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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most lethal
malignancy, with a 5-year survival rate of less than 9% (1, 2).
Most PDAC tumors are already in an advanced stage when they
are diagnosed and are thus beyond the time window for effec-
tive treatment. Extensive tolerance to chemoradiotherapy makes
PDAC clinical outcomes extremely poor. Metastasis occurs
quickly by invasion of the adjacent organs or through lymphatic
or vascular tracts and is the major cause of death. Hence, it is
crucial to uncover the molecular mechanisms underlying PDAC
development and progression in order to identify new targets for
treatment of the disease.

Itis well known that the tumor microenvironment (TME) plays
an essential role in tumor progression, including invasiveness and
metastasis. A large number of stromal components, including
various types of signaling molecules such as tumor-promoting
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The tumorigenic mechanism for pancreatic ductal adenocarcinoma (PDAC) is not clear, although chronic inflammation is
implicated. Here, we identified an inflammatory cytokine-regulated transfer RNA-derived (tRNA-derived) fragment, tRF-21-
VBYSPYKHD (tRF-21), as a tumor suppressor in PDAC progression. We found that the biogenesis of tRF-21 could be inhibited by
leukemia inhibitory factor and IL-6 via the splicing factor SRSF5. Reduced tRF-21 promoted AKT2/1-mediated heterogeneous
nuclear ribonucleoprotein L (hnRNP L) phosphorylation, enhancing hnRNP L to interact with dead-box helicase 17 (DDX17)

to form an alternative splicing complex. The provoked hnRNP L-DDX17 activity preferentially spliced Caspase 9 and mH2A1
pre-mRNAs to form Caspase 9b and mH2A1.2, promoting PDAC cell malignant phenotypes. The tRF-21 levels were significantly
lower in PDACs than in normal tissues, and patients with low tRF-21 levels had a poor prognosis. Treatment of mouse PDAC
xenografts or patient-derived xenografts (PDXs) with tRF-21 mimics repressed tumor growth and metastasis. These results
demonstrate that tRF-21 has a tumor-suppressive effect and is a potential therapeutic agent for PDAC.

cytokines released by inflammatory cells, are present in the PDAC
TME (3). Long-term stimulation of inflammatory cytokines causes
chronic pancreatitis, which may consequently induce PDAC and
accelerate PDAC progression (4, 5). For example, chronic pancre-
atitis may augment the effect of mutated KRAS on IL-17 receptor
induction and IL-17-producing immune cell infiltration (6). The
cytokines TNF-o, IL-6, IL-1a, leukemia inhibitory factor (LIF),
and IL-10 have been reported to contribute to pancreatic cancer
progression (7-14). However, how these cytokines promote PDAC
progression and malignant phenotypes is largely unknown.

In recent years, noncoding RNAs (ncRNAs) have attracted
great attention in cancer research because of their vital biological
functions. Transfer RNA-derived small RNAs (tsRNAs) belong to
a family of short ncRNAs presented in most organisms. tsSRNAs
are generated constitutively and in the context of stresses by sev-
eral enzymes or proteins such as Dicer (15), angiogenin (16) and
RNase Z (17) that are further subdivided into transfer RNA (tRNA)
halves (tRHs; >30 nt) and tRNA-derived fragment (tRFs; <30 nt).
Multiple classes of tRFs have been identified that are generated by
enzymatic cleavage at different sites in mature tRNAs, including
5'-tRFs, 3'-tRFs, and i-tRFs (18). Of these, iTRFs, which originate
from the internal body of mature tRNAs, have an atypical length
that extends from the D-loop to the T-loop of mature tRNAs and
straddle the anticodon. Some tRFs function similarly to miRNAs
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(19, 20) and are involved in cancer development and progres-
sion. For example, CUI276, a 3'-tRF derived from tRNAS»¢CC
has been shown to bind to Argonaute protein, thereby repressing
replication protein Al expression and inhibiting cell proliferation
(21). A tRF generated from tRNA™" can suppress stem cell-like
cells and metastasis in colorectal cancer by targeting the Notch
ligand JAG2 (22). It has been documented that tRFs derived under
hypoxic conditions in breast cancer cells from tRNA®" tRNA*?,
tRNA®, and tRNAD" may engage oncogenic RNA-binding protein
YBX1 and displace YBX1 from the 3'-UTRs of multiple oncogen-
ic transcripts, leading to its degradation and thus suppressing
cancer metastasis (23). Moreover, tRFs may alter mRNA confor-
mation influencing the translation process. For instance, the tRF
LeuCAG3'tsRNA can bind RPS28 mRNA, enhancing the mRNA
translation by unfolding its secondary structure (24). However,
whether the biogenesis of tRFs can be regulated by certain cyto-
kines and, if yes, what and how they play in PDAC development
and progression remain to be elucidated.

In the present study, with the hypothesis of interaction
between inflammatory cytokines and tRFs, we have identified
a serine- and arginine-rich splicing factor 5-mediated (SRSF5-
mediated) LIF and an IL-6-regulated i-tRF, tRF-21-VBY9PYKHD
(tRF-21), based on deep mining of The Cancer Genome Atlas
(TCGA; https://tcga-data.nci.nih.gov/tcga/) pancreatic adeno-
carcinoma (PAAD) sRNA-Seq data. We demonstrated that tRF-21
bound to and prevented heterogeneous nuclear ribonucleoprotein
L (hnRNP L) from phosphorylation by AKT2/1 and thus restrained
the formation of hnRNP L-DEAD-box helicase 17 (DDX17), an
RNA splicing complex. The altered hnRNP L-DDX17 activity
affected Caspase 9 and mH2A1 pre-mRNA splicing, which is linked
to PDAC cell malignant phenotypes. We found that patients with
low tRF-21 levels in PDAC tumors had shorter survival than did
those with high tumor levels of tRF-21. We also show that tRF-211is
a potential therapeutic agent for PDAC.

Results

tRF-21is associated with PDAC prognosis. We started with TCGA
PAAD database to search for tRFs associated with survival in 177
patients, and univariate Cox regression analysis showed that
among 368 tRFs in the short RNA data, 23 were significantly
associated with patient survival times (Figure 1A). We selected
the top 10 candidates from the 23 associated tRFs (Supplemen-
tal Table 1; supplemental material available online with this
article; https://doi.org/10.1172/JC1148130DS1) for validation in
our patient sample (cohort 1) and found that only the levels of
tRF-21 in PDAC determined by quantitative reverse transcrip-
tion PCR (qRT-PCR) were associated with survival time (Figure
1B), with an adjusted HR of 0.47 for death for high levels (95%
CI, 0.32-0.69). Kaplan-Meier estimates showed that patients
with PDAC who had high ¢tRF-21 levels had significantly longer
survival than did PDAC patients with low tRF-21levels in cohort
1 (n = 158; Figure 1C, left panel), cohort 2 (n = 69; Figure 1C,
middle panel), or a pooled sample (n = 227; Figure 1C, right
panel). We further compared ¢tRF-21 levels according to tumor
or normal status and according to different tumor stages. The
results showed that tRF-21 levels were significantly lower in
PDAC tumors than in adjacent normal tissues (Figure 1D) and
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significantly lower in advanced-stage tumors (stages III/IV)
than in early-stage tumors (stages I/II) in both cohorts 1 and 2
(Figure 1E). We also consulted TCGA database, and the results
showed that the median level of tRF-21 was nonsignificantly
lower in PAAD compared with levels in adjacent normal pan-
creatic tissue (P = 0.0861; Supplemental Figure 1A). However,
this comparison was based on only 3 adjacent normal samples,
which had very limited statistical power. Together, these results
indicate that tRF-21 is involved in PDAC progression.

We then wanted to confirm the identity of tRF-21, which has
been reported to derive from mature tRNASYSCC (25). We first
examined the levels of tRF-21in 7 commonly used PDAC cell lines
(Supplemental Figure 1B). Sanger sequencing of the PCR product
amplified using our stem-loop primers showed exactly the same
sequence as that of tRF-21 (Supplemental Figure 1C). Northern
blot analysis confirmed the existence of tRF-21 in PDAC cells
(Supplemental Figure 1D). Cell fractionation and FISH analyses
showed that tRF-21 was predominantly present in the cytoplasm
(80%-90%; Supplemental Figures 1, E and F). Because Capan-2
and SW1990 cell lines had moderate tRF-21 levels (Supplemen-
tal Figure 1B), they were suitable for experimental operation and
were thus chosen for further analysis throughout this study.

tRF-21 acts as a tumor suppressor in PDAC. We next examined
the effects of tRF-21 on PDAC cell phenotypes by increasing or
decreasing its level in cells (Supplemental Figure 2A). We found
that, although changing tRF-21 levels in PDAC cells did not alter
the cellular mature tRNA®°cC levels (Supplemental Figure 2, B
and C), increasing tRF-21 significantly repressed cell growth abil-
ity, while decreasing tRF-21 had the opposite effect (Figure 2, A
and B, and Supplemental Figure 2D), and this was likely due to the
inhibitory effect of tRF-21 on cell apoptosis (Figure 2C and Sup-
plemental Figure 2E). We also found that increasing tRF-21 levels
significantly reduced the invasive ability of PDAC cells, whereas
decreasing tRF-21 levels significantly enhanced this ability (Figure
2D and Supplemental Figure 2F). These effects were further veri-
fied in vivo in mouse xenograft models. Subcutaneous xenografts
derived from PDAC cells with high tRF-21 levels had significantly
reduced growth rates, but tumors derived from PDAC cells with
low tRF-21 levels had significantly increased growth rates com-
pared with controls (Figures 2E and Supplemental Figure 2G).
Pancreatic xenografts derived from PDAC cells with high ¢tRF-21
levels had significantly reduced growth rates, less distant metasta-
ses, and longer survival, while tumors derived from cells with low
tRF-2]1 levels had opposite phenotypes compared with controls
(Figure 2, F-H, Supplemental Figure 2H, and Supplemental Figure
3, A-C). Taken together, these results indicate that tRF-21 acts as a
tumor suppressor that inhibits PDAC malignant phenotypes.

tRF-21 prevents hnRNP L from phosphorylation by AKT2. To
seek the functional mechanism underlying the inhibitory effects
of tRF-21 on PDAC, we first performed RNA-pulldown assays
using biotinylated tRF-21 or its antisense oligonucleotide (oligo)
with PDAC cell lysates, followed by mass spectrometric analysis.
The results indicated that at least 38 proteins might specifically
interact with tRF-21, but not its antisense RNA. We then selected
the top 7 proteins ranked by abundance for further validation
(Figure 3A and Supplemental Table 2) and found that, among
them, only hnRNP L, a key player in alternative mRNA splic-
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Figure 1. tRF-21is associated with survival time in patients with PDAC. (A) Volcano plot of tRFs associated with survival time in TCGA PAAD patients.
Red and blue dots represent a FDR below 0.25, whereas gray dots represent a FOR of 0.25 or higher. (B) Associations of the expression levels of 10 tRFs
with survival time for patients in cohort 1, showing a significant association only for tRF-21. (C) Kaplan-Meier estimates of patients’ survival time in cohort
1, cohort 2, and a combined sample according to tRF-217levels in PDAC. The median survival times for patients with high tRF-21levels (> the median) in
cohort 1, cohort 2, and a combined sample were 18.4, 19.0, and 18.4 months, significantly longer than 11.2, 6.0, and 10.1 months for patients with low tRF-21
levels (< the median), with the HRs (95% Cl) for death of 0.47 (35% Cl, 0.32-0.69), 0.49 (95% Cl, 0.26-0.93), and 0.48 (95% Cl, 0.35-0.65), respectively, for
patients with high tRF-21levels. P values were determined by log-rank test. (D and E) tRF-21 levels were significantly lower in PDAC than in paired normal
tissues (D) and in stage I11/1V tumors than in stage I/l tumors (E). Data are shown in box plots; the lines in the middle of the box indicate the median, and
the upper and lower lines indicate the 25th and 75th percentiles. ***P < 0.001, by Wilcoxon rank-sum test (D and E). n = 136 stage |/Il tumors and n = 22
stage Ill/IV tumors for cohort 1; and n = 47 stage I/1l tumors and n = 22 stage I1I/1V tumors for cohort 2.

ing (26), interacted with tRF-21, as determined by Western blot
analysis of the RNA-pulldown product using either the antisense
oligo or the nontargeting oligo (Figure 3B). Similarly, RNA immu-
noprecipitation (RIP) assays with an antibody against hnRNP
L also confirmed the specific interaction of tRF-21 with hnRNP
L in PDAC cells (Figure 3C). Because both mRNA and protein
levels of hnRNP L were not significantly changed when tRF-21
levels were altered in cells (Figure 3D), we turned to examining
whether tRF-21 interaction may affect hnRNP L posttranslational
modification. We first performed protein domain mapping assays
with FLAG-tagged and truncated hnRNP L and tRF-21 and found
that the Gly-rich domain in hnRNP L protein was required for
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their interaction (Figure 3E). A previous report (27) suggested
that Tyr47, Tyr48, and Ser52 in the hnRNP L Gly-rich domain
can be phosphorylated, and phosphorylation at Ser52 is required
for hnRNP L activation (Figure 3F). We then examined whether
tRF-21 can affect Ser52 phosphorylation by performing RNA-
pulldown assays with cellular lysates of PDAC cells transfected
with FLAG-tagged hnRNPL or hnRNP L constructs with muta-
tion at the Tyr47, Tyr48, or Ser52 site. Interestingly, the results
showed that tRF-21 was unable to bind the Ser52Ala mutant
hnRNP L, although the Tyr47 and Tyr48 mutations had no such
effect (Figure 3G). RIP assays also confirmed the specific binding
of tRF-21 with Ser52-hnRNP L (Figure 3H). The computational
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Figure 2. tRF-21 suppresses the malignant phenotypes of PDAC cells in vitro a

nd in vivo. (A-D) Effects of tRF-21 overexpression (OE) or silencing (KD)

on PDAC cell proliferation (A), colony formation (B), apoptosis (C), and migration and invasion (D). Data indicate the mean + SEM and represent at least 3

independent experiments. (E) Effect of tRF-21 expression changes on PDAC xen

ograft growth in mice. Shown are the growth curves of the xenografts. Data

indicate the mean + SEM (n = 5). (F) Fluorescence intensity data showing the effect of tRF-21 expression changes on tumor burdens in mice with orthot-

opically transplanted PDAC (n = 5). Data indicate the mean + SEM. (G) Effect of
transplanted PDAC (n = 8). (H) Tumor metastasis in mice from each group. Orga

tRF-21 expression changes on survival times of mice with orthotopically
ns with metastatic tumors are shown in Supplemental Figure 3. *P < 0.05,

**P < 0.01, and ***P < 0.001, by 1-way ANOVA with Dunnett’s T3 multiple-comparison test (A-F) and log-rank test (G).

model structure analysis also indicated that Ser52 is a critical
residue of hnRNP L for tRF-21 binding (Figure 31I). Last, we per-
formed Western blotting with an antibody against phosphory-
lated hnRNP L at Ser52 (p-Ser52-hnRNP L) to detect whether
hnRNP L phosphorylation changes in cells with forced alteration
of tRF-21 levels, and the findings clearly showed that increasing
or decreasing tRF-21 levels resulted in substantial repression or
promotion of the phosphorylation (Figure 4A). Since AKT2 has
been shown to phosphorylate hnRNP L at Ser52 in lung cancer
cells (28), we established 293T and PDAC cells overexpressing
constitutively active AKT2 (Myr HA AKT2) (29) to verify this find-

ing and to examine the effect of tRF-21. As a result, in these cells,
p-Ser52-hnRNP L levels were substantially increased, but the
phosphorylation of mutant Ala52-hnRNP L (p-Ala52-hnRNP L)
was negligible. Furthermore, treatment of cells with phosphatase
substantially abolished p-Ser52-hnRNP L levels (Figure 4, B and
C). We also performed in vitro assays with recombinant human
AKT?2 and found that tRF-21 had the ability to prevent hnRNP
L from phosphorylation but that its antisense RNA had no such
effect (Figure 4D). Further assays showed that overexpression
of tRF-21 in cells markedly reduced Ser52-hnRNP L phosphor-
ylation, and this phenomenon could not be recovered, even

J Clin Invest. 2021;131(22):e148130 https://doi.org/10.1172/)C1148130
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Figure 3. tRF-21 interacts with hnRNP L at Ser52. (A) Schematic of the RNA-pulldown assay followed by liquid chromatography-mass spectrometry
(LC-MS) using a tRF-21 sense or antisense probe for the identification of proteins that specifically bind tRF-21. (B) Western blot analysis of products from
RNA-pulldown assays using tRF-21, tRF-21 antisense, or a nontargeting oligo suggested 7 potential tRF-27-binding proteins. (C) Association of hnRNP L
with tRF-27in PDAC cells determined by RIP assays followed by gRT-PCR or Northern blotting. gRT-PCR data represent enrichment (mean + SEM) relative
to input from 3 independent experiments. I1gG was used as a negative control. (D) tRF-21 overexpression or silencing did not affect HNRNPL mRNA or
protein levels. gRT-PCR data indicate the mean + SEM of 3 independent experiments. (E) Truncation mapping of the tRF-21-hnRNP L binding domain.

Schematic diagram shows the FLAG-tagged hnRNP L protein domain structure. Western blot (WB) shows FLAG-tagged full-length (WT) hnRNP L and its
truncated forms pulled down by tRF-21. (F) Schematic of phosphorylation sites in the Gly-rich domain; Ser52 is responsible for the activation of hnRNP L.
(G) Immunoblot (IB) shows FLAG-tagged full-length hnRNP L (WT) and its mutated forms (Y47F, Y48F, and S52A) retrieved by tRF-21. (H) RIP assays with
an antibody against FLAG showed that FLAG-Y47F and FLAG-Y48F, but not FLAG-552A, interacted with tRF-21. Data represent enrichment (mean + SEM)
relative to input from 3 independent experiments. IgG was used as a negative control. (I) Predicted 3D structure of the hnRNPL-tRF-21 complex. **P < 0.01
and ***P < 0.001, by 1-way ANOVA with Dunnett’s T3 multiple-comparison test (C, D, and H).

when cells were treated with the AKT pathway agonist SC79 or
with constitutive activation of AKT2 after tRF-21 overexpression
(Figure 4E). We also investigated the hnRNP L phosphorylation
status in cells with AKT2 knockdown and found that p-hnRNP L
levels were markedly lower than those in control cells. Further-
more, in cells with AKT2 knockdown, tRF-21 overexpression
slightly reduced p-hnRNP L levels, but tRF-21 knockdown mod-
erately increased p-hnRNP L levels, suggesting that there might
be other kinases involved in this process (Supplemental Figure
4A). We further examined whether AKT1 participates in hnRNP L
phosphorylation, and the results showed that in cells with tRF-21

J Clin Invest. 2021;131(22):e148130 https://doi.org/10.1172/)C1148130

knockdown, silencing AKT2 substantially reduced p-hnRNP
L levels; however, knockdown of both AKT2 and AKT1 almost
completely abolished hnRNP L phosphorylation, suggesting
that AKT1 may also have some compensatory activity in hnRNP
L phosphorylation (Supplemental Figure 4B). Together, these
results clearly demonstrate that tRF-21 prevented hnRNP L phos-
phorylation by AKT2/AKT1.

Since FISH and immunofluorescence assays showed differ-
ential localizations of tRF-21 and p-hnRNP L in the cytoplasm
and nuclei of PDAC cells (Figure 4F), we wanted to know whether
tRF-21 regulates the subcellular localization of hnRNP L. We
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Figure 4. tRF-21 suppresses the phosphorylation of hnRNP L at Ser52 by AKT2. (A) tRF-21 expression changes altered p-hnRNP L levels. (B and C) Myr
HA AKT2 phosphorylated FLAG-hnRNP L at Ser52 in 293T cells (B) and PDAC cells (C). Calf intestinal alkaline phosphate (CIP) was used for 1 hour at 37°C.
(D) Effects of tRF-21 sense or antisense on in vitro hnRNP L phosphorylation at Ser52 by recombinant human AKT2 (thAKT2), showing that only tRF-21
sense inhibited phosphorylation. hnRNP L was used as a loading control. (E) Effects of the AKT activator SC79 or Myr HA AKT2 on the phosphorylation of
hnRNP L in the presence of tRF-21. SC79 (4 ug/mL) was added to incubate for 30 minutes. (F) FISH images for tRF-21and p-hnRNP L (tRF-21, red;
p-hnRNP L, green). Cell nuclei were counterstained with DAPI. Scale bars: 10 um. (G) Immunoblot analysis of p-hnRNP L and total hnRNP L localization in
fractionated 293T cells transfected with FLAG-hnRNP L (FLAG-WT: lanes 1, 3, 5,7, 9, and 11) or FLAG-S52A-mutant hnRNP L (FLAG-S52A: lanes 2, 4, 6, 8,
10, and 12) in the absence or presence of tRF-21(lanes 5, 6, 11, and 12) and Myr HA AKT2 (lanes 3, 4, 5, 6, 9, 10, 11, and 12). Histone H3 was used as a nuclear
control, and GAPDH was used as a cytoplasmic control. (H) Immunoblot analysis of p-hnRNP L and total hnRNP L localization in fractionated PDAC cells
stably overexpressing tRF-21. Histone H3 was used as a nuclear control, and GAPDH was used as a cytoplasmic control.
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induced ectopic expression of FLAG-tagged Ser52-hnRNP L or
FLAG-tagged Ala52-hnRNP L in 293T cells and then cotrans-
fected them with Myr HA AKT2 or tRF-21 and found that
FLAG-Ser52-hnRNP L was present predominately in the cyto-
plasm (Figure 4G, lanes 1 and 7). However, induction of exoge-
nous AKT2 promoted FLAG-Ser52-hnRNP L localization in the
nucleus (Figure 4G, lanes 3 and 9). Interestingly, pretreatment
of cells with tRF-21 mimics before AKT2 induction retained
FLAG-Ser52-hnRNP L in the cytoplasm, thereby abolishing
the AKT2 effect (Figure 4G, lanes 5 and 11). In contrast, induc-
ing exogenous AKT2 and increasing tRF-21 in cells had no effect
on FLAG-Ala52-hnRNP L localization (Figure 4G, lanes 2, 4, 6,
8, 10, and 12). We observed similar results in PDAC cells with
increased tRF-211evels (Figure 4H). These results imply that sub-
cellular distribution of hnRNP L depended on AKT2-mediated
phosphorylation and that tRF-21 was only involved in preventing
hnRNP L phosphorylation.

tRF-21 represses hnRNP L-DDX17 complex formation. A previ-
ous study showed that activated hnRNP L is involved in alternative
RNA splicing (26); however, the mechanism underlying this func-
tion has not been elucidated. We performed protein immunopre-
cipitation assays with an antibody against p-Ser52-hnRNP L fol-
lowed by mass spectrometric analysis and identified 107 potential
interacting proteins (Supplemental Table 3). Western blot analysis
of the top 10 proteins ranked by the exponentially modified pro-
tein abundance index (emPAI) from the immunoprecipitation
resultant showed that only DDX17 interacts with p-Ser52-hnRNP
L (Figure 5, A and B). It has been shown that DDX17 protein has 2
isoforms, known as p82 and p72 (30, 31). On the basis of our West-
ern blot analysis with the protein molecular size markers (Figure
5A), the DDX17 isoform that bound with p-hnRNP L was most
likely p72. We then conducted immunoprecipitation assays using
the antibody against DDX17 and cell lysates with or without phos-
phatase treatment to verify whether the interacting protein was
p-Ser52-hnRNP L, and the result from Western blotting confirmed
the presence of p-Ser52-hnRNP L (Figure 5C). Protein truncation
mapping assays showed that it was the hnRNP L Gly-rich domain
and the DDX17 helicase ATP-binding domain that interacted
each other (Figure 5, D and E). Further experiments showed that
decreasing tRF-21 substantially promoted p-Ser52-hnRNP L and
DDX17 interaction, which was abolished by treatment with phos-
phatase (Figure 5F). These results indicate that p-Ser52-hnRNP L
could specifically bind DDX17 and that tRF-21 was an important
modulator for the interaction of these 2 proteins. To further clarify
this function of tRF-21, we carried out immunoprecipitation assays
using lysates from cells with ectopically expressed FLAG-tagged
hnRNP L, and the results clearly showed binding of FLAG-hnRNP
L to DDX17, and the binding was substantially enhanced by induc-
tion of AKT2 expression in cells; however, FLAG-Ala52-hnRNP L
could not bind to DDX17, even in the presence of exogenous AKT2
(Figure 5G). These results demonstrate an essential role of the
Ser52 residue in hnRNP L and its phosphorylation for the forma-
tion of an hnRNP L-DDX17 complex.

tRF-21 inhibits alternative splicing of Caspase 9 and mH2A1
pre-mRNAs. It has been shown that hnRNP L involves an alter-
native splicing of Caspase 9 pre-mRNA (27, 28), which generates
proapoptotic Caspase 9a and antiapoptotic Caspase 9b (Supple-
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mental Figure 5A, upper panel), while DDX17 participates in
alternative splicing of mH2A1 (32), which generates anti-inva-
sive mH2A1.1 and proinvasive mH2A1.2 in cancer cells (Sup-
plemental Figure 5A, lower panel). We thus speculated that
hnRNP L-DDX17 may be an RNA-splicing complex and jointly
acts in Caspase 9 and mH2A1 alternative splicing. We found that
cells silencing the expression of HNRNPL or DDX17 had mark-
edly increased ratios of Caspase 9a/Caspase 9b and mH2A1.1/
mH2A1.2 mRNAs compared with the corresponding control cells
(Figure 6, A and B, and Supplemental Figure 5, B and C). Increas-
ing the levels of tRF-21 in cells had the same effect as silencing
HNRNPL or DDX17 expression, whereas decreasing the levels of
tRF-21 in cells substantially promoted formation of the antiapop-
totic form of Caspase 9b and the proinvasive form of mH2A1.2
(Figure 6, C-F). Since both Caspase 9 and mH2A1 play important
roles in cancer malignancy and their activities are dependent on
the alternative mRNA splicing induced by the hnRNP L-DDX17
complex that is postulated to be downstream of tRF-21, we car-
ried out rescue experiments with PDAC cells. We found that
decreasing HNRNPL and DDX17 levels in cells silencing tRF-21
expression significantly inhibited cell proliferation, migration,
and invasion but promoted apoptosis (Supplemental Figure 5,
D-G). In parallel, decreasing HNRNPL and DDX17 expression
restored the ratios of Caspase 9a/Caspase 9b and mH2A1.1/
mH2A1.2 mRNAs disturbed by the decreased levels of tRF-21
in cells (Supplemental Figure 5, H and I). These results clearly
demonstrate the functional role that tRF-21 plays in inhibiting
alternative splicing of Caspase 9 and mH2A1 pre-mRNAs through
indirect inhibition of the hnRNP L-DDX17 complex.

Because KRAS, mutated in greater than 90% of PDACs, is a
known upstream regulator of PI3K/AKT signaling (33), and AKT2
is a key kinase in the hnRNP L/CASP9/mH2A1 regulatory axis, we
further examined the effect of KRAS silencing on AKT2 activation
and, thus, the hnRNP L phosphorylation and downstream splic-
ing effects on caspase 9a/b and mH2A1.1/2. The results clearly
showed that silencing KRAS expression substantially decreased
p-Ser474-AKT2 levels, which consequently led to a decrease in the
levels of p-Ser52-hnRNP L, caspase 9b, and mH2A1.2, despite the
fact that total AKT2 and hnRNP L levels remained unchanged and
caspase 9a and mH2A1.1levels were increased (Supplemental Fig-
ure 6A). These results indicate that KRAS is probably an upstream
regulator in the AKT2/hnRNP L/caspase 9a/b/mH2A1.1/2 signal-
ing axis. We thus examined the effects of tRF-21I on this signaling
axis in AKT2-amplified PANC-1 cells (34) and found that cells
with tRF-21 overexpression had substantially decreased levels
of p-hnRNP L, caspase 9b, and mH?2A1.2 but increased levels of
caspase 9a and mH2A1.1 (Supplemental Figure 6B). These results
demonstrate that tRF-21 also works as a tumor suppressor in cells
in the context of AKT2 amplification.

LIF or IL-6 inhibits tRF-21 formation mediated by SRSF5 in
PADC cells. We next sought to determine why tRF-21 production
was significantly lower in PDAC tumor tissues than in normal
tissues. Previous studies have reported that some cellular condi-
tions such as hypoxia, oxidative stress, and nutritional starvation
are involved in tRNA cleavage and tRF formation (23, 35). We
thus examined their effects on tRF-21 formation in vitro in PDAC
cells and found that none of these conditions altered tRF-21
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Figure 5. tRF-21inhibits p-Ser52-hnRNP L-DDX17 complex formation. (A and B) Reciprocal immunoprecipitation assays showed interaction of p-Ser52-
hnRNP L (p-hnRNP L) with DDX17. (C) Immunoblot analysis of p-hnRNP L that coimmunoprecipitated with DDX17 in cells incubated with CIP or inactive
CIP. (D and E) Truncation mapping of the interaction between hnRNP L and DDX17. Schematic diagrams show FLAG-hnRNP L (D) and HA-DDX17 (E)
protein domain structures, respectively. Immunoblot analysis of the association of FLAG-hnRNP L constructs (full-length versus its truncated forms) and
HA-DDX17 (D) or HA-DDX17 constructs (full-length versus its truncated forms) and FLAG-hnRNP L (E). (F) Reciprocal immunoprecipitation assays showed
increased binding of p-hnRNP L and DDX17 upon tRF-21 silencing. (G) Reciprocal immunoprecipitation assays showed the necessity of Ser52 phosphoryla-

tion for the interaction of hnRNP L with DDX17.

levels (Supplemental Figure 7, A-C). We therefore speculated that
certain cytokines produced by inflammatory cells during PDAC
initiation and progression might suppress tRF-21 production. To
test this notion, we assessed the effects on tRF-21 formation of 5
inflammatory cytokines that play oncogenic roles in PDAC pro-
gression (7-14), including TNF-q, IL-1a, IL-6, and IL-10, secret-
ed by macrophages and T cells in the TME (36), and LIF, pro-
duced by tumor cells and other microenvironmental cells such as
pancreatic stellate cells (12). We found that treatment of PDAC
cells with LIF or IL-6 significantly inhibited tRF-21 production
in a dose-dependent manner (Figure 7, A and B); however, treat-
ment of cells with LIF or IL-6 preincubated with its neutralizing

antibody did not affect tRF-21 production (Figure 7C). Further-
more, we treated PDAC cells with a LIF-neutralizing antibody
and found that tRF-21 levels were reduced compared with levels
in cells treated with nonspecific IgG or cells without treatment,
indicating that PDAC cells themselves may produce LIF in an
autocrine manner and inhibit £RF-21 biogenesis (Supplemental
Figure 7D). To elucidate why the 2 cytokines could inhibit tRF-21
formation, we first performed in silico analysis with the online
tool RBPmap (37) to search for RNA-binding proteins for mature
tRNA®»ScC that may produce tRF-21 and found 8 candidates
(Supplemental Table 4). We then respectively silenced these 8
proteins in PDAC cells to test their effect on tRF-21 formation,
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tion of tRNA®YSCC (Figure 7F). RNA-pulldown assays
demonstrated that the RRM2 domain of SRSF5 was
required for binding of SRSF5 and tRNA®Y¢¢¢ (Figure
7G). These results imply that SRSF5 was involved in
generating tRF-21 from tRNAS»¢C,

Next, we examined whether the cytokine-
induced tRF-21 decline was dependent on SRSF5 and,
if so, how it functions. RIP assays using an antibody
against SRSF5 showed that LIF or IL-6 treatment sig-
nificantly decreased SRSF5 and tRNA®°CC binding
in a dose-dependent manner (Figure 8A and Sup-

bp

Marker
siControl
siHNRNPL#1
siHNRNPL#2
Marker
siControl
siDDX17#1
siDDX17#2
siControl
siHNRNPL#1
siHNRNPL#2
siControl

) ]
£ £
© ©
= =

mH2A1.2
GAPDH

mH2A1.2
GAPDH

mH2A1.1 mH2A1.1

mH2A1.1/1.2
ratio

mH2A1.1/1.2

N O O
rato © © <

0.3

C D
Capan-2 SW1990

E
D

@]

Q

E|B

3>

I

Marker
Control
tRF-210
tRF-21 K
Marker
Control
tRF-21
tRF-21 KD
Control
tRF-21 0
tRF-21 KD

bp
-800

-500
-300
-200

C9a

Q
5
1

]

C9b
GAPDH

C9a/C9b
ratio

276
0.9
6.1

14.3
1.0

Capan-2 SW1990

tRF-21 KD
OE
tRF-21 KD
Control
tRF-21 OE
tRF-21 KD
] Control
)} tRF-210E
tRF-21 KD

tRF-21 OE
| % 3 B W Marker

°
s
c
o]
(&)

Control
tRF-21
]
1

MH2A1.1 == -
MH2AT.2 - e s

MH2AT e e e s e

ACTIN
mH2A1.1/1.2 R

ratio

Figure 6. tRF-21 facilitates Caspase 9a and mH2A1.1 production via the p-Ser52-hnRNP
L-DDX17 complex. (A and B) Semiquantitative RT-PCR showed upregulated ratios of
Caspase 9a/9b (C9a/C9b) mRNAs (A) and mH2A1.1/mH2A1.2 (mH2A1.1/1.2) mRNAs (B)
when HNRNPL or DDX17 was silenced. (€ and D) Effects of tRF-21 expression changes

on alternatively spliced Caspase 9 mRNA (C) and caspase 9a (C9a) and caspase 9b (C39b)
protein (D) levels. (E and F) Effects of tRF-21 expression changes on alternatively spliced

mH2A1 mRNA (E) and mH2A1 protein (F) levels.

and the results showed that it was SRSF5 silencing that signifi-
cantly reduced tRF-21 levels (Figure 7D and Supplemental Fig-
ure 8A). Analysis of published individual nucleotide resolution
UV crosslinking and immunoprecipitation (iCLIP-Seq) data (38)
suggested that SRSF5 interacts with tRNA»¢¢¢ (Figure 7E). Con-
sistently, qPCR analysis of the products of RIP with an antibody

J Clin Invest. 2021;131(22):e148130

ACTIN mem—— cama— _/ ()

kDa
-40
- . -40

-40

—— - 40

plemental Figure 8B). Since LIF or IL-6 treatment
significantly decreased SRSF5 mRNA levels in cells
(Figure 8B and Supplemental Figure 8C), we thought
that the decreased binding of SRSF5 and tRNA®»¢¢C
could be due to a reduction in SRSF5 expression. In
silico analysis of the SRSF5 promoter region (1000 bp
from the SRSF5 transcription start site [TSS]) using
ChIPBase (39) and Gene Transcription Regulation
Database (GTRD) (40) suggested that KLF4 may be
a transcription factor involved in the regulation of
SRSF5 expression and that the cis element may be
located between 184 and 193 bp downstream of the
SRSF5 TSS (Figure 8C). ChIP assays showed binding
of KLF4 to the SRSF5 promoter, and the binding was

siDDX17#1
siDDX17#2

bp

0.8
0.8

a significantly enhanced by LIF or IL-6 treatment in

a dose-dependent manner in PDAC cells (Figure 8,
D-F). We hypothesized that the LIF- or IL-6-induced,
KLF4-mediated SRSF5 transcriptional repression was
independent of KLF4 levels but relied on the ability
of KLF4 to bind to the SRSF5 promoter. To test this
notion, we treated cells with the KLF4 expression
promoter TNF-a (41, 42) and found that both mRNA
and protein levels of KLF4 were indeed upregulated
by TNF-a (Supplemental Figures 8, D and E); how-
ever, ChIP-qPCR assays showed that TNF-a treat-
ment had no effect on KLF4 binding to the SRSF5
promoter (Supplemental Figure 8F). Reporter gene
assays showed that LIF or IL-6 treatment significant-
ly repressed the transcriptional activity of the SRSF5
promoter in a dose-dependent manner; however,
silencing of KLF4 expression restored reporter gene
expression. Moreover, mutations in the KLF4 bind-
ing site in the SRSF5 promoter completely abolished
the LIF or IL-6 effect, even under the condition of
increased ectopic expression of KLF4 in cells (Sup-
plemental Figure 8G). Overexpression of KLF4 in
PDAC cells slightly, but not significantly, suppressed
the SRSF5 promoter activity compared with control
under the condition of no LIF or IL-6 treatment (Sup-
plemental Figure 8H). These results, together with our finding
that LIF or IL-6 treatment significantly enhanced the binding of
KLF4 to the SRSF5 promoter but did not affect KLF4 levels (Fig-
ure 8, E and F, and Supplemental Figure 9A), suggest that KLF4 is
a transcriptional repressor of SRSF5 expression in PDAC cells but
that this action may not depend on its level.
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Figure 7. LIF and IL-6 inhibits tRF-21 formation mediated by SRSF5. (A) tRF-21 levels in PDAC cells cultured with inflammatory cytokines at different
concentrations. The cytokines used in this study (TNF-a, LIF, IL-10, IL-6 and IL-1a)) were dissolved in 0.5% BSA. (B) Absolute tRF-21 copy numbers in PDAC
cells treated with LIF or IL-6 at different concentrations. (C) tRF-21 RNA levels in PDAC cells treated with LIF (1.5 ng/ml) or IL-6 (500 ng/mL) or the same
amount of these cytokines neutralized by their antibody (LIF Ab, 2 ug/mL or IL-6 Ab, 80 pg/mL) for 1 hour before addition to the assay mixture. (D) tRF-21
RNA levels in cells with silenced expression of RNA-binding proteins predicted by RBPmap to potentially interact with tRNA®YC, (E) Analysis of published
SRSF5 iCLIP-Seq data showed that SRSF5 interacts with tRNA®YCCS, The tRF-21 and tRNA®Y“C sequences are underlined. (F) Association of SRSF5 with
tRNA®YCC in PDAC cells as determined by RIP assays. IgG was used as a negative control. (G) Truncation mapping confirmed that tRNA®* interacted with
the RRM2 domain of SRSF5. A diagram of the SRSF5 protein domain structure is shown. Immunoblot analysis shows FLAG-SRSF5 (Full) and its truncated
forms pulled down by in vitro-transcribed biotinylated tRNA®Y*C, Data in A-D and F indicate the mean + SEM of least 3 independent experiments. *P <
0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Dunnett’s T3 multiple-comparison test.
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Figure 8. LIF or IL-6 enhances KLF4 binding to the SRSF5 promoter region. (A)
Association of SRSF5 with tRNA®C determined by RIP assays in cells cultured
with LIF or IL-6 at different concentrations. (B) SRSF5 mRNA levels in cells treated
with LIF or IL-6 at different concentrations. (C) Venn diagram of silico analysis of
potential transcription factors in the SRSF5 promoter region in cells (left panel).
Schematic shows the putative KLF4 binding site in the promoter of the SRSF5
gene and the primers used for ChIP analysis. The consensus and mutant sequenc-
es for KLF4 binding are highlighted. (D) ChIP assays using anti-KLF4 antibody or
1gG control coupled with qPCR analysis. qPCR results are shown in the left panel,
and agarose gel electrophoresis of the gPCR products is shown in the right panel.
(E and F) KLF4 bound to the SRSF5 promoter, as measured by ChIP assays in cells
cultured with LIF or IL-6 at different concentrations in Capan-2 (E) and SW1990 (F)
cell lines. Data in A, B, and D-F indicate the mean + SEM of at least 3 independent
experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Dun-
nett's T3 multiple-comparison test (A, B, E, and F) and Student's t test (D).
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We next performed rescue experiments to determine
whether KLF4 is involved in regulating tRF-21 production,
and the results showed that decreasing KLF4 significantly
increased the levels of both SRSF5 and tRF-21 in cells treat-
ed with LIF or IL-6 (Supplemental Figure 81), indicating that
KLF4 was responsible for tRF-21 production. Analysis of
protein expression in cells showed that treatment with LIF
or IL-6 substantially decreased SRFS5 levels in a cytokine
dose-dependent manner, without changing KLF4 levels;
in parallel, the levels of p-Ser52-hnRNP L, caspase 9b, and
mH2A1.2 were increased (Supplemental Figure 9A), similar
to the effect seen with the decrease of tRF-21 in cells. Fur-
thermore, increasing SRSF5 or tRF-21 levels abolished the
effect of LIF or IL-6 on this regulatory axis, and decreasing
tRF-21 substantially inhibited the effects of increased SRSF5
(Supplemental Figure 9B).

Finally, we found that LIF or IL-6 treatment significant-
ly promoted PDAC cell growth, migration, and invasion, but
increasing tRF-21 or silencing HNRNPL completely inhib-
ited these malignant phenotypes caused by the cytokines
(Supplemental Figures 10, A-D). These in vitro results were
also observed in surgically removed primary tissues from
patients with PDAC (n = 10). We found that the levels of
tRF-21 and SRSF5, caspase 9a, and mH2A1.1 proteins were
all markedly lower in 10 tumors than in adjacent normal
tissues; in contrast, the levels of p-Ser52-hnRNP L, caspase
9b, and mH2A1.2 proteins were substantially higher in
tumors than in normal tissues (Supplemental Figure 10E).
Moreover, we detected a negative correlation between
tRF-21 and LIF or IL6 mRNA levels in 227 PDAC tumor tis-
sues (Supplemental Figure 10F). These results demonstrat-
ed that the anti-PDAC progression effect of tRF-21 probably
occurred through the SRSF5/tRF-21/hnRNP L/caspase 9/
mH?2A1 regulatory axis, which can be repressed by inflam-
matory cytokines (Supplemental Figure 9C).

We then searched in TCGA database for correlations
between tRF-21 levels in cancer tissues and patient survival
times for 9 types of common cancer and found a significant
correlation only in PDAC: patients with high tRF-21 levels
in cancerous tissue survived longer than did patients with
low tRF-21 levels in cancerous tissue (log-rank P = 0.0035).
However, the correlations were not significant in other
cancer types such as esophageal carcinoma (ESCA), colon
adenocarcinoma (COAD), liver hepatocellular carcinoma
(LIHC), stomach adenocarcinoma (STAD), lung adenocar-
cinoma (LUAD), prostate adenocarcinoma (PRAD), and
breast invasive carcinoma (BRCA), with the exception of
lung squamous cell carcinoma (LUSC), in which high tRF-21
levels seemed to be associated with shorter patient survival
(Supplemental Figure 11). These results imply that the tumor
suppressor role of tRF-21 may be PDAC specific.

Therapeutic effect of tRF-21 in mouse xenograft and
patient-derived xenograft models. Since tRF-21 showed a
strong anti-PDAC effect, we established models in which
mice carried pancreatic xenografts derived from PDAC
cells with tRF-21 knockdown and treated the mice with
tRF-21 (Figure 9A). Mice that received agotRF-21 (40 mg/
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Figure 9. Therapeutic effect of tRF-21in mouse xenograft and PDX models. (A) Schematic for the treatment of mice carrying pancreatic xenografts
derived from PDAC cells with tRF-27 knockdown that were intravenously injected with agotRF-21 or agoControl. Colored arrows indicate dosing and tumor
radiance monitoring time points. (B and C) Quantitative fluorescence intensity (B) and survival (C) analysis of mice according to treatment (n = 5 for each
group). P values in C were calculated by log-rank test. (D) IHC analysis of Ki67-positive areas, TUNEL-positive apoptotic cells, and p-Ser52-hnRNP L
(p-hnRNP L) levels in orthotopically implanted PDACs according to treatment type. Quantification of IHC staining. IRS, immune reactive score. (E)
Schematic for the treatment of mice carrying a PDX that were treated with agotRF-21 or agoControl via intravenous injection. Colored arrows indicate the
different treatments and tumor radiance monitoring time points. (F) AgotRF-21 treatment significantly inhibited PDX growth in mice. (G) tRF-21levels in
PDXs of mice with different treatments. (H) Immunofluorescence analysis of p-hnRNP L and p-hnRNP L/DDX17 costaining in PDXs. Shown are the per-
centages of p-hnRNP L-positive cells and p-hnRNP L and DDX17 colocalized cells. Results in B, D, and F-H indicate the mean + SEM of 5 mice per group.
**P < 0.01and ***P < 0.001, by Student’s t test (B, D, left and middle panels, and F); Wilcoxon test (D, right panel); and 1-way ANOVA with Dunnett’s T3

multiple-comparison test (G and H).

kg, i.v.) had a significantly reduced tumor burden and longer
survival than did mice that received control (agoControl) (Fig-
ure 9, B and C, and Supplemental Figure 12A). We found that
mice that received agotRF-21 had 4-fold higher levels of tRF-21
in their tumor tissues than did mice that received agoControl
(Supplemental Figure 12C). IHC analysis revealed that, com-
pared with agoControl treatment, agotRF-21 treatment signifi-
cantly reduced Ser52-hnRNP L phosphorylation and cancer

cell proliferation but promoted cancer cell apoptosis in xeno-
grafts (Figure 9D and Supplemental Figures 12B); however, cell
proliferation in normal tissues such as intestines, where cells
can be highly proliferative, was not affected (Supplemental Fig-
ures 12D). Interestingly, we found that tumor tissues from mice
treated with agotRF-21 had similar STAT3 and p-STAT3 levels
compared with tumor tissues from mice treated with agoCon-
trol (Supplemental Figure 12, E and F), implying that PDAC,
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LIF, or IL-6 acted as SRSF5 transcriptional suppressors that
ultimately inhibited tRF-21 formation but may not have func-
tioned through the STAT3 signaling pathway. We also estab-
lished mouse lung colonization models by injecting tRF-21-
knockdown PDAC cells into the tail vein, and then treated the
mice with agotRF-21 (40 mg/kg, i.v.) or agoControl (Supple-
mental Figure 13A). The mice that received agotRF-21 treat-
ment had significantly reduced lung colonization of PDAC cells
compared with those that received agoControl (Supplemental
Figures 13, B and C).

To further examine the therapeutic effect of tRF-21 mimics,
we established PDX mouse models using tumor tissue from 3
patients with PDAC and treated the mice with agotRF-21 (Fig-
ure 9E). The results showed that PDXs in mice that received
agotRF-21 (40 mg/kg, i.v.) had significantly reduced growth rates
compared with those in mice treated with agoControl (Figure
9F and Supplemental Figure 14A). However, we found that the
responses to the 3 PDXs were heterogeneous among the mice,
which probably reflected the different levels of tRF-21 expressed
in these PDXs. We found that administration of agotRF-21 sig-
nificantly increased tRF-21 levels in the PDXs (Figure 9G) but did
not affect body weights of the mice (Supplemental Figure 14B),
suggesting that the agent had no apparent toxicity to the animals.

IHC analysis showed that administration of agotRF-21 sig-
nificantly inhibited Ser52-hnRNP L phosphorylation and cancer
cell growth but promoted apoptosis compared with untreated
or agoControl-treated PDXs (Supplemental Figure 14, C and
D). Consistent with the results seen with orthotopic xenograft
models, administration of agotRF-21 did not affect intestinal cell
proliferation or the levels of STAT3 and p-STAT3 in the PDXs
(Supplemental Figures 14, E and F). Analysis of molecules down-
stream of tRF-21 in PDXs revealed that agotRF-21 administration
substantially increased the levels of caspase 9a and mH2A1.1
compared with levels in the untreated controls or in the controls
treated with agoControl (Supplemental Figure 14G). We further
performed dual-immunostaining assays and found that the pro-
portions of p-Ser52-hnRNP L-positive cells and p-Ser52-hnRNP
L- and DDX17-colocalized cells were significantly decreased in
PDXs in mice treated with agotRF-21 compared with PDXs in
untreated mice or mice treated with agoControl (Figure 9H and
Supplemental Figure 15).

We next examined whether agotRF-21 has side effects in ani-
mals by treating 8-week-old BALB/c nude mice and NOG mice
with various doses of agotRF-21. NOG mice are characterized by
the absence of T and B lymphocytes and NK cells, insufficient
function of macrophages and dendritic cells, and decreased activ-
ity of the complements. We found that with administration of up
to 160 mg/kg agotRF-21, the mice showed no apparent signs of
toxicity, as they maintained their body weight (Supplemental
Figure 16A), steady-state hematopoiesis (Supplemental Figure
16, B-D), and liver and kidney function (Supplemental Figure
16, E-H). Together, these results demonstrate that agotRF-21 is a
potential therapeutic agent for PDAC with no apparent toxicity.

Discussion
In the present study, we identified an inflammatory cytokine-
regulated tRF, tRF-21, which is derived from tRNA®°c¢ by the
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splicing factor SRSF5. Our studies revealed that tRF-21 acted as a
tumor suppressor in the progression of PDAC: its levels were sig-
nificantly lower in PDAC tumors than in nontumor tissues, and
the decreased levels correlated with malignant phenotypes of
PDAC cells and poor patient survival. Mechanistically, we have
demonstrated that tRF-21 bound Ser52 in the Gly-rich domain of
the oncogenic RNA-binding protein hnRNP L and prevented the
latter from phosphorylation by AKT2/1, which attenuated the for-
mation of hnRNP L-DDX17, an alternative RNA splicing complex.
Decreased tRF-21 expression in PDAC cells in response to stim-
ulation by certain inflammatory cytokines such as LIF and IL-6
may have enhanced hnRNP L-DDX17 activity, driving alternative
splicing of Caspase 9 and mH2A1 pre-mRNAs to generate Caspase
9b and mH2A1.2 that have respective antiapoptotic or proinvasive
effects. We have also demonstrated that treatment of tRF-21 mim-
ics markedly repressed tumor cell colonization in the lungs and
the growth of xenografts and PDXs in mice. These results shed
light on a function of tRFs and suggest that tRF-21 might be an
effective therapeutic agent for PDAC.

Studies have shown that tRFs may function in multiple
modes in cells. Like miRNA, some tRFs directly bind to the
3'-UTR region of target mRNA, resulting in translation repres-
sion (18-21). Other tRFs suppress the stability of some oncogene
transcripts through displacing the 3'-UTR. For example, it has
been reported that hypoxic conditions in breast cancer increase
4 i-tRFs, which repress the stability of multiple oncogene tran-
scripts by YBX1 displacement (22). Moreover, some tRFs regu-
late the translation process by changing the conformation of
mRNAs (23). The present study reveals, for the first time to our
knowledge, that certain tRFs (i.e., tRF-21) could bind to protein
and alter the phosphorylation and consequent function of the
target protein. These findings expand our knowledge of the roles
of endogenous tRFs in cellular physiopathological processes. It
would be interesting to investigate whether this tRF can act on
other important oncogenic proteins.

In the present study, we have linked tRF-21 formation in PDAC
cells to inflammatory cytokines in the PDAC TME. We found that,
upon stimulation with LIF or IL-6, the transcriptional suppres-
sor KLF4 bound to the promoter of the splicing factor SRSF5 in
a dose-dependent manner, thereby repressing tRF-21 formation
from tRNA®S¢¢ in PDAC cells. These results imply that the regula-
tion of tRF formation may be an important mechanism for inflam-
matory factors to promote the transformation of inflammation
into cancer, since inflammatory cytokines are commonly present
in the TME. Although the correlation between tRF-21 levels and
survival of patients with cancer in TCGA database appeared to be
PDAC specific, further studies are warranted to determine how
the universality and specificity of this tRF mechanism work to
transform inflammation into cancer progression, since the surviv-
al time of patients with cancer can be influenced by many factors
such as tumor stage at the time of diagnosis and treatment type.

As RNA splicing proteins, hnRNP L and DDX17 have been
shown to participate in the alternative splicing of mRNAs pro-
duced by many genes including Caspase 9 and mH2A1 (32, 43).
In the present study, we have demonstrated that p-Ser52-hnRNP
L and DDX17 function in complex and that the activity of this
mRNA splicing complex is regulated by tRF-21. Further, we
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gained an insight into the molecular mechanism for the regula-
tion of p-Ser52-hnRNP L-DDX17 complex formation by tRF-21.
In the cytoplasm, tRF-21 bound to hnRNP L and prevented
hnRNP L activation via Ser52 phosphorylation by AKT2/1. How-
ever, when tRF-21 formation was repressed in cells by certain
stimuli such as inflammatory cytokines, activated p-Ser52-
hnRNP L entered the nucleus to form the p-Ser52-hnRNP
L-DDX17 complex. Since the p-Ser52-hnRNP L-DDX17 com-
plex alternatively spliced Caspase 9 mRNA, forming antiapoptot-
ic Caspase 9b and mH2A1 mRNA, thereby forming invasion-pro-
moting mH2A1.2, one might expect that these 2 cancer hallmarks
would result in a more malignant PDAC. Here, we identified an
oncogenic pathway from inflammatory cytokines (e.g., LIF and
IL-6) to the effective molecules (e.g., caspase 9b and mH2A1.2)
that drives PDAC development and progression.

Because tRF-21 showed a strong effect on the suppression of
PDAC cell growth and invasion in vitro, we treated mice carrying
cell line-derived or patient primary tumor-derived xenografts
with agotRF-21, an in vivo-optimized tRF-21 mimic. Interestingly,
our results showed that treatment with agotRF-21 considerably
repressed the tumor burden of orthotopically implanted xeno-
grafts, thus directly reflecting the therapeutic effects of this tRF
on PDAC. Furthermore, treatment of mice carrying PDXs from 3
individual patients also showed the therapeutic value of tRF-21.
Because a PDX maintains the fundamental genotypic features of
primary cancer and recapitulates individual heterogeneity, the
results may better predict drug activity (44). We found that all 3
PDXs were responsive to agotRF-21 treatment, although there
were distinct differences in its effectiveness that were likely due
to tumor heterogeneity, including varying levels of tRF-21 in these
PDXs. As expected, xenografts from patients with low endogenous
tRF-21 levels had a substantially better treatment response than
did those with high tRF-21 levels. Further observations revealed
that PDXs with high tRF-21 levels also had lower levels of p-Ser52-
hnRNP L and p-Ser52-hnRNP L-DDX17 complex but higher lev-
els of proapoptotic caspase 9a and anti-invasive mH2A1.1, indi-
cating the presence of the tRF-21/hnRNP L/caspase 9/mH2Al
regulatory axis in such an intricate PDAC TME. Interestingly, we
found that agotRF-21 treatment did not alter the levels of STAT3 or
p-STAT3 in PDAC xenograft tissues, indicating that the antitumor
effect of tRF-21, suppressed by LIF and IL-6, was independent of
the canonical LIF/IL-6/STAT3 pathway but mediated by KLF4-
regulated SRSF5. These results support our hypothesis that
tRF-21 may be a potential therapeutic agent for tumors such as
PDAC with active inflammation in their microenvironment.

Although we believe our study provides advances in the field,
it has several limitations. First, this study focused on tRF-21 and
PDAC; whether other tRFs have the same effect on PDAC and
whether tRF-21 has the same role in other types of cancer remain
unclear. Although the survival correlation analysis suggested that
the levels of tRF-21 in tumor tissues might not associate with sur-
vival time in patients with cancer other than PDAC in TCGA data-
base, further molecular studies are warranted. Second, although
we examined 5 cytokines and showed that LIF and IL-6 repressed
tRF-21 formation in PDAC cells, the effects of other cancer-related
cytokines are not yet known. Therefore, it would be interesting to
explore the roles of other cytokines produced by inflammation or
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other stress in the TME. Third, KLF4 is a well-known transcription
factor that acts as a transcriptional activator or repressor, depend-
ing on the cellular context (45, 46). Our results indicate that in
PADC cells treated with LIF or IL-6, suppression of SRSF5 tran-
scription by KLF4 was not dependent on KLF4 levels, implying
that there might be other factors, such as posttranslational modifi-
cations of KFL4 itself (i.e., acetylation and PARylation; refs. 47, 48),
or chromosome and DNA modifications, on the other hand, that
determine KLF4 activity in regulating its target gene transcription.
It would be interesting to identify the factor(s) that promote KLF4
to bind the SRSF5 promoter upon simulation with LIF or IL-6. In
addition in this study, we investigated the effects of changes in
tRF-21 expression levels on PDAC growth and colonization in
immunocompromised mice; however, it would be necessary to
verify these effects in immunocompetent mouse models as well.
Finally, it should be noted that, in the present study, we examined
only the alternative splicing of Caspase 9 and mH2Al mRNAs.
However, the p-Ser52-hnRNP L-DDX17 complex probably has
other targets that need to be explored.

In conclusion, we have identified a tRF, tRF-21, that plays
an important role in PDAC development and progression and
shed light on the molecular mechanism underlying the effects of
tRF-21 on the suppression of PDAC growth and metastasis. The
notable therapeutic effects achieved with treatment with synthetic
tRF-2] mimics in mice carrying PDAC cell line-derived xenografts
or PDXs further verified the role of tRF-21 in PDAC and suggest
that this tRF is a potential therapeutic agent.

Methods

Study participants and clinical specimens. This study included
227 patients with PDAC recruited at Sun Yat-sen Memorial Hospital,
Sun Yat-sen University (cohort 1, n = 158) and Cancer Hospital Chi-
nese Academy of Medical Sciences (cohort 2, n = 69; Beijing, China)
between 2005 and 2018 (Supplemental Table 5). PDAC was diagnosed
by histopathological examination, and the patients’ clinical character-
istics were acquired from medical records. All patients underwent pan-
createctomy, and none of them received chemotherapy or radiothera-
py before surgery. The survival time of patients was defined as the date
of the cancer diagnosis until the date of the last follow-up or death.
Whether and when a patient died was determined from inpatient and
outpatient records, the patient’s family, or follow-up telephone calls.
Each patient donated PDAC and the corresponding adjacent normal
tissue samples at the time of pancreatectomy, and the samples were
immediately frozen and stored in liquid nitrogen until use.

Analysis of publicly available data. See the Supplemental Methods
for details.

Insilico analysis. See the Supplemental Methods for details.

Cell lines and cell culturing. Capan-2, SW1990, and 293T cell lines
were purchased from the Cell Bank of the Type Culture Collection of
the Chinese Academy of Sciences, Shanghai Institute of Biochemistry
and Cell Biology. See the Supplemental Methods for details.

Transient transfection of tRF-21 mimics, siRNAs, and plasmids. See
the Supplemental Methods for details as well as Supplemental Table 6
for information on the tRF-21 mimics and siRNAs used.

Northern blot assays. See the Supplemental Methods for details,
including tRF-21 probe labeled with digoxigenin from BersinBio in
Supplemental Table 7.
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qRT-PCR and four-leaf clover gRT-PCR analysis. See the Supple-
mental Methods for details, as well as Supplemental Table 7 for primer
pair sequences, SL-adapter, and TagMan probe used for tRNA®Y¢¢C,

Measuring absolute tRF-21 copy numbers in cells. See the Supple-
mental Methods for details.

Subcellular fractionating. See the Supplemental Methods for
details.

Lentivirus production and transduction and plasmid construction.
Lentivirus-mediated tRF-21 expression or silencing was achieved by
the documented method with some modifications. Please see the Sup-
plemental Methods for details.

Analysis of cell malignant phenotypes. See the Supplemental Meth-
ods for details about cell viability and apoptosis and cell invasion and
migration assays.

RNA-pulldown assays. See the Supplemental Methods for details.

Protein immunoprecipitation. See the Supplemental Methods for
details.

Mass spectrometric analysis. See the Supplemental Methods for
details as well as the list of proteins ranked by the emPAI in Supple-
mental Tables 2 and 3.

Cell lysis and Western blot analysis. See the Supplemental Methods
for details as well as the list of antibodies used in Supplemental Table 8
(see the full, uncut gels in Supplemental Figure 17).

RIP assays. RIP assays were performed using the Magna RIP
RNA-Binding Protein Immunoprecipitation kit (MilliporeSigma,
17-700). See the Supplemental Methods for details.

ChIP assays. ChIP assays were performed using the EZ-
Magna ChIP A/G Kit (17-10086, MilliporeSigma). See the Supplemen-
tal Methods for details.

IHC staining. See the Supplemental Methods for details.

RNA FISH and immunofluorescence. FISH was performed using the
Ribo Fluorescent In Situ Hybridization Kit (RiboBio). See the Supple-
mental Methods for details.

In vitro Ser52-hnRNP L phosphorylation. Phosphorylation of
Ser52-hnRNP L was performed in a mixture (20 pL) containing ade-
quate amounts of synthesized tRF-21 or its antisense, 80 ng recom-
binant hnRNP L (Abnova, HO0003191-P01), 10 mM HEPES, 5 mM
DTT, 120 mM KCl, 3 mM MgCl,, 5% glycerol, 0.5 mM ATP, 1.25 mM
glycerol-2-phosphate, and 200 ng recombinant human AKT2 (Abcam,
ab79798). The mixture was incubated at 30°C for 30 minutes and then
analyzed for p-Ser52-hnRNP L levels by Western blotting.

Stress formation and cytokine treatment of PDAC cells. Details on
stress production and cytokine treatment are described in the Supple-
mental Methods.

Reporter gene assays. Reporter gene assays were conducted as
described in the Supplemental Methods.

Establishment of mouse xenograft models. Four-week-old female
BALB/c nude mice were obtained from Beijing Vital River Laboratory
Animal Technology and allowed to acclimate to local conditions for
1 week under a 12-hour light/12-hour dark cycle, with adequate food
and water. We established 4 different kinds of PDAC xenograft mod-
els. For the subcutaneous xenograft model, mice were subcutaneously
injected in the back flank with 0.1 mL of a cell suspension containing 2
x 10¢ PDAC cells. When a tumor was palpable, it was measured every
other day, and its volume was calculated according to the formula: vol-
ume = 0.5 x length x width? For the pancreatic xenograft model, lucif-
erase-labeled PDAC cells (2 x 10) with stable expression of tRF-21 or
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silenced tRF-21 or control cells were surgically injected into the pan-
creas of female athymic nude mice. Tumor volumes were monitored
by bioluminescence imaging using a Living Image system (Perkin-
Elmer). For the PDX model, surgically removed fresh PDAC tissues
from patients were propagated as subcutaneous tumors in 4-week-
old NOG mice (Beijing Vital River Laboratory Animal Technology).
Xenografts from these F1 mice were then cut into small pieces and
subcutaneously implanted into other mice (F2 mice). When the xeno-
grafts reached a size of 1500 mm?, they were excised, cut into small
pieces, and transplanted again into F3 mice. For the lung metastatic or
localization models, luciferase labeled PDAC cells with tRF-21 stable
knockdown (1 x 10°) were injected into the tail vein of female athymic
nude mice (49). Pulmonary tumor cell colonization was monitored by
bioluminescence imaging.

Treatment of PDAC xenografts with tRF-21 mimic. We performed
treatment with tRF-2] mimics in mice carrying a pancreatic xeno-
graft, lung-colonized tumors, or a PDX. Single-stranded tRF-21 was
synthesized with 2 phosphorothioates at the 5" end, 4 phosphorothio-
ates and 1 cholesterol group at the 3" end, and 1 full-length nucleotide
2'-methoxy modification. We determined the dosage on the basis of
previous studies (50-52) and pilot animal experiments. For mice with
pancreatic xenografts, 7 days after implantation of PDAC cells with
tRF-21 stable knockdown, the mice were randomly divided into 2
groups (n =5 per group) and treated with agotRF-21 in saline (40 mg/
kg, i.v.) or the same amount of agoControl in saline (Supplemental
Table 6). Treatment was administered every day for 3 days and then
every 6 days, 4 times. Tumor burden was monitored every 3 days by
bioluminescence imaging. Mice with lung colonization were random-
ly assigned to 2 groups (1 = 5 per group) 1 day after the inoculation of
PDAC cells with tRF-21 stable knockdown and were given the same
treatment as the pancreatic implantation animals. Lung colonization
was monitored every 3 days by bioluminescence imaging. For the PDX
models, when the xenografts reached approximately 200 mm?®in size,
the mice were randomly divided into 2 groups (r = 5 per group) and
received the same treatment as the pancreatic implantation animals.
Tumor volumes were monitored every 3 days and are expressed as 0.5
x length x width?. Mice were sacrificed 6 days after the last treatment.

agotRF-21 toxicity test in mice. Female BALB/c nude mice and
NOG mice were respectively divided into 7 groups (n = 5 per group)
and treated with saline, agotRF-21 (40 mg/kg, 80 mg/kg, or 160
mg/kg body weight), or the same amount of agoControl in the same
volume of saline. Caudal vein injection was performed every day for
3 days and then every 6 days, 4 times. Body weight was measured
every 3 days, and blood samples were taken on the last day of treat-
ment. Whole blood was diluted to measure the proportions of white
blood cells, hemoglobin, and platelets using an automatic blood cell
analyzer (Mindray). Serum levels of alanine transaminase and aspar-
tate aminotransferase, indicating liver toxicity, and blood creatinine
and urea nitrogen, indicating kidney toxicity, were analyzed in a
Cobas 8000 automatic biochemical analyzer (Roche).

Statistics. We used the Student’s ¢ test to analyze the significance
of differences between 2 means. To compare several groups, 1-way
ANOVA with Dunnett’s T3 multiple-comparison test was used.
Fisher’s exact test was used for any independence test between 2
categorical variables, and the Wilcoxon rank-sum test was used for
any independence test between a continuous variable and a bina-
ry categorical variable, when there was no covariate to adjust for.
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We used the log-rank test for univariate survival analyses and the
Cox proportional hazards model in multivariate survival analyses.
Kaplan-Meier plots are used to present the survival data. Spear-
man’s rank correlation was used to test the correlation between the
levels of the molecules of interest. All statistical analyses were per-
formed using SPSS software, version 24.0 (IBM SPSS). A P value of
less than 0.05 was considered significant for all statistical analyses,
and the FDR was used to adjust multiple-comparison testing.

Study approval. Informed consent was obtained from each partic-
ipant for use of their clinical specimens, and this study was approved
by the IRBs of Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
and the Cancer Hospital Chinese Academy of Medical Sciences. All
animal experiments were approved by the IACUC of Sun Yat-sen Uni-
versity Cancer Center.
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