transfection of H1703 and HEK293 cells was performed
using Lipofectamine 3000 and polyethylenimine, respectively.
See supporting information for details.

Lentivirus-delivered RNA interference

shRNAs in the pLKO.1-puro vector were purchased from
Sigma—Aldrich (MISSION The RNAi Consortium). shRNA
details, lentiviral packaging, and viral transduction are
described in supporting information.

Cell viability assay, cell proliferation assay, TUNEL assay,
luciferase assay, and immunofluorescence staining

See supporting information for details.

Mouse xenograft

All protocols involving animals were approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of Illinois at Urbana-Champaign. See supporting in-
formation for details of the procedure performed.

Cell lysis, IP, and Western blotting

See supporting information for details.

Statistical analysis

All quantitative data were presented as mean + SD. Sta-
tistical significance of the data comparison was analyzed by
performing two-tailed paired, unpaired, or one-sample ¢ test,
or two-way ANOVA followed by Tukey’s post hoc test for
multiple comparisons. Differences between groups were
considered significant when p < 0.05. The analyses were
performed using Excel (Microsoft) and GraphPad Prism 8.0
(GraphPad Software, Inc).

Data availability

All supporting information are included in the main article
and its supporting information.

Supporting information—This article contains supporting infor-
mation (12, 29, 43-50).
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SUPPORTING INFORMATION — MATERIALS AND METHODS

Antibodies

Antibodies for the following proteins were obtained from Cell Signaling Technology
(Danvers, MA, USA): STAT3 (#12640), phospho-STAT3 (Y705; #9138), phospho-STAT3 (S727;
#9134), JAK2 (#3230), phospho-JAK2 (#3776), ERK1/2 (#4695), phospho-ERK1/2
(Thr202/Tyr204; #4370), p38 MAPK (#9212), phospho-p38 MAPK (Thr180/Tyr182; #4511), AKT
(#9272), phospho-AKT (Thr308; #9275), S6K1 (#34475), phospho-S6K1 (Thr389; #9243).
Antibodies for TARS1 were obtained from Abcam (Cambridge, MA, USA. #ab236903) and Santa
Cruz Biotechnology (#sc-166211). Anti-Flag antibodies were from Sigma-Aldrich (for
immunofluorescence, #F9219) and Proteintech (for western blotting, #20543-1-AP). Anti-GFP
(#66002-1-1g) and anti-tubulin (#80762-1-RR) antibodies were from Proteintech.

Plasmids

pcDNA3-Flag-TARS1 (mouse cDNA) was previously reported [1], and was used to
generate all point mutants of TARS1 using the Q5® Site-Directed Mutagenesis Kit (New England
Biolabs, Ipswich, MA, USA) and truncation mutants using PCR. GFP-TARS1, GFP-DARS1, GFP-
KARS1, and GFP-EPRS were created by subcloning human cDNAs into pcDNA3-EGFP, a gift
from Doug Goldenbock (Addgene, plasmid #13031). GFP-LARS1 was purchased from Sino
Biological (LARS1-GFP-Spark). All the constructs above have GFP at the C-terminus. Human
STAT3 cDNA was a gift from the laboratory of James Darnell [2] and then subcloned into pcDNA3-
Flag or pcDNA3-EGFP described above. The following plasmids were obtained from Addgene
(Watertown, MA, USA): STAT3-C-Flag (#8722, [3]) and STATS3 luciferase reporter (4x M67
pTATA Tk-Luc) (#8688, [4]) were gifts from James Darnell; Flag-JAK1 (#174572, [5]) was a gift
from Mathew Garnett; pCMV-dR8.2 dvpr (#8455, [6]) and pCMV-VSV-G (#8454, [6]) were gifts
from Robert Weinberg.

Cell culture and transfection

All cell lines used in this study were originally obtained from ATCC and authenticated by
the Tumor Engineering and Phenotyping Shared Resource at the Cancer Center of lllinois. Cells
were monitored for mycoplasma contamination regularly, and all cells were mycoplasma-negative
except for HEK293 cells used for the co-IP experiments. Transfection of H1703 cells was
performed using Lipofectamine ™ 3000 (Invitrogen, # L3000008) in 12-well plates. Briefly, 1 ug of
plasmid DNA was mixed with 2 uL of P3000 in 100 pL Opti-MEM™, then combined with 1 pL of
Lipofectamine 3000. After 15-min incubation at room temperature, the mixture was added to the
cells. Medium was replaced after 4 hrs and cells were collected 72 hrs post-transfection. For
experiments in HEK293, cells were transfected in 12-well or 6-cm plates using polyethylenimine
(PEI) at 3 pL/pug of DNA. The DNA:PEI mixture was incubated at room temperature for 15 min
before adding to the cells.

Lentivirus-delivered RNA interference

shRNA in the pLKO.1-puro vector targeting human TARS1 was previously reported [1]
and obtained from Sigma-Aldrich (clone ID: TRCN0000045680). A hairpin of scrambled sequence
(shScramble) used for a negative control and lentivirus packaging plasmids were previously
described [7]. For lentiviral packaging, pLKO-shRNA DNA, pCMV-dR8.2 dvpr, and pCMV-VSV-
G were co-transfected at 4 ug, 3.6 ug, and 0.4 ug into HEK293T cells using polyethyleneimine
(PEI) (Avantor-VWR, AAA43896-01) in a 10-cm plate. The medium was changed 6-8 hrs post-
transfection, and the medium containing viruses was collected 24-48 hrs post-transfection.
NSCLC cell lines were transduced in growth medium with virus plus 8 ug/mL polybrene and
selected in 2 ug/mL puromycin for 48-96 hrs, followed by re-seeding into 12-well plates.



Cell viability assay

Cells were trypsinized to harvest and resuspended in an appropriate volume of culture
medium. An equal volume of 0.4% Trypan Blue solution (Thermo Fisher Scientific, #15250061)
was mixed with the cell suspension and incubated for 2-3 min at room temperature. The mixture
was then loaded onto a hemocytometer, and viable (unstained) cells were counted under a light
microscope. Each sample was counted in duplicate to ensure accuracy.

Cell proliferation assay

To assess cell proliferation, EdU labeling was performed as previously described
[8]. Briefly, after 96 hrs of selection in puromycin, H1703 cells were incubated with EdU (final
concentration 1 uM) for 4 hrs. Upon fixation with 3.7% formaldehyde, cells were treated with PBS
containing 10 uM FAM azide 5-isomer, 1 mM CuSO4, and 100 mM ascorbic acid for 30 min,
followed by DAPI staining for 30 min. Cells were imaged with a Leica DMI 4000B fluorescence
microscope (Leica, Wetzlar, Germany). The fluorescence images were captured using a RETIGA
EXi camera (Qlmaging, Surry, BC, Canada) and Image Pro Express software (Media Cybernetics,
Rockville, MD, USA). Images were analyzed using ImageJ (NIH, https://imagej-nih-
gov.proxy2.library.illinois.edu/ij/).

TUNEL assay

To assess apoptosis, cells were fixed using 3.7% formaldehyde and TUNEL assays were
performed using the Click-iT™ TUNEL Alexa Fluor Imaging Assay Kit (Thermo Fisher Scientific,
#C10245) according to the manufacturer’s instructions. Fluorescence microscopy and
quantification were performed as described in “Cell proliferation assay” above.

Mouse xenograft

Female athymic nude mice were purchased from Charles River Laboratories and grafted
with H1703 derivative cell lines into the flank. Assessment for palpable tumors occurred at least
two times per week post-graft and resulting tumor sizes were measured with calipers as we
have done previously [9-11]. Data of tumor-free survival was presented as time to first palpable
tumor in a Kaplan-Meier survival curve and subjected to log-rank (Mantel-Cox) test for statistical
analysis. Tumors were resected after reaching at least ~1000 mm?® or when excessive
scratching by the animal occurred. Resected tumors were fixed in formaldehyde, transferred to
70% ethanol, embedded in paraffin, and sectioned, followed by hematoxylin and eosin (H&E)
staining for histological analysis.

Luciferase assay

H1703 cells grown in 12-well plates were transduced with either shScramble or shTARS1
lentivirus and selected for 48 hrs in 2 ug/ml puromycin. Cells of equal numbers were then plated
on fresh plates in growth medium. Next day, cells were transfected with the STAT3 reporter
plasmid for 48 hrs. For rescue experiments, empty vector, WT-TARS1 or mutants were co-
transfected with the reporter plasmid. Cells were lysed with 1x passive lysis buffer (#£1910,
Promega, Madison, WI, USA) under gentle shaking at room temperature for 15 min. The lysate
was cleared in a microcentrifuge (17000 rpm; 30 sec), and the supernatant was subjected to
assay using the Luciferase Reporter Assay System (Cat #£1500, Promega, Madison, WI, USA)
on an Agilent BioTek Synergy LX Multimode plate reader.

Immunofluorescence staining

H1703 cells were seeded on a 12-well plate in growth medium after 48 hrs of puromycin
selection upon TARS1 knockdown. Cells were transfected with either WT or mutant Flag-TARS1
for 72 hrs. After transfection cells were incubated with EdU (final concentration 1 uM) for 4 hrs.
Samples were fixed using 3.7% formaldehyde. EdU signals were developed using the method



described above, followed by immunostaining with an anti-Flag antibody. Briefly, cells were
permeabilized with 0.2% Triton X-100 for 10 min following a 30-min block with 5% bovine serum
albumin (BSA). Samples were then incubated with an anti-Flag antibody (1:100) for 2 hrs at room
temperature. After rinsing with PBS containing 0.05% tween-20 (PBST), secondary antibody
(Alexa Fluor 594-conjugated anti-mouse IgG, 1:50) was applied for 1 hr. Samples were washed
three times with PBST, counterstained with DAPI, and imaged. Fluorescence microscopy and
image analysis were performed as described in the “Cell proliferation assay” section above. Flag-
positive and Flag-negative cells on the same images were quantified separately for EAU signals
to determine proliferation of transfected and non-transfected cells, respectively.

Cell lysis and western blotting

For western blotting, cells were rinsed with PBS and lysed in SDS sample buffer containing
5% B-mercaptoethanol. Proteins were resolved on SDS-PAGE, transferred onto PVDF
membrane (EMD Millipore, Darmstadt, Germany), and incubated with various antibodies
according to the manufacturers’ recommendations. Detection of horseradish peroxidase-
conjugated secondary antibodies was performed with SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA) and visualized using
an iBright CL1000 or CL1500 Imaging System (Thermo Fisher Scientific). Quantification of
western results were performed by densitometry in Imaged (NIH, https://imagej-nih-
gov.proxy?2.library.illinois.edu/ij/). Equal loading of protein samples within an experiment on a
protein gel was confirmed by blotting for tubulin as a house-keeping protein in lysates. However,
we note that tubulin has not been validated to be unaffected by all experimental conditions in this
study. Tubulin levels were not used for quantification of data except for Fig. 1A and Fig. S2A. The
activity of each signaling protein was expressed as the ratio of phosphorylation level to total level
of that protein, independent of the tubulin level.

Immunoprecipitation

HEK293 cells were seeded in 6-cm dishes at 60-80% confluency, transfected for 48 hrs,
followed by lysis in 20 mM Tris (pH 7.5), 2 mM EDTA, 2 mM EGTA, 0.1 mM NazVOs, 25 mM NaF,
25 mM B-glycerophosphate, 150 mM NaCl, 1% NP-40, and 1x Protease inhibitor cocktail (Sigma-
Aldrich; Cat #P8340). The cell lysates were cleared with a microcentrifuge at 13,000 rpm for 7
min at 4 °C. Flag-tagged proteins were immunoprecipitated from the lysates by 20-min incubation
with anti-FLAG M2 Affinity Gel (Sigma-Aldrich; #A2220) followed by three washes with 500 pL
lysis buffer each. The beads were resuspended in SDS sample buffer and heated at 95 °C for 5
min, followed by SDS-PAGE and western blotting. For immunoprecipitation of endogenous
proteins, H1703 cells were seeded in 6-cm dishes at 85% confluency, followed by lysis in the
aforementioned buffer and cleared by centrifugation. The cleared lysate was incubated with
antibodies at 4 °C overnight, followed by incubation with Protein A agarose at 4 °C for 2 hrs. The
beads were washed three times with the lysis buffer and then boiled in SDS sample buffer.

Aminoacylation assay

HEK293 cells were transfected with Flag-TARS1 (WT or mutants) or empty vector for 24
hrs. Cell lysates were subjected to anti-Flag immunoprecipitation as described above. The first
wash was done in the cell lysis buffer, and the second wash was in 25 mM Tris-HCI pH 7.4, 150
mM NaCl, 1% NP-40, and 5% glycerol. tRNA aminoacylation assay was performed following a
published protocol [12] with some modifications. To the immunocomplex on beads, 20 uL assay
buffer was added containing 20 mM HEPES (pH 8.0), 100 mM NaCl, 5mM MgClz, 3mM ATP, 1mM
DTT, and 20 pg/uL yeast tRNA. The reaction mixture was equilibrated to 30 °C in a thermomixer
(Eppendorf), and the reaction was initiated by the addition of *H-threonine (with unlabeled
threonine) to a final concentration of 150 uM. Following incubation at 30 °C for 30 min under
gentle agitation, 10-uL aliquots were spotted on filter pads (Whatman®; #1003323) pre-soaked



with 10% trichloroacetic acid (TCA) and 0.5% Casamino acids. The filters were washed three
times for 10 mins each with cold 5% TCA solution, followed by a brief rinse once with cold 70%
ethanol and once with anhydrous ether. The washed pads were then dried under a heat lamp.
Radioactivity was determined by liquid scintillation counting (Beckman Coulter LS 6500). Activity
of the recombinant protein was calculated by subtracting the background (empty vector sample)
and normalizing to WT-TRAS1 as 100%.
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Figure S1: AARS expression and patient survival in lung cancer
KM-plots for all AARSSs in lung cancer are shown, separated into two groups — high expression
correlates with poor patient overall survival (upper group) or not (lower group).
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Figure S2: TARS1 knockdown efficiency

(A) Various cell lines were transduced by lentivirus shScramble or shTARS1 overnight, selected
in puromycin for 4 days, and then subjected to western blot analysis followed by densitometry
quantification. Data were normalized to shScramble for each cell line. N = 3. One-sample t-test
was performed. *p < 0.05, **p < 0.01, ***p<0.001.

(B) H1703 cells were transduced by lentivirus shScramble or shTARS1 overnight, and selected
in puromycin for 1, 2, or 3 days, followed by western blot analysis. Results shown are
representative of 3 independent experiments.
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Figure S3: Aminoacylation assay

HEK293 cells were transfected with Flag-tagged WT or mutant TARS1 for 24 hours, followed by
cell lysis and anti-Flag IP. The immunocomplexes were subjected to tRNA aminoacylation assay,
and activities were normalized to WT as 100%. N = 3. One-sample t-test: ***p < 0.001.



Figure S4: Histology of xenographed tumors
H&E images of representative tumors from Fig. 1F are shown. Scale bars: 200 pm.
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Figure S5: TARS1 knockdown effects on signaling proteins
Densitometric quantification of western blots shown in Fig. 2A. Data were normalized to
shScramble for each cell line. N = 3. One sample t-test was performed. *p < 0.05.
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Figure S6: TARS1 activation of STAT3 in H1703 cells is independent of upstream signals

(A) H1703 cells were transduced by lentivirus shScramble (-) or shTARS1 (+) overnight, selected
in puromycin for 4 days, and then stimulated with 10 nM IL-6 for 30 min followed by western
analysis. Results shown are representative of 3 independent experiments.
(B) H1703 cells were cultured in serum-free medium for 24 or 48 hours, followed by western
analysis. Results shown are representative of 3 independent experiments.
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Figure S7: TARS1 activation of STAT3 is dependent on JAK activity

HEK293 cells were transfected with GFP-STAT3 with or without Flag-TARS1 for 48 hours,
followed by treatment with 2.5 yM momelotinib (MMB) or DMSO for 60 mins. Western blots shown
are representative of 3 independent experiments.
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