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tRNA m?G methyltransferase complex 2
THUMPD3-TRMT112 promotes pancreatic
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Abstract

Pancreatic cancer exhibits a heightened level of autophagy, which supports the survival of cancer cells within

the malignant microenvironment. The THUMP domain-containing protein 3 (THUMPD3)/ tRNA Methyltransferase
Activator Subunit 11-2 (TRMT112) complex has been identified as a tRNA m2G methyltransferase in mammalian
cells, and its functional role remains largely unexplored in pancreatic cancer. In this study, we demonstrate

that both THUMPD3 and TRMT112 are upregulated in pancreatic cancer and significantly correlate with poor
prognosis for patients. Knockdown of THUMPD3/TRMT112 inhibited pancreatic cancer cell growth in vitro and

in vivo. Additionally, THUMPD3/TRMT112 knockdown significantly reduced autophagic flux, suggesting a role

for THUMPD3/TRMT112-mediated tRNA m?G modification in promoting pancreatic cancer cell proliferation and
maintaining autophagy. Mechanistically, THUMPD3/TRMT112 deficiency suppressed TFEB translation via impaired
m’G modification of tRNA"YA%) thereby inhibiting pancreatic cancer cell growth and autophagy. In summary, this
study has unveiled the crucial role of the THUMPD3/TRMT112 m’G tRNA methyltransferase complex in maintaining
pancreatic cancer cell growth and autophagy, presenting a promising target for future precision medicine
interventions.
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Introduction
Pancreatic cancer is one of the most lethal malignancies,
with an exceptionally poor prognosis and a persistently
low 5-year survival rate of approximately 5% [1-3]. Given
these challenges, elucidating the molecular mechanisms
underlying pancreatic cancer and identifying effective
therapeutic targets remain urgent priorities [1-3]. Given
these challenges, elucidating the molecular mechanisms
underlying pancreatic cancer and identifying effective
therapeutic targets remain urgent priorities.
Macroautophagy/Autophagy is a health-promoting
process wherein misfolded proteins and damaged organ-
elles are sequestered, encapsulated into vesicles, and
delivered to lysosomes for degradation via autolysosome
formation [4]. Autophagy also serves as an intrinsic sur-
vival mechanism for cancer cells, helping them respond
to the complex in vivo environment and playing a piv-
otal role in tumorigenesis [4, 5]. Pancreatic cancer cells
exhibit highly active autophagy, which is believed to aid
their survival in the harsh tumor microenvironment and
facilitate their spread [6].Transcription Factor EB (TFEB)
is a central regulator of autophagy, functioning as a mas-
ter transcription factor that controls lysosomal biogen-
esis and autophagy. TFEB orchestrates the expression of
autophagy and lysosome-related genes, thereby maintain-
ing proteostasis and supporting metabolic adaptation [7].
To exert its transcriptional function, TFEB must translo-
cate into the nucleus, a process that is tightly regulated
by phosphorylation. Under nutrient-rich conditions,
TFEB remains phosphorylated and sequestered in the
cytoplasm, whereas under stress or starvation, dephos-
phorylation promotes its nuclear import and subsequent
activation of autophagy-related gene expression [7, 8]. In
pancreatic cancer, TFEB is frequently overexpressed and
hyperactivated, which drives the elevated autophagic flux
characteristic of pancreatic tumors [9-11]. By promoting
proteostasis and enhancing metabolic flexibility, TFEB
enables pancreatic cancer cells to adapt to hypoxia and
nutrient deprivation in the tumor microenvironment,
ultimately facilitating tumor survival, progression, and
therapeutic resistance [12]. Autophagy inhibition has
been shown to enhance the susceptibility of pancreatic
cancer cells to gemcitabine and impair their survival [13].
a phase II clinical trial demonstrated that the autophagy
inhibitor hydroxychloroquine (HCQ), combined with
gemcitabine or nab-paclitaxel, significantly improved
tumor chemosensitivity in patients with pancreatic can-
cer, potentially creating a window of opportunity for
surgical intervention, although no overall survival ben-
efit was observed [4, 14]. However, the efficacy of exist-
ing inhibitors remains limited, highlighting the need
for novel strategies. Targeting transcription factor EB
(TFEB), a master regulator of autophagy, has emerged as
a promising approach. Recent studies have revealed that
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the FDA-approved drug Eltrombopag directly binds to
TFEB, inhibits its transcriptional activity, and effectively
blocks autophagy, presenting a new direction for enhanc-
ing therapeutic sensitivity in pancreatic cancer and other
malignancies [15].

Transfer RNAs (tRNAs) are indispensable for protein
synthesis, and their modifications critically influence
translational fidelity and efficiency. Dysregulated tRNA
modifications have emerged as important regulators of
cancer biology, impacting tumorigenesis, progression,
and metastasis [16—19]. Recent studies have revealed a
strong association between dysregulated tRNA modifica-
tion and various diseases, including cancer [20]. Among
them, N2-methylguanosine (m’G) is one of the com-
mon modifications of tRNA [21]. Although the pres-
ence of m*G modification in tRNA is absent in fungi or
most bacteria, it is widely observed in human cells and
has been found to be regulated by THUMP domain-con-
taining protein 3 (THUMPD3) [22, 23]. Moreover, Loss
of THUMPD3 impairs global translation and cell pro-
liferation [23]. tRNA Methyltransferase Activator Sub-
unit 11-2 (TRMT112), a highly conserved small protein
lacking an methyltransferases (MTase) catalytic domain,
serves as an essential cofactor and activator for various
MTases involved in the methylation of rRNA, tRNA, and
proteins [24]. The TRMT112 not only enhances the SAM
binding affinity of THUMPD3, but also potentially con-
tributes to the stabilization of THUMPD3 by concealing
hydrophobic regions [23]. Recent findings have demon-
strated a lack of proportional correlation between protein
abundance and mRNA abundance in cancer, with certain
oncogenes being aberrantly overexpressed through trans-
lational mechanisms. The modulation of tRNA modifica-
tion plays a pivotal role in maintaining protein translation
within cancer cells. Furthermore, preliminary evidence
suggests that METTL1-mediated m’G tRNA modifica-
tion may interfere autophagy via translational regulation
[25]. However, the role of tRNA m?G modification and
its associated modifying enzyme THUMPD3-TRMT112
in the proliferation and autophagy of pancreatic cancer
remains unexplored.

In this study, we have demonstrated a significant upreg-
ulation of THUMPD3 and TRMT112 expression levels in
pancreatic cancer patients, strongly correlated with poor
prognosis. Depletion of the dysregulated tRNA m’G
methyltransferase  complex (THUMPD3-TRMT112)
leads to a substantial reduction in m?*G-modified tRNA
expression and inhibits autophagic flux, thereby imped-
ing the proliferation and progression of pancreatic can-
cer cells both in vitro and in vivo. Our findings highlight
that THUMPD3-TRMT112-mediated m’G modifica-
tion of tRNA"YCA9 enhances the translational activity
of TFEB, consequently promoting autophagy initiation
and survival in pancreatic cancer. This study elucidates
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Fig. 1 (See legend on next page.)

the critical link between tRNA m>G modification and
autophagy regulation in pancreatic cancer. Our study
identifies THUMPD3-TRMT112 as a regulator of
autophagy and proliferation in pancreatic cancer, reveal-
ing a tRNA m’G-dependent pathway that contributes to

tumor maintenance. These findings position THUMPD3-
TRMT112 as a potential therapeutic target worthy of fur-
ther investigation, providing new insights for developing
intervention strategies against pancreatic cancer.
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Fig. 1 THUMPD3-TRMT112 is up-regulated in PAADs and is a negative prognostic factor for PAAD patients. A Expression of THUMPD3 in different pancre-
atic cancer disease type(PCC, Pancreas-Colloid Carcinoma; OS-PA, Pancreas-Adenocarcinoma-Other Subtype; PDAC, Pancreas-Adenocarcinoma Ductal
Type), data were downloaded from the TCGA-PAAD database. B Expression of TRMT112 in different pancreatic cancer disease type, data were down-
loaded from the TCGA-PAAD database. C TRMT112 levels were positively correlated with the levels of THUMPD3 in TCGA PAAD database. D-G Represen-
tative immunohistochemical images of THUMPD3 and TRMT112 expression in human pancreatic cancer tissues and normal pancreatic tissues and the
quantification of THUMPD3 and TRMT112 intensity. H TRMT112 levels were positively correlated with the levels of THUMPD3 in human pancreatic cancer
tissues and normal pancreatic tissues. I, J Kaplan-Meier curves of THUMPD3 and TRMT112 expression in pancreatic adenocarcinoma, data were down-
loaded from the GEPIA database. K Kaplan-Meier survival curves for THUMPD3-TRMT112 expression in pancreatic adenocarcinoma. Survival data were
obtained from the GEPIA database and stratified by high vs low gene expression. L, M Representative immunohistochemical images of Thumpd3 and
Trmt112 expression in KPC mice pancreatic tissues and the quantification of Thumpd3 and Trmt112 intensity (n=10). *p <0.05; **p <0.01; **p <0.001.

Data were presented as mean +SD

Result

THUMPD3-TRMT112 is significantly upregulated in
pancreatic cancer tissues and associated with poor
prognosis

To investigate the expression of THUMPD3 and
TRMT112 in pancreatic cancer, we conducted an analy-
sis using the TCGA and GTEx databases. Our analysis
revealed significantly elevated levels of THUMPD3 and
TRMT112 in various disease subtypes of pancreatic can-
cer tissues compared to normal tissues (Fig. 1A and B).
Furthermore, correlation analysis showed a significant
positive correlation between THUMPD3 and TRMT112
expression in pancreatic cancer tissues (Fig. 1C). These
findings were further validated in clinical pancreatic
cancer specimens(Fig.1 D-H). Importantly, high expres-
sion of either THUMPD3 or TRMT112 was associated
with significantly poorer overall survival in pancreatic
cancer patients (Fig. 1I and J). To further evaluate their
combined prognostic value, we performed a two-gene
signature analysis using TCGA-PAAD data. Patients
stratified into a THUMPD3high/TRMT112high co-
expression group exhibited significantly worse overall
survival compared to the THUMPD3low/TRMT112low
group (Fig. 1K), underscoring the clinical relevance of
THUMPD3-TRMT112 complex. At the animal level,
we confirmed these observations in the genetically
engineered KPC mice model, where THUMPD3 and
TRMT112 expression levels were significantly higher and
positively correlated in tumor tissues compared to adja-
cent normal tissues (Fig. 1L and M, Fig. S1A). Addition-
ally, immunohistochemistry in both patient specimens
and KPC tumors showed that THUMPD3 and TRMT112
signals were predominantly localized to tumor epithe-
lial cells with weak stromal staining (Fig. 1D, E and L).
Collectively, these results establish that THUMPD3 and
TRMT112 are consistently overexpressed in pancreatic
cancer across human patients and KPC mice models, and
associate with poor prognosis, supporting their potential
role in pancreatic cancer progression.

THUMPD3-TRMT112 knockdown impaired pancreatic
cancer progression

To validate the expression of THUMPD3 and TRMT112
in pancreatic cancer, we examined their levels across a
panel of pancreatic cancer cell lines. Notably, PANC-1
and AsPC-1 cells showed substantially higher expression
of both THUMPD3 and TRMT112 (Fig. S2A). Based on
this finding, we generated stable knockdown cell lines for
THUMPD3 and TRMT112 in PANC-1 and AsPC-1 back-
grounds (Fig. 2A). Follow-up functional analyses were
conducted using specific shRNAs targeting THUMPD3
(shTHUMPD3#1) and TRMT112 (shTRMT112#1). To
further clarify the reciprocal decrease of THUMPD3
and TRMT112 observed upon knockdown, cyclohexi-
mide chase assays combined with MG132 or chloroquine
treatment revealed that both proteins undergo ubiqui-
tin—proteasome pathway mediated degradation rather
than autophagy-lysosomal pathway (Fig. S3A). These
findings initially indicate that THUMPD3 and TRMT112
co-stabilize each other within the complex.

Depletion of THUMPD3 or TRMT112 significantly
inhibited the proliferation of PANC-1 and AsPC-1 cells,
as evidenced by MTT assays (Fig. 2B and C). This sup-
pression of proliferation was accompanied by enhanced
apoptosis, indicated by increased Annexin V/PI stain-
ing and elevated levels of cleaved caspase-3 in vitro (Fig.
S4A-C). Supporting bioinformatic analyses implicat-
ing THUMPD3 and TRMT112 in proliferation regula-
tion (Fig. S5A and S5B), functional studies confirmed
that knockdown of either THUMPD3 or TRMT112
markedly attenuated migration and invasion in Tran-
swell assays (Fig. 2D-H), reduced colony-forming abil-
ity (Fig. 2I-K), and delayed wound closure (Fig. S6A-D).
Furthermore, EdU incorporation assays demonstrated a
significant decrease in DNA synthesis upon THUMPD3
or TRMT112 knockdown (Fig. S6E-H), corroborating the
defect in cell proliferation.

To evaluate the role of THUMPD3 and TRMT112 in
tumorigenesis in vivo, we employed a xenograft model
in BALB/c-nu mice. Knockdown of THUMPD3 or
TRMT112 led to a significant reduction in both tumor
incidence and tumor weight (Fig. 2L-N). Immunohisto-
chemical analysis of xenograft tissues further revealed a
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Fig. 2 THUMPD3-TRMT112 inhibition prevented PAAD progression in vitro and in xenograft models. A The effect of THUMPD3 and TRMT112 shRNA was
detected by WB in PANC-1 and AsPC-1 cell lines. B-C MTT assay showed that THUMPD3 and TRMT112 knockdown could reduce the viability of PANC-1
and AsPC-1 cells (n=5). D-H Representative images and quantification of the transwell assays with or without matrigel of PANC-1 and AsPC-1 cells stably
expressed Scramble RNA, THUMPD3 or TRMT112 shRNA (n=3). I-K Representative images and quantification of the plate colony formation assays of
PANC-1 and AsPC-1 cells stably expressed Scramble RNA, THUMPD3 or TRMT112 shRNA (n=3). L Representative images of excised tumors in different
groups injected with PANC-1 cells stably expressed Scramble RNA, THUMPD3 or TRMT112 shRNA of nude mice were shown (n=5). M Growth curve
showing the changes in the tumor volume in mice in different groups from the injection (n=5). N Weight of the excised tumors in each group (n=5).
O Representative H&E staining images and immunohistochemical images of TRMT112, THUMPD3 and Ki67 expression in excised tumors tissues. P The
quantification of TRMT112, THUMPD3 and Ki67 expression intensity in excised tumors tissues. *p <0.05; **p <0.01; ***p <0.001. Data were presented as

mean+SD
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Fig. 3 (See legend on next page.)

pronounced decrease in Ki67-positive cells, along with  Depletion of THUMPD3-TRMT112 impairs autophagy in

enhanced cleaved caspase-3 immunostaining in the pancreatic cancer cells

knockdown groups (Fig. 20 and P, Fig. S4D and S4E). We initially identified THUMPD3 and TRMT112 as

Taken together, these results underscore critical roles for ~ potential regulators of autophagy through a prelimi-

THUMPD3 and TRMT112 in promoting proliferation  nary GSEA analysis of the TCGA database (Fig. S7A and

and tumorigenicity in pancreatic cancer. S7B). To establish a relevant cellular model, we assessed
autophagic flux across pancreatic cell lines and found
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Fig. 3 Knockdown THUMPD3-TRMT112 impaired autophagy in pancreatic cancer cells. A, B Representative immunohistochemical images of Lc3 and
Sgstm1 expression in KPC mice pancreatic tissues and the quantification of Lc3 and Sgstm1 intensity (n=10). C, D PANC-1 and AsPC-1 cells were stably
expressed with Scramble RNA, THUMPD3 or TRMT112 shRNA; the cells were then treated with or without CQ (20 uM) treatment for another 6 h. Then, the
cell lysates were sent to western blotting using indicated antibodies. E, F Autophagic flux was detected with the mRFP-GFP-LC3 reporters. PANC-1 cells
were stably expressed with Scramble RNA, THUMPD3 or TRMT112 shRNA were separately co-transfected with mRFP-GFP-LC3 under with or without CQ
(20 uM) treatment. Representative confocal images are shown, and the number of cells showing an accumulation of yellow or red puncta was quantified
(n=6). G, H Representative confocal images of GFP-LC3 puncta in the PANC-1 cells were stably expressed with Scramble RNA, THUMPD3 or TRMT112
shRNA were separately co-transfected with GFP-LC3 with or without EBSS conditions. The number of GFP-LC3 puncta was quantified using ImageJ soft-
ware (n=4). | Representative immunohistochemical images of SQSTM1 and LC3 expression in excised tumors tissues. J The quantification of SQSTM1 and
LC3 expression intensity in excised tumors tissues (n=5). K, L Representative electronic micrographs of the autophagosomes or the autolysosomes of
the PANC-1 cells were stably expressed with Scramble RNA, THUMPD3 or TRMT112 shRNA with or without EBSS treatment for another 6 h. The number of

autophagic structures per area was quantified (n=5). *p <0.05; **p <0.01; ***p <0.001. Data were presented as mean +SD

that PANC-1, AsPC-1 and BxPC-3 cells exhibited sig-
nificantly higher basal autophagic activity compared to
normal pancreatic ductal cells. Importantly, this subset of
autophagy-active cancer cells showed a potential positive
correlation between THUMPD3-TRMT112 expression
levels and autophagic flux (Fig. S7C, Fig S2A), supporting
our selection of PANC-1 and AsPC-1 as representative
models for mechanistic investigation. This relationship
was further validated in the KPC mouse model, where
immunohistochemical analysis demonstrated enhanced
autophagic activity in tumor tissues, characterized by
increased LC3 and decreased p62 expression, which par-
alleled the elevated THUMPD3 and TRMT112 levels
(Fig. 3A and B, Fig. 1L and M).

Furthermore, western blot analysis revealed a sig-
nificant accumulation of SQSTM1 upon knockdown
of THUMPD3 and TRMT112 in PANC-1 and AsPC-1
cells, while LC3 II accumulation was reduced follow-
ing treatment with chloroquine (CQ) (Fig. 3C and D).
To investigate the impact of THUMPD3 and TRMT112
knockdown on autophagic flux, we employed mRFP-
GFP-LC3 tandem reporters to visualize differences
between autophagosomes (GFP-positive/RFP-positive,
appearing as yellow spots) and autolysosomes (GFP-neg-
ative/RFP-positive, appearing as red spots). The results
showed a significant reduction in the number of red spots
upon depletion of THUMPD3 and TRMT112, as well as
a notable decrease in yellow puncta following treatment
with CQ (Fig. 3E and F). To evaluate autophagosome
formation, we utilized GFP-LC3 immunofluorescence
in PANC-1 cells and observed that the number of GFP-
LC3 puncta formed under basal and EBSS conditions was
significantly reduced upon THUMPD3 and TRMT112
knockdown (Fig. 3G and H). Immunohistochemical anal-
ysis of PANC-1 xenograft tumors revealed that knock-
down of THUMPD3 and TRMT112 markedly reduced
the staining intensity of LC3 while increasing the staining
intensity of SQSTM1 (Fig. 3I and J). Transmission elec-
tron microscopy provided further evidence, showing a
significant reduction in the number of autophagosomes
in cells upon knockdown of THUMPD3 and TRMT112
(Fig. 3K and L). Taken together, our data demonstrate

that depletion of THUMPD3-TRMT112 impairs autoph-
agy in pancreatic cancer cells, highlighting its crucial role
in autophagic regulation. These findings enhance our
understanding of the molecular mechanisms underlying
autophagy in pancreatic cancer.

THUMPD3-TRMT 112 promotes the proliferation of
pancreatic cancer cells via autophagy pathway

Further exploring the role of THUMPD3-TRMT112-
mediated autophagy activation in pancreatic cancer, we
used MTT assays to assess cell proliferation when over-
expressing THUMPD3 or TRMT112 with or without CQ
treatment (Fig. 4A). The results showed that the overex-
pression of either THUMPD3 or TRMT112 significantly
enhanced PANC-1 cell proliferation and effectively res-
cued the inhibition of cell proliferation induced by CQ.
We further used a tumor xenograft model by subcuta-
neous injection of PANC-1 cells stably overexpressing
THUMPD3 or TRMT112 or Vector in nude mice, with
or without treatment with the autophagy inhibitor CQ at
a dosage of 60 mg/kg, which has been previously estab-
lished in pancreatic cancer xenograft studies to effec-
tively inhibit autophagy while maintaining a favorable
safety profile [26] (Fig. 4B). Our findings demonstrated
that the overexpression of THUMPD3 and TRMT112
resulted in significantly larger tumor volumes and faster
growth rate compared to the Vector group (Fig. 4C-
E). Moreover, the enhanced expression of THUMPD3
and TRMT112 effectively counteracted the diminished
tumorigenic ability induced by CQ treatment. Consis-
tently, immunohistochemical analysis of tumor tissues
revealed that THUMPD3 or TRMT112 overexpression
increased the percentage of Ki67-positive cells, elevated
LC3 levels, and reduced SQSTM1n levels (Fig. 4F and
G). Overall, our findings indicate that THUMPD3 and
TRMT112 can promote pancreatic cancer cell prolifera-
tion by sustaining autophagic flux, although additional
autophagy-independent mechanisms may also contribute
to their pro-tumorigenic activity.
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Fig. 4 THUMPD3-TRMT112 facilitates the proliferation of pancreatic cancer cells via activation of the autophagy pathway. A MTT assay for PANC-1 cells
were stably expressed TRMT112 or THUMPD3; the cells were then treated with or without CQ (20 pM) treatment for indicated duration (n=5). B Schematic
diagram of the experimental procedure of the treatment of the CQ to nude mice xenograft formation. C Representative images of excised tumors in
the groups with respective CQ treatment were shown. D The growth curve shows the changes in the tumor volume in mice in different groups (n=5).
E Weight of the excised tumors in each group (n=5). F Representative H&E staining images and immunohistochemical images of Ki67, SQSTM1 and
LC3 expression in excised tumors tissues. G The quantification of Ki67, SQSTM1 and LC3 expression intensity in excised tumors tissues (n=5). *p <0.05;

**p<0.01;**p<0.001. Data were presented as mean +SD

THUMPD3-TRMT112 methyltransferase complex is
required for the maintenance of pancreatic cancer cell
growth and autophagy

The K48 site of TRMT112 has been reported to play a
crucial role in facilitating the interaction with THUMPD3
[24]. Consequently, we introduced inactivating mutations
at this specific site to elucidate the impact of THUMPD3
binding to TRMT112 on the proliferation of pancreatic
cancer cells. Co-immunoprecipitation assays, including
both forward and reverse experiments, confirmed that
the K48A mutation in TRMT112 significantly attenuated
its interaction with THUMPD3 (Fig. 5A and B). Interest-
ingly, immunofluorescence results revealed a cytoplasmic
localization of the THUMPD3 and TRMT112 interac-
tion, while TRMT112 demonstrated nuclear distribution
when it was mutated (Fig. 5C). To explore the mechanism
underlying this localization shift, we performed bioin-
formatic analysis which indicated that TRMT112 lacks
a classical nuclear localization signal (NLS) (Fig. S8A).
Moreover, our findings suggest that the nuclear translo-
cation of TRMT112-K48A is not dependent on CRM1
(Fig. S8B and S8C). Based on these data, we propose
that the relatively small TRMT112 protein (~15 kDa)
is constitutively tethered in the cytoplasm through its
high-affinity interaction with THUMPD3, and that dis-
ruption of this interaction via the K48A mutation liber-
ates TRMT112, thereby allowing it to passively diffuse
into the nucleus where it may be retained by other bind-
ing partners.

To independently validate this interaction and its local-
ization, we employed bimolecular fluorescence comple-
mentation (BiFC). Venus fluorescent protein fragments
(VN 1-155 and VC 156-239) fused to THUMPD3 and
TRMT112, respectively, produced a strong cytoplas-
mic BiFC signal upon interaction, which was markedly
reduced by the TRMT112-K48A mutation (Fig. 5D-F),
confirming the critical role of the K48 site in complex
formation and cytoplasmic retention.

We next examined the functional consequences of
disrupting the THUMPD3-TRMT112 complex. While
THUMPD3 overexpression promoted PANC-1 cell pro-
liferation, this effect was abolished upon TRMT112
knockdown (Fig. 5G). Rescue experiments demonstrated
that re-expression of wild-type TRMT112, but not the
K48A mutant, restored migration, invasion (Fig. 5H-J),
proliferation (Fig. 5K), and colony formation (Fig. 5L and
M) in TRMT112-depleted PANC-1 cells.

The functional integrity of the THUMPD3-TRMT112
complex was also required for autophagy maintenance.
Re-expression of TRMT112-WT, but not the K48A
mutant, rescued the autophagic blockade caused by
TRMT112 knockdown and stabilized THUMPD3 protein
levels (Fig. 5N). Moreover, compared to the TRMT112-
K48A mutant, TRMT112-WT more effectively promoted
the proliferation of PANC-1 cells via autophagy (Fig. 50).
Together, these results demonstrate that TRMT112
exerts both THUMPD3-dependent and THUMPD3-
independent biological functions, and that the K48 resi-
due is essential specifically for the autophagy-supporting
and cytoplasmic THUMPD3-associated activities of the
complex. In summary, these results establish that the
direct interaction between TRMT112 and THUMPD3,
mediated by the TRMT112 K48 residue, is indispens-
able for the cytoplasmic localization of the complex, the
maintenance of autophagic flux, and the proliferation of
pancreatic cancer cells.

TFEB is a potential regulator of THUMPD3-TRMT112-
mediated autophagy in pancreatic cancer cells

In order to further elucidate the involvement of the
THUMPD3-TRMT112 complex in autophagy, we per-
formed RT-qPCR and western blot analysis to screen for
commonly implicated autophagy-related genes (Fig. 6A-
C). We observed a widespread suppression of autophagy
upon knockdown of THUMPD3 and TRMT112. This
coordinated suppression across the autophagy path-
way strongly suggested the impairment of a common
upstream transcriptional regulator. Based on this evi-
dence, we focused on Transcription Factor EB (TFEB),
a master regulator known to coordinately transactivate a
broad set of autophagy and lysosomal genes [7]. Interest-
ingly, while immunohistochemical analysis of KPC mice
pancreatic tissues demonstrated elevated TFEB expres-
sion in tumor areas (Fig. S9A-C), western blot analysis
revealed that TFEB protein levels in PANC-1 and AsPC-1
cells were not markedly higher than in the normal pan-
creatic ductal cell line HPDE6-C7 (Fig. S9D). This sug-
gests that the functional regulation of TFEB in these
cancer cells may occur primarily at the post-translational
level.

To validate this hypothesis, we demonstrated that
TFEB restoration rescues both the autophagy inhibi-
tion (Fig. 6D) and lysosomal dysfunction (Fig. 6E and
F) induced by THUMPD3 or TRMT112 knockdown in
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Fig. 5 The interaction of THUMPD3 with TRMT112 is critical for the maintenance of pancreatic cancer cell growth and autophagy. A, B Analysis of the
interaction between exogenous HA-THUMPD3 and Flag-TRMT112 (WT or K48A mutation) in HEK-293T cells by co-immunoprecipitation (Co-IP) and re-
ciprocal Co-IP. Protein interactions were assessed by western blotting. C The co-localization of mCherry-tagged TRMT112 WT or K48A and EGFP-tagged
THUMPD3 in Hela cells were analyzed with confocal microscopy. D The underlying principle of BiFC is the refolding and maturation of a chromophore
that occurs upon the interaction of THUMPD3 and TRMT112 bearing complementary fragments of the Venus protein. E Subcellular localization of the
BiFC THUMPD3-TRMT112 interaction. HEK-293T cells grown on glass coverslips were transfected with the BiFC VC-TRMT112 WT or K48A/VN-THUMPD3
combination and VC-vector/VN-THUMPD3, respectively. BiFC analyzed by confocal microscopy. F The fluorescence intensity of BiFC was quantified (n=3).
G MTT assay for PANC-1 cells were transfected vector or THUMPD3 with or without TRMT112 knockdown (n=5). H-J Representative images and quantifi-
cation of the transwell assays with or without matrigel of PANC-1 cells stably expressed Scramble RNA or TRMT112 shRNA and re-expression TRMT112 WT
or K48A (n=3). KMTT assay for PANC-1 cells were stably expressed Scramble RNA or TRMT112 shRNA and re-expression TRMT112 WT or K48A (n=5).L, M
Representative images and quantification of the plate colony formation assays of PANC-1 cells were stably expressed Scramble RNA or TRMT112 shRNA
and re-expression TRMT112 WT or K48A (n=3). N PANC-1 cells were stably expressed with Scramble RNA or TRMT112 shRNA and re-expression TRMT112
WT or K48A; the cells were then treated with or without CQ (20 uM) treatment for another 6 h. Then, the cell lysates were sent to western blotting using
indicated antibodies. O MTT assay for PANC-1 cells were stably expressed TRMT112 WT or K48A; the cells were then treated with or without CQ (20 uM)

treatment for indicated duration (n=5). *p<0.05; **p <0.01; ***p <0.001. Data were presented as mean +SD

PANC-1 cells, supporting that TFEB acts downstream of
the THUMPD3-TRMT112 complex. Consistently, immu-
nohistochemical analysis of xenograft tumors showed
that knockdown of THUMPD3 or TRMT112 signifi-
cantly reduced TFEB expression (Fig. SOE and S9F), fur-
ther supporting the regulatory relationship between the
THUMPD3-TRMT112 complex and TFEB in vivo. Fur-
thermore, analysis of the TCGA-PAAD cohort confirmed
significant positive correlations between the expression
of THUMPD3-TRMT112 and several key autophagy-
related genes coordinately controlled by TFEB (Fig.
S10A), reinforcing the clinical relevance of this regula-
tory relationship.

Given the established role of tRNA modification in
translation regulation, we next investigated whether
THUMPD3/TRMT112 influences TFEB expression at
the translational level. Puromycin incorporation assays
showed that global protein synthesis was significantly
inhibited upon depletion of THUMPD3 or TRMT112 in
PANC-1 and AsPC-1 cells (Fig. 6G). Specifically, knock-
down of THUMPD3 or TRMT112 markedly reduced
TFEB protein levels, an effect that was further exacer-
bated by the transcriptional inhibitor Actinomycin D
(Fig. 6H). These results indicate that THUMPD3 and
TRMT112 regulate TFEB primarily at the translational
level, rather than by affecting its transcription. In sum-
mary, we reveal that the THUMPD3-TRMT112 com-
plex promotes pancreatic cancer cell proliferation and
autophagy by enhancing TFEB protein translation,
thereby increasing the transcriptional activation of
autophagy-related target genes.

THUMPD3-TRMT112 mediated tRNA""“A% m?G
modification promotes TEFB translation level in pancreatic
cancer cells

The THUMPD3-TRMT112 complex has been demon-
strated to play a crucial role in the m?>G modification
of tRNA [23]. Bioinformatic analysis of the amino acid
sequence revealed that Leu exhibits the highest abun-
dance in autophagy-related protein sequences (Fig. 7A).

Subsequent RSCU analysis of codons corresponding to
m?G-modified tRNAs demonstrated high occupancy
of Leu (CAG) codons in TFEB and ULK1 transcripts
(Fig. 7B). Given TFEB's role in broadly regulating autoph-
agy-related gene transcription, these findings suggest
that Leu (CAG) translation efficiency is critical for TFEB
protein level. To evaluate the impact of THUMPD3 and
TRMT112 knockdown on the translation efficiency
of 6xLeu (CTG) and TFEB, we constructed luciferase
reporters containing either 6xLeu (CTG) repeats or
TFEB coding sequences (Fig. 7C). Both the 6 x Leu (CTG)
repeat and TFEB CDS showed significantly reduced
translation efficiency upon THUMPD3 orTRMT112
knockdown (Fig. 7D and E). To further validate the
functionality of tRNAMYCAG) in pancreatic cancer
cells, we generated a stable PANC-1 cell line express-
ing tRNA"CA9) (Fig S11A). Notably, overexpression of
tRNALUCAS) alone did not significantly increase TFEB
protein levels, whereas co-expression with THUMPD3
substantially augmented TFEB translation (Fig. 7F). This
indicates that both the abundance of the tRNALeU(CAG)
and its m’G modification by the THUMPD3-TRMT112
complex are required for efficient TFEB synthesis.
Consistent with the role of m?G modifications in tRNA
stability, LC—-MS analysis confirmed that THUMPD3
knockdown significantly decreased global m?G lev-
els in tRNAs (Fig. 7G and H). Consequently, quantita-
tive RT-qPCR revealed a specific reduction in mature
tRNAMWCAG) Jevels (Fig. 71), indicating that THUMPD3-
TRMT112 complex controls tRNAYCAS) abundance
indirectly by maintaining its m?>G methylation and sta-
bility, rather than directly regulating its transcription.
Despite its inability to significantly elevate TFEB protein
alone, overexpression of tRNA"YCA9 was sufficient to
enhance autophagy (Fig. 7]) and promote cell prolifera-
tion (Fig. 7K). This suggests that increased tRNALeU(CAG)
abundance can influence these processes through alter-
native mechanisms, such as the generation of tRNA-
derived fragments known to regulate signaling pathways,
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Fig. 7 THUMPD3-TRMT112 leads to TFEB translational changes. A Amino acid composition analysis of the autophagy related protein sequence. B RSCU
analysis of the occupancy rate of m?G-modified tRNA in autophagy-related genes. C Schematic representation of 6 x Leu(CTG) and TFEB CDS luciferase re-
porter vector generation. D Luciferase activity was measured in lysates of HEK-293 T cells transfected with 6 x Leu(CTG) luciferase constructs and Scramble
RNA, THUMPD3 or TRMT112 shRNA. The luciferase activity was normalized to renilla luciferase activity (n=3). E Luciferase activity was measured in lysates
of HEK-293 T cells transfected with TFEB luciferase constructs and Scramble RNA, THUMPD3 or TRMT112 shRNA. The luciferase activity was normalized
to renilla luciferase activity (n=3). F PANC-1 cells were stably expressed with Vector, tRNA*Y“A9 then infected with or without HA-tagged THUMPD3 by
lentivirus. Then, the cell lysates were sent to western blotting using indicated antibodies. G, H LC-MS analysis of m?G modification in total tRNA from
PANC-1 cells expressing Scramble RNA or THUMPD3 shRNA. I The expression of tRNAU“A9 in PANC-1 cells were stably expressed with Scramble RNA,
THUMPD3 or TRMT112 shRNA and then assessed by qRT-PCR (n=3). J PANC-1 cells were stably expressed with Scramble RNA, tRNA" A9 with or without
CQ (20 pM) treatment for another 6 h. Then, the cell lysates were sent to western blotting using indicated antibodies. K MTT assay for PANC-1 cells were
stably expressed with Vectoror tRNASUCAS) (n=5) L, M TFEB levels were positively correlated with the levels of THUMPD3 and TRMT112 in TCGA PAAD
database. N MTT assay for PANC-1 cells were stably expressed with Scramble RNA or TRMT112 shRNA and re-expression vector or TFEB (n=5). *p <0.05;

**p<0.01;**p<0.001. Data were presented as mean +SD

independent of elevating canonical TFEB translation
(Fig. 8).

In an attempt to directly assess the dependency on
THUMPD3-TRMT112-mediated = methylation,  we
employed the pan-methylation inhibitor cycloleucine.
This treatment resulted in a dissociative phenotype char-
acterized by reduced TFEB protein levels and transla-
tion, alongside a concurrent activation of autophagy
(Fig. S12A-C). This paradoxical induction of autophagy
despite impaired TFEB synthesis suggests that cycloleu-
cine may trigger compensatory stress responses, such as
amino acid starvation pathways, that activate autophagy
through alternative mechanisms [27]. This multifac-
eted and non-specific action starkly contrasts with the
specific autophagy impairment seen with THUMPD3
orTRMT112 knockdown, highlighting the limitation of
using broad methylation inhibitors and underscoring
the need for tools that specifically target THUMPD3-
TRMT112 complex or tRNA m?G modification.

Moreover, we conducted an analysis of THUMPD3,
TRMT112, and TFEB expression in pancreatic cancer
patients from the TCGA database and observed a sig-
nificant positive correlation among these three factors
(Fig. 7L and M). We further performed H-score correla-
tion analysis on IHC staining of Thumpd3, Trmt112, and
Tfeb in the KPC mice pancreatic tissue, which demon-
strated significant positive correlations across all three
proteins within the tumors (Fig. S13A and S13B). Func-
tionally, TFEB exhibited oncogenic properties and its
expression rescued the growth inhibition induced by
THUMPD3-TRMT112 knockdown (Fig. 7N). To further
assess whether TFEB activity contributes to the prolif-
erative effects of the THUMPD3-TRMT112 complex,
we treated PANC-1 cells overexpressing THUMPD3
or TRMT112 with the TFEB transcriptional inhibi-
tor Eltrombopag. Eltrombopag substantially reduced
the proliferation advantage induced by THUMPD3 or
TRMT112 overexpression (Fig. S14A). Overall, our data
demonstrate that the THUMPD3-TRMT112 complex
promotes TFEB translation by mediating m?G modifica-
tion of tRNA(“AS9) which in turn stabilizes the tRNA.

This mechanism is essential for sustaining the autophagic
and proliferative capacity of pancreatic cancer cells.

Discussion

The THUMPD3-TRMT112 complex catalyzes m’G
tRNA modification, with TRMT112 acting as a criti-
cal cofactor that stabilizes THUMPD3 and enhances its
catalytic activity. Although loss of THUMPD3 has been
shown to impair cell proliferation and TRMT112 has
been proposed as a potential oncogene, the precise role
of this complex and its associated tRNA m?G modifica-
tion in tumorigenesis has not been fully defined [23, 24,
28]. Here, we define a previously unrecognized regula-
tory axis in pancreatic cancer, linking tRNA m>G modi-
fication to autophagy through translational regulation.
We demonstrate that the THUMPD3-TRMT112 com-
plex is significantly upregulated in human pancreatic
cancer and genetically engineered KPC mice models,
with higher expression levels correlating with poorer
patient prognosis. Functionally, we established that
THUMPD3-TRMT112-mediated m*G tRNA modifica-
tion is critical for pancreatic cancer growth, as its knock-
down suppressed tumor progression in part by regulating
autophagic flux via a translational control mechanism(Fig
.8).

THUMPD3-TRMT112 can mediate m?’G modifica-
tion on multiple tRNAs [23]. To elucidate the underlying
mechanism, we found that THUMPD3-TRMT112 can
specifically modify tRNAMCA9) thereby enhancing the
translational efficiency of TFEB mRNA. TFEB, a tran-
scription factor central to the regulation of autophagy
and lysosomal biogenesis, requires efficient translation
to sustain the elevated autophagic activity characteristic
of pancreatic cancer cells [7]. Consistently, depletion of
THUMPD3-TRMT112 reduced the availability of m*G-
modified tRNAMYCAS), thereby impairing TFEB transla-
tion, disrupting autophagy, and inhibiting tumor growth.
These findings reveal a previously unrecognized link
between tRNA modification and autophagy regulation in
pancreatic cancer, highlighting the contribution of post-
transcriptional mechanisms to tumor maintenance.
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Fig. 8 The proposed mechanism by which THUMPD3-TRMT112 facilitates the progression of pancreatic cancer by augmenting TFEB translation via

tRNALeu(CAG)

The functional importance of the THUMPD3-
TRMT112 interaction was further supported by our
analysis of the TRMT112-K48A mutant [24]. This muta-
tion disrupted the binding interface between THUMPD3
and TRMT112, led to aberrant nuclear localization of
TRMT112, and failed to restore autophagy, underscor-
ing the requirement for an intact complex to ensure

proper localization and function. Notably, the K48A
mutant retained a residual ability to promote cancer cell
proliferation despite its inability to sustain autophagy,
indicating that TRMT112 also can contribute to tumor
growth through autophagy-independent mechanisms.
Based on these findings, the THUMPD3-TRMT112 com-
plex emerges as a potential therapeutic target. Possible



Yuan et al. Molecular Cancer (2026) 25:76

strategies include the development of small-molecule
inhibitors that interfere with the protein—protein inter-
action or enzymatic activity, RNA-based approaches to
modulate expression, and inhibitory peptide designed to
specifically block THUMPD3-TRMT112 binding [29-
32]. Furthermore, given the established role of autophagy
in mediating chemoresistance, inhibition of THUMPD3-
TRMT112 may be explored in combination with con-
ventional chemotherapy or clinically available autophagy
inhibitors, such as hydroxychloroquine, to improve
treatment efficacy. The observed association between
THUMPD3-TRMT112 expression and patient outcome
also suggests that this complex could serve as a prognos-
tic biomarker to aid patient stratification.

Nevertheless, certain limitations of this study should
be acknowledged. First, in the KPC mouse model, the
assessment of the spatial relationship between Thumpd3-
Trmt112 and autophagy markers was performed using
serial tissue sections. While this approach demonstrates
regional co-distribution at the tissue level, it does not per-
mit definitive conclusions regarding single-cell co-local-
ization. While our work focused on tRNA"UCA® and
its role in TFEB translation, it is likely that THUMPD3-
TRMT112 modifies additional tRNAs that may contrib-
ute to tumor progression by regulating other oncogenes.
Moreover, current methodological limitations in the
quantitative detection of specifically tRNA modifications
hinder a comprehensive assessment of the m?’G modifi-
cation landscape in pancreatic cancer. Addressing these
challenges and developing specific inhibitors will be criti-
cal for validating the therapeutic potential of targeting
THUMPD3-TRMT112 complex.

In summary, this study identifies a novel mechanism
by which THUMPD3-TRMT112-mediated tRNA m?G
modification contributes to pancreatic cancer pro-
gression through regulation of TFEB translation and
autophagy. Our work establishes a conceptually new
tRNA modification-autophagy regulatory circuit, posi-
tioning the THUMPD3-TRMT112 complex as a key
node in pancreatic cancer and a compelling therapeu-
tic target. Moreover, because THUMPD3-TRMT112
expression is predominantly localized to the epithelial
compartment of PDAC, therapeutic strategies target-
ing THUMPD3-TRMT112 complex are expected to act
primarily on tumor cells, providing focused antitumor
activity with potentially reduced systemic toxicity. These
findings provide a rationale for further investigation of
the THUMPD3-TRMT112 complex as a therapeutic tar-
get and lay the groundwork for the development of new
strategies, including RNA-based therapies, small-mol-
ecule inhibitors, peptide blockers, and rational combi-
natorial approaches with chemotherapy, to improve the
management of pancreatic cancer.
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Materials and methods

Cell lines, reagents, and antibodies

HEK-293 T cells, HeLa cells, Human pancreatic can-
cer cell lines PANC-1 and AsPC-1 were purchased from
the cell center of Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. All cell lines
were confirmed contamination-free by mycoplasma
PCR testing and STR profiling. Autophagy inhibi-
tor chloroquine diphosphate salt (CQ) was purchased
from Sangon Biotech (Shanghai, A506569), Transcrip-
tion inhibitor Actinomycin D was purchased from
MedChemExpress(USA, HY-17559). EBSS (Servicebio,
G4214) starvation in this study was carried out to switch
the culture medium from the complete medium to the
EBSS medium unless described otherwise. Commercially
available antibodies used are as follows: anti-TRMT112
(ZENBIO, 864,221), anti-THUMPD3 (Proteintech,
19,807-1-AP), anti-GAPDH (Proteintech, 60,004—1-Ig),
anti-Actin (Proteintech, 81,115-1-RR), anti-LC3 (Pro-

teintech, 14,600-1-AP), anti-SQSTMI1(Proteintech,
18,420-1-AP), anti-mouse HA (EMD Millipore,
M180-3), anti-Rabbit HA (Proteintech, 51,064—2-

AP), anti-mouse DDDDK(MBL,M185-3S), anti-mouse
DDDDK(MBL,PM020), anti-ATG5 (Cell signaling
technology,12,994), anti-ATG3 (Cell signaling technol-
0gy,3415), anti-ATG7 (Cell signaling technology,8558),
anti-TFEB  (Proteintech,13,372—1-AP), anti-VAMPS8
(Proteintech, 15,546—1-AP), anti-STX17 (ABclonal,
A17174), anti-SNAP29 (ABclonal, A4290).

Plasmids construction, cell culture and transfection

DNA fragments encoding TRMT112 and THUMPD3
amplified by PCR from the cDNA obtained from
HEK-293 T cells and cloned into pcDNA3.0-3 x HA
(Miaolingbio, P9394), pCMV-3 xFlag (Sigma, E4401),
pEGFP-C1(Miaolingbio, P0134) and pmCherry-
N1(Miaolingbio, P0475), ptfLC3 (Mammalian expres-
sion of rat LC3 fused to mRFP and GFP) was a gift from
Tamotsu Yoshimori (Addgene, 21,074). To overexpress
individual tRNAs, we referred to the method of Esteban
A et al. [33] and removed the pLKO.1 U6 promoter and
cloned the tRNA genome sequence (including~300 nt
upstream and ~ 100 nt downstream) into the pLKO-AU6
vector. PANC-1, AsPC-1, HeLa and HEK-293 T cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM; Servicebio, G4510). HeLa and HEK-293 T
cells were treated with Lipofectamine 3000 followed by
transfection with plasmids according to the experiment
design.

Lentiviral production and creation of stable cell lines

The lentiviral vector pLKO.1-Neo (Miaolingbio, P33186)
was utilized for subcloning sShTRMT112 (#1 was 5-AAC
UUCGUGGCGCGUAUGAUA-3’, #2 was 5-CGAAUU
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CUGCCGUGUGUAU-3), shTHUMPD3(#1 was 5-AG
AGACCGUGGCAAGAUAUAU-3/, #2 was 5-GAGUC
UCCACCGAAGAAAUAU-3’), and scramble RNA(5-C
ACCGACGGAGACAAAGCUUU -3 Lentiviral vector
pCDH-CMV-MCS-EF1-turboRFP-T2A-puro, a gener-
ous gift from Dr. Xiaorong Zhang (Institute of Biophys-
ics, Chinese Academy of Sciences, China), was employed
to subclone DNA fragments encoding TRMT112,
TRMT112-K48A, THUMPD3 and TFEB. Co-transfec-
tion of 5 pg lentiviral constructs with viral packaging
plasmids psPAX2 (3 pg) and pMD2.G (3 pg), also pro-
vided by Dr. Xiaorong Zhang, was performed in HEK-
293 T cells cultured in 10 cm dishes. After replacing the
medium with complete DMEM at 8 h post-transfection,
the viral supernatant was collected at 48 h post-transfec-
tion and filtered through a 0.22 pum membrane. Subse-
quently, PANC-1 and AsPC-1 cells were exposed to the
viral supernatant along with polybrene (Beyotime C0351)
at a concentration of 10 ug/pl for transduction purposes.
Selection for puromycin and/or G418 resistance com-
menced after 48 h of transfection initiation. The selec-
tion media were periodically changed every 3-4 days
over several weeks to isolate and expand clones consist-
ing of puromycin and/or G418-resistant cells for further
characterization purposes. To maintain stable cell lines
obtained from this process, a complete culture medium
supplemented with puromycin (2 pg/ml) and/or G418
(100 pg/ml) was used.

Animal experiments

All animal experiments were conducted in accordance
with a laboratory animal protocol approved by the Ani-
mal Care and Use Committee of Hubei University of
Technology (HBUTXM20240113). Female BALB/c nude
mice, aged four weeks and weighing between 18-22 g,
were obtained from Hunan SJA laboratory animal
(Changsha, China). C57BL/6N.129Cya-Krastm1l (LSL-
G12D) Trp53tm1(LSL-R172H) Tg (Pdx1-Cre) (KPC)
mice, aged four weeks and weighing between 18-22 g,
were obtained from Cyagen Biosciences (China). For the
shTHUMPD3 and shTRMT112 or CQ rescue xenograft
model, PANC-1 cells (3x10° or (2x10°) were injected
subcutaneously into both sides of the back of five female
BALB/c nude mice per group. After approximately two
weeks, Autophagy inhibitor CQ was administered to the
animals at a dose of 60 mg/kg body weight via intraperi-
toneal injection twice weekly. The dimensions (length
and width) of the mouse xenograft tumors were mea-
sured every 5 days using calipers, and tumor volume (V)
was calculated using the formula: V=[(length x width x
width)/2]. At the end of the observation period, experi-
mental mice were humanely euthanized and their tumors
were surgically removed and weighed. For the pancre-
atic diseased tissue assay in KPC mice, the KPC mice
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were monitored until the development of ascites was
observed. Subsequently, the mice were euthanized, and
the diseased pancreatic tissue was surgically excised. The
excised pancreatic diseased tissues were fixed in 4% para-
formaldehyde at room temperature for 24 h. Immuno-
histochemical staining was then performed on the fixed
tissues.

Immunohistochemistry

The paraffin sections were sequentially treated with 100%
xylene, 95% alcohol, 90% alcohol, 80% alcohol, and 70%
alcohol for deparaffinization. Subsequently, rehydra-
tion was carried out for a duration of 10 min. To inhibit
endogenous peroxide activity, hydrogen peroxide (0.3%
v/v) was applied. The antigen site was exposed by sub-
jecting the samples to microwave heating in citrate buf-
fer (pH 6.0) at a concentration of 15 pM for a period of
3 min. Non-specific antibody binding was reduced by
incubating the glioma tissue sections with normal goat
serum. primary antibody was then added to the sections
while rabbit immunoglobulin (1:500 dilution) served as
a negative control. Antibody staining occurred through
overnight incubation at a temperature of 4 °C with gentle
shaking. Following this step, the samples were subjected
to biotinylated secondary goat anti-rabbit serum immu-
noglobulin G (IgG) antibody at a temperature of 37 °C for
30 min. After washing, the paraffin sections underwent
incubation with streptavidin-avidin-conjugated horse-
radish peroxidase for 30 min. Hematoxylin counter-
staining lasted for 30 min, and the paraffin sections were
dehydrated in ethanol before mounting. Finally, the esti-
mation of staining in tissue sections was conducted based
on the H-score methodology.

Trans-well assay

For migration, stably overexpress PANC-1 and AsPC-1
cells was seeded in upper transwell chamber (Corn-
ing Incorporated, Corning, NY, USA) with 1x10° cells
in 100uL of FBS-free medium. For invasion, transwell
chamber pre-covered with Matrigel (Corning Incorpo-
rated, Corning, NY, USA) was used. Meanwhile, 500puL
of medium containing 20% FBS was added to the lower
cavity. 24 h later, the cells were fixed by 0.1% crystal violet
and stained by 4% PFA Fix Solution. Under microscope,
the number of invasive cells from 3 fields was counted.

Puromycin intake assay

Cells were incubated with medium containing 2.5 pg/
mL puromycin for 30 min at 37 °C, and then subjected to
protein isolation and western blotting. Anti-puromycin
antibody (MABE343, Millipore, 1:20,000 dilution) was
used to detect the new protein synthesis rate.
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Transmission electron microscopy (TEM)

PANC-1 cells were knocked down with TRMT112 or
THUMPD3 and fixed in 2.5% glutaraldehyde without
washing at 37 °C and further fixed with 2% osmium tet-
roxide buffer. Then, the fixed cells were dehydrated using
a graded ethanol series and embedded in Epon. Electron
microscopy was performed with a HT7800 TEM trans-
mission electron microscope (HITACH]I, Japan).

Colony formation assay

PANC-1 and AsPC-1 human pancreatic cancer cells
knocked down with TRMT112 or THUMPD3 were
seeded into a 12-well plate and incubated with complete
medium at 37 °C for 2—3 weeks. Then, the cells were fixed
with 4% paraformaldehyde and stained with 2% crystal
violet. Images were obtained and the number of colonies
was counted.

Western blotting assay

Cell lysates or immunoprecipitates were heated in
1 x SDS loading buffer for 15 min at 98 °C. Proteins were
separated by SDS-PAGE gels and transferred to 0.22 pm
polyvinylidene fluoride (PVDF) membranes (Millipore,
IPFL85R). After the PVDF membranes had been blocked
with TBS-T containing 5% skimmed milk at room tem-
perature for 2 h and incubated with primary antibod-
ies and secondary antibodies, the protein signals in the
PVDF membranes were detected using SuperPico ECL
Chemiluminescence Kit (Vazyme, E422-02) according to
the manufacturer’s instructions.

Dual-luciferase reporter assay

To evaluate the regulatory impact of THUMPD3/
TRMT112 on TFEB and Leu translation efficacy, a dual-
luciferase reporter assay was conducted. The method
proposed by Fange et al. [34]. is referenced in this
study. Synthetic constructs of 6 xLeu (CTG) and TFEB
CDS were obtained from Sangon Biotech and inserted
upstream of the luciferase (Firefly) gene in the pmiR-
GLO dual-luciferase vector (Promega, E1330). HEK293T
cells were co-transfected with luciferase reporter plas-
mids along with either THUMPD3/TRMT112 shRNA
or scramble RNA using Lipofectamine 3000. Follow-
ing a transfection period of 48 h, the luminescence ratio
between the experimental reporter (Firefly) and control
reporter (Renilla) was determined. All experiments were
performed in triplicate.

Immunoprecipitation

Cells were washed twice with phosphate-buffered saline
(PBS; Servicebio, WGSH30256-01) and lysed with RIPA
lysis buffer (50 mM Tris—HCl pH 7.4, 150 mM NaCl,
1% Triton X-100 [Sangon Biotech, 9002-93-1], 10 mM
NaF, and 1 mM EDTA) containing proteinase inhibitor
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cocktail (Biomake, B14001). Protein concentration was
measured using an Enhanced BCA Protein Assay Kit
(Beyotime, P0009). Cell lysates were incubated overnight
with primary antibodies according to each individual
experiment after pretreatment with IgG and protein A/G
magic beads (Bimake, B23202), and then incubated with
protein A/G magic beads for 2 h at 4 °C. The beads were
spun down and washed five or six times, and followed by
western blotting assay.

Bimolecular fluorescence complementation assay

Paired cVenus-TRMT112 and nVenus-THUMPD3 con-
structs were co-transfected in HEK-293 T for 48 h. Venus
signals were then detected with a confocal laser-scanning
microscope (Leica SP8, Wetzlar, Germany) at 488 nm.

MTT assay

Human pancreatic cancer PANC-1 and AsPC-1 cells
(1x10% cells/well) knocked down with THUMPD3 and
TRMT112 were seeded into 96-well plates, then cells
were stained at the indicated time points with 100 ul
sterile MTT dye (0.5 mg/ml; Solarbio, M8180) for 4 h
at 37 °C. After adding 150 uL. DMSO (Biosharp, BS186),
the number of viable cells was assessed by measurement
of the absorbance at 450 nm by a microplate reader. All
experiments were performed in triplicate.

RNA extraction and real-time PCR

Total RNA was isolated from cells using TRIzol reagent
(Invirogen) according to the manufacturer’s protocol.
RNAs were quantified using a NanoDrop One instrument
(ThermoFisher). cDNA was reverse transcribed using
a HiScript cDNA synthesis kit (Vazyme, R323-01). For
gene expression analysis, real-time PCR was performed
using a QuantStudio 3 instrument (Thermo, USA)
and Hieff qPCR SYBR Green Master Mix (YEASEN,
11202ES08). As an internal control, f-actin was used.
The sequences of the primers used in real-time PCR
were shown in Table 1. For tRNA expression analysis, we
referred to the method of Tsuyoshi et al. [35]. for reverse
transcription and specific tRNA primer design.

tRNA isolation, digestion and LC-MS analysis

tRNA was isolated from total RNA samples by Urea-
PAGE electrophoresis. 60-90nt band of tRNA was excised
and purified by ethanol precipitation. Purified tRNA was
quantified using Qubit RNA HS Assay kit (ThermoFisher,
Q32855). tRNA was hydrolysed to single nucleosides and
then nucleosides were dephosphorylated by enzyme mix.
Pretreated nucleosides solution was deproteinized using
Satorius 10,000-Da MW CO spin filter. Analysis of nucle-
oside mixtures was performed on Agilent 6460 QQQ
mass spectrometer with an Agilent 1260 HPLC system.
Multi reaction monitoring (MRM) mode was performed
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Table 1 Primers used in real-time PCR for autophagy gene

Primers Forward (5'-3) Reverse (5'-3’)
ATG5 AGAAGCTGTTTCGTCCTGTG AGGTGTTTCCAACATTGGCT
ATG7 TGGTTACAAGCTTGGCTGCT  TCAAGAACCTGGTGAGGCAC
BECN1  TCCGGGCTCCCGAGG GGGGGATGAATCTGCGAGAG
VAMP8  AATGATCGTGTGCGGAACCT ATTTCCGAGCCACCTTCTGC
STX17  TCGTGGGAAACCTTAGAAGCG  GCAGCACTGTTGACATGGTCG
ULK1 TGGCCCTGTACGACTTCC CCTGATGGTGTCCTCGCT
ATG4B  TTGGAGGTGGACACAAAGG GCGCTATCTGGTGAATGGA
ATG3 CCTACCAACAGGCAAACAA CGCCATCACCATCATCTT
PIK3C3  CTTGCCAGTGAGAACATCC GGGACCATACACATCCCA
ATG12  AGTGTTTTGGCAGTGATGG GCTGTCTCTTCCGTGAAAAT
TFEB GTGCCTGGGGAGGTGTT TCTGATGCTGCGACTGCT
RB1CCT  AGAATGTTTGGGAAGACTGG  CTGACTTGGGAAATGAGGTT
MA- GACCCTGGAGAAAGAGTGG  TCCGTAACAACACAGGCA
P1LC3B
SQSTM1  CCACTTTTGCCCACCTCT CACCCTAACCCCTGATCCT
ATG14  TGAGAGACCCCGCAGAT TCACAGACCCATCGTCCT
B-actin  TCACCCACACTGTGCCCATC-  CAGCGGAACCGCTCATTGC-
TACGA CAATGG

because of its high selectivity and sensitivity attained
working with parent-to-product ion transitions.

Tandem RFP-GFP-LC3 and LysoTracker staining

PANC-1 cells transfected with the appropriate plasmids
were grown on 12-well plates, and for confocal micros-
copy on glass chambers, at 60% density and cultured for
48 h. After treatment with or without EBSS or CQ for 2 h,
cells were fixed with 4% paraformaldehyde in PBS and
permeabilized with 0.5% Triton X-100. DAPI (Solarbio,
C0065) was used for nuclei staining. For Tandem RFP-
GFP-LC3 assay, cells plated on the glass chambers. For
live cell LysoTracker staining, PANC-1 cells transfected
with the appropriate plasmids were grown on confocal
dishes, and the cells were incubated for 30 min in cell
culture medium with 10 uM LysoTracker Red (Yeasen,
40739ES50). The glass chambers or confocal dishes were
examined with a confocal laser-scanning microscope
(Leica SP8, Wetzlar, Germany) using a 63 x oil immersion
objective. Data analysis was performed using the Image]
software.

Statistical analysis

All experiments were performed independently at least
three times. All statistical analysis was performed using
GraphPad Prism 8.0 software (GraphPad, La Jolla, CA,
USA). All data are presented as mean+SD (standard
deviation) from triplicates. p<0.05 were statistically
significant. For comparisons between two groups, sta-
tistical significance was determined by paired Student’s
t-test. For comparisons involving three or more groups,
one-way ANOVA with Tukey’s post hoc test was applied;
*represents p<0.05, **represents p<0.01 and ***repre-
sents p <0.001.
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