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Lactate Induces Production of the tRNAHis Half
to Promote B-lymphoblastic Cell Proliferation
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High plasma lactate is emerging as a critical regulator in devel-
opment and progression of many human malignancies. Small
RNAs derived from cleavage of mature tRNAs have been impli-
cated in many cellular stresses, but the detailed mechanisms
that respond to lactic acid (LA; acidic lactate) are not well
defined. Here, using an Epstein-Barr virus (EBV)-immortal-
ized B lymphoblastic cell line (LCL) as a model, we report
that LA induces cleavage of mature tRNA at the anticodon
loop, particularly production of three 50-tRNA halves (50-His-
GUG, 50-ValAAC, and 50-GlyGCC), along with increased
expression of RNA polymerase III and angiogenin (ANG). Of
these, only the 50-HisGUG half binds to the chromatin
regulator argonaute-2 (AGO2) instead of the AGO1 protein
for stability. Notably, the levels of ANG and 50-HisGUG half
expression in peripheral blood mononuclear cells from B cell
lymphoma patients are tightly correlated with lactate dehydro-
genase (LDH; a lactate indicator) in plasma. Silencing
production of the 50-HisGUG half by small interfering RNA
or inhibition of ANG significantly reduces colony formation
and growth of LA-induced tumor cells in vitro and in vivo using
a murine xenograft model. Overall, our findings identify a
novel molecular therapeutic target for the diagnosis and treat-
ment of B cell lymphoma.

INTRODUCTION
Transfer RNA (tRNA) is the first characterized noncoding RNA
(ncRNA) and is well known as an adaptor molecule and its role in
decoding messenger RNA (mRNA) for protein synthesis, in which
amino acids are brought to the ribosome and transferred to nascent
polypeptides. Mature tRNAs are 70- to 90-nucleotide (nt) RNA
molecules with a cloverleaf secondary structure, which further folds
into an L-shaped tertiary structure. At least 500 tRNA genes have
been identified in the human genome so far.1 To produce mature
tRNAs, eukaryotic tRNA genes must be transcribed by RNA poly-
merase III (RNA Pol III) into precursor tRNAs (pre-tRNAs) and
extensively processed by removal of the 50-leader and 30-trailer se-
quences and intron splicing from precursor transcripts2. Most eu-
karyotic tRNA maturation also requires 30 end addition of 3 nt
2442 Molecular Therapy Vol. 28 No 11 November 2020 ª 2020 The Am
(CCA) and extensive base modification, which is usually completed
in the nucleus. Properly processed tRNA can be aminoacylated for
nuclear export,3 whereas unmodified or misfolded tRNAs are poly-
adenylated for nuclear exosome-mediated degradation.4,5 Thus,
quality control machinery is important for destroying improperly
processed tRNA transcripts that might otherwise interfere with
optimal cellular function. Given that tRNA serves as a second
messenger of mRNA in gene expression by acting as a critical
signaling molecule, recycling of nucleotides and amino acids, along
with the key role of general repression of transcription and transla-
tion, is often coupled to selective synthesis of nucleic acids and pro-
teins required for cell survival in response to cellular stress.6 Alter-
ation of tRNA abundance and heterogeneity has also been
implicated in many diseases.7

Although tRNAs are best known as adaptor molecules essential for
protein translation in many organisms, increasing evidence shows
that they can also serve as a source of small functional RNAs in
many biological processes beyond translation.8 Among these,
tRNA-derived small RNAs (tsRNA) can be divided into two groups:
tRNA-derived fragments (tRFs) and tRNA halves.9 tRFs range from
13–24 nt in length and are often called 50 tRF or 30 tRF, which are indi-
vidually derived from 50 or 30 parts of mature tRNAs or 50 leader or 30
erican Society of Gene and Cell Therapy.
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trailer sequences of pre-tRNAs. tRNA halves are 30- to 50-nt frag-
ments that are derived from the 50 or 30 part of mature tRNAs with
cleavage at the anticodon loop to yield 50 tRNA (30–35 nt) and 30

tRNA (40–50 nt) fragments, respectively. Production of tRNA halves
is often triggered by stress stimuli such as amino acid deficiency, heat
shock, oxidative stress, and viral infection.10 Therefore, they are also
known as 50 or 30 tiRNAs (tRNA-derived stress-induced RNAs). Un-
der normal conditions, tiRNA is rarely produced in cells. Upon stim-
ulation from stress, mature tRNA is cleaved in the cytoplasm. In yeast
cells, tRNA halves are generated by the RNA endonuclease Rny1p.11

In mammalian cells, tRNA halves are mainly produced by angiogenin
(ANG)-mediated cleavage.12 Distinct from tRNA halves, tRFs are
considered by-products of tRNA during maturation (or generated
by unknown enzymatic cleavage following maturation) and are
closely related to various types of tumors.13 However, little is known
about whether tRNA halves, likely through production of stress stim-
uli, are crucially involved in development of cancers.

Metabolic reprogramming is a hallmark of cancer. As a major source
of cellular energy and cell mass, metabolic synergy or metabolic
coupling between glycolytic stromal cells (the Warburg effect) and
oxidative cancer cells commonly occurs in human lymphoma and
promotes tumor growth.14 The Warburg effect, or aerobic glycolysis,
not only refers to catabolism of glucose to lactate to produce adeno-
sine triphosphate (ATP) but also to the increase in lactic acid (LA;
acidic lactate) production, which provides a material basis for tumor
cells to induce formation of an acidic microenvironment. The change
of this metabolic mode is assumed to be an important factor driving
malignant development of cancer. Previous studies have shown that
modulation of glucose metabolism through glycolysis-targeting drugs
in animal lymphoma models could have promising effects with
respect to decreasing tumor volume, increasing survival, and promot-
ing chemotherapy sensitization.15 However, the molecular mecha-
nisms related to LA in malignant development of lymphoma remain
largely unclear.

Epstein-Barr virus (EBV), the first tumor virus identified in humans,
is closely associated with many human cancers, including Burkitt’s
lymphoma, Hodgkin’s disease, post-transplant lymphoma, diffuse
large B cell lymphoma (DLBCL), and nasopharyngeal carcinoma
(NPC) by infecting B and T lymphocytic or epithelial cells.16 In these
host cancer cells, the status of EBV infection is complicated and usu-
ally classified into three types of latency (I, II, and III) according to the
expression of viral latent genes.17 For B lymphocytic cells, EBV infects
cells by binding to CD21 (the EBV receptor on the surface of B cells)
and induces transformation of an immortalized B lymphoblastoid cell
line (LCL). The LCL is an important model for studying the viral
oncogenic mechanisms mediated by EBV infection. Emerging evi-
dence has shown that EBV can tamper with themechanisms of energy
metabolism of host cells and promote host cells to utilize glucose
through glycolysis. For example, EBV latent membrane protein 1
(LMP1), one of the main latent proteins that is highly expressed in
EBV type III-infected cells, can activate poly-ADP ribose polymerase
1 (PARP1) and promote HIF1a-dependent gene expression in B lym-
phocytes, which leads to changes in host cell metabolism and glycol-
ysis metabolism.18 Cell glucose uptake can be achieved by LMP1-
mediated localization of the glucose transporter (GLUT) on the cell
membrane to enhance the absorption and utilization of glucose.19

We have also shown previously that the EBV-immortalized LCL
can produce large amounts of LA in the extracellular environment
and promote cell malignancy.20 In view of the fact that survival of
mammalian cells exposed to adverse environmental conditions
requires reprogramming of protein translation, LA may impair regu-
lation of cellular mRNA translation. However, until now, to our
knowledge, no direct protein translation-related tRNA target of LA
has been identified. How LA stress selectively induces translational
arrest of mRNA and how cell survival and growth are promoted in
response to an acidic microenvironment is not clear.

Here we set out to uncover the mechanistic basis for protein transla-
tion-associated tRNA regulation under LA stress by deep sequencing
of small RNA using a B cell lymphoma LCL as a model. To our sur-
prise, we found that LA can dramatically induce cleavage of tRNAHis,
tRNAVal, and tRNAGly at the anticodon loop (50 halves). Further
investigation reveals that the LA-induced 50-HisGUG half is depen-
dent on the expression of ANG and that the levels of ANG and 50-His-
GUG half expression in peripheral blood mononuclear cells from B
cell lymphoma patients are tightly correlated with lactate dehydroge-
nase (LDH; a lactate indicator) in plasma. Interference with the 50-
HisGUG half or ANG significantly reduces LA-induced cell prolifer-
ation and tumor growth in vitro and in vivo. Taken together, our data
identify a potential diagnostic and therapeutic target to control devel-
opment of B lymphoma by interfering with tsRNA production.

RESULTS
LA Induces RNA Cleavage in B Cell Lymphoma Cells

To understand how LA impairs regulation of cellular mRNA transla-
tion, total RNA from different EBV-infected (LCL) and uninfected
(Ramos) B cell lymphoma cell lines treated with 10 mM LA or left un-
treated were extracted individually and subjected to RNA electropho-
resis analysis by agarose gel. Unexpectedly, the results showed that, in
addition to the two main RNA bands of 28S and 18S, there were
smaller migrating bands (�100 bp) that obviously appeared upon
LA treatment in EBV-infected and uninfected cells, although the in-
tensity of the smaller bands in EBV-infected cells was much higher
than that of uninfected cells (Figure 1A, left panel, compare lanes 2
and 4 with lanes 1 and 3). To verify this phenomenon, the RNA sam-
ples were also subjected to higher resolution analysis by Agilent 2200.
Consistent with the observation, similar results were obtained with
EBV-infected and uninfected cells, with a much clearer band shift
of 28S and 18S RNA and appearance of smaller (�25–100 bp)
RNA bands upon LA treatment (Figure 1A, right panel, compare
lanes 2 and 4 with lanes 1 and 3). This indicates that LA may induce
cellular RNA degradation in B cell lymphoma cells, particularly in
EBV-infected B cells. To further reveal the potential mechanisms of
LA-mediated RNA regulation, RNA samples from EBV-infected
LCL cells with or without LA treatment were subjected to deep
sequencing of cellular mRNA and small RNA, respectively
Molecular Therapy Vol. 28 No 11 November 2020 2443
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Figure 1. Profiles of RNA Transcripts in B Cell

Lymphoma Cells Induced by LA

(A) RNA profiles of EBV-infected (LCL) and uninfected

(Ramos) B lymphoblastic cells left untreated (mock) or

treated with lactic acid (LA; 10 mM, 48 h). RNA electro-

phoresis was analyzed by agarose gel (left panels) or

Agilent 2200 TapeStation (right panels). (B) RNA quanti-

tation of EBV-infected B lymphoblastic cells with Agilent

2200 TapeStation analysis from A. RNA samples were

individually subjected to mRNA or sRNA deep

sequencing as indicated. (C) Relative abundance of

different types of human genome-derived small non-

coded RNAs (sncRNAs) from B. The significant difference

of each sRNA enrichment (p value) is shown by the solid

line.
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(Figure 1B). To our surprise, the results from small RNA sequencing
showed that the profiles of different types of small RNAs were greatly
changed upon LA treatment (Figure 1C). Among these, the percent-
2444 Molecular Therapy Vol. 28 No 11 November 2020
age of tRFs was increased most significantly
(4.8% versus 21.2%) by LA stimulation.

LA Induces ANG-Dependent Cleavage of

tRNA at the Anticodon Loop

Given that many tRNA-derived small ncRNAs
(sncRNA), including tRF fragments and tRNA
halves, have been identified previously,8–10 we
analyzed the profiles of tRNA-derived sncRNAs
in B cells with or without LA treatment (Fig-
ure 2A). Intriguingly, the results showed that
the ratio of 50 tRNAhalveswas enhanced dramat-
ically (33-fold from 1.67% to 55.06%) by LA,
whereas that of 30 tRFs was reduced 17.3-fold
(from 52.26% to 3.02%) and that of 50 tRFs
increased 2.4-fold (from 5.51% to 13.14%) (Fig-
ure 2A). These results were further confirmed
by the observation of a much higher intensity of
tRFs of 30- to 35-nt size in the LA-treated groups
compared with the mock group (Figure 2B, left
panel), and more enrichment of 50 tRNA than
30 tRNA in the LA-treated group (tRNAGlyCCC,
for example) (Figure 2B, right panel). Further
analysis revealed that LA dramatically enhances
the ratio of 50 tRNAHis, 50 tRNAVal, and 50

tRNAGly halves while reducing that of tRNALys

and tRNAGlu (Figure 2C). Notably, none of these
tRNA fragments contain 50 leader or 30 trailer se-
quences of pre-tRNA or intervening sequences,
which suggests that these tRNA fragments are
generated from fully mature tRNAs rather than
from nascent tRNA transcripts and could be
directly derived from cleavage within the anti-
codon loop by a specific endonuclease.
ANG is a key nuclease that cleaves tRNA at the anticodon loop to
produce tRNA halves.12 To further confirm whether 50 tRNA
halves (particularly tRNAHis, tRNAVal, and tRNAGly) are dominant

Apple
高亮

Apple
高亮



A

B

C

Figure 2. LA Highly Induces Cleavage of tRNA at the Anticodon Loop

(A) Profiles of different types of tRNA-derived sncRNAs in EBV-infected B lymphoblastic cells with or without LA treatment. The relative abundance of each tRNA-derived

sncRNA was quantified according to the deep sequencing data from Figure 1B. Right panel: schematic of different types of tRFs produced from mature tRNA. (B) Relative

abundance of read length distribution of different tRFs after LA treatment. Sequence alignment of 50/30 tRNA fragments of Gly-CCCwith their parental mature tRNAs is shown

on the right. The anticodon is highlighted in red. (C) Relative abundance of each tRNA in the EBV-infected LCL cells with or without LA treatment. The types of tRNAs that are

significantly increased and reduced by LA are highlighted in red and green boxes, respectively. The significant difference of each tRNA enrichment (p value) is shown by the

solid line.
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products of ANG-mediated cleavage upon LA treatment, we first
analyzed the transcriptional pattern of cellular genes related to
tRNA synthesis and modification by mRNA deep sequencing
from LCL cells with or without LA treatment. As shown in Fig-
ure 3A, the expression levels of RNA Pol III (POLR3D) and
ANG instead of RNH1 (a ribonuclease inhibitor) were indeed
significantly increased by LA, which was further confirmed by
the results of immunoblotting assays with antibodies against
RNA Pol III and ANG (Figure 3B). To validate whether LA specif-
ically induces production of 50 halves of tRNAHis, tRNAVal, and
Molecular Therapy Vol. 28 No 11 November 2020 2445
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Figure 3. LA Enhances the Expression of RNA Pol III

and ANG-Mediated 50 tRNA Half Cleavage

(A) Hierarchical cluster of expression profiles of genes

related to tRNA synthesis and degradation in response to

LA. The relative abundance of each gene was quantified

according to the mRNA deep sequencing data from Fig-

ure 1B. Analysis of mRNA deep sequencing in EBV-in-

fected LCL cells revealed that expression of tRNA-related

genes, including ANG, DICER1-AS1, and POLR3D, is

increased by more than 2-fold in the presence of LA. A

schematic representation of molecules related to tRNA

synthesis and the cleaved fragment is shown in the bottom

panel. (B) Expression of ANG and RNA Pol III (POLR3D) is

elevated in EBV-infected LCL cells in response to LA.

Whole-cell lysates from EBV-infected and uninfected B

cells with or without LA treatment (10 mM, 24 h) were

subjected to immunoblot (IB) assays as indicated. GAPDH

was used as an internal control. Relative densities (RDs) of

RNA Pol III (POLR3D) and ANG are quantified and shown in

the bottom panel. (C) LA induces 50 tiRNA half cleavage in

EBV-infected LCL cells. Total RNA from the indicated cells

with or without LA treatment (10 mM, 24 h) was subjected

to northern blot using a 50 probe targeting human cyto-

plasmic tRNAHis-GUG, tRNAVal-AAC, or tRNAGly-GCC. De-

tected mature tRNAs and 50 tRNA halves are indicated by

arrows, and the relative quantitation from three repeats is

shown at the bottom panel. (D) Knockdown of ANG blocks

LA-mediated cleavage of the 50-HisGUG half. LCL cells

were transfected with shRNA targeting ANG (shANG) or a

Luc control (shCtrl), followed by treatment with or without

LA (10mM, 24 h) as indicated. The knockdown efficiency of

ANGwas evaluated by IB assays as indicated. GAPDHwas

used as a control. Total RNA was extracted and subjected

to northern blot using a 50 probe targeting human cyto-

plasmic tRNAHis-GUG. 5S RNA was used as a control.

Northern blot bands of mature tRNAs and 50 tRNA halves

are indicated by arrows, were quantified from three re-

peats, and are shown as relative abundance in the bottom

panel.
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tRNAGly, total RNA from different LCL cell lines with or
without LA treatment was subjected to northern hybridization
with a 32P-labeled probe targeting 50-HisGUG, 50-GlyGCC, and
50-ValAAC, respectively. A band of �35-nt 50 halves derived
from tRNAHisGUG, tRNAGlyGCC, and tRNAValAAC was readily de-
tected after LA stimulation, together with a band at 80 nt corre-
sponding to mature tRNA (Figure 3C). To determine whether
ANG is required for LA-induced production of 50 halves, we
2446 Molecular Therapy Vol. 28 No 11 November 2020
constitutively knocked down ANG expression
by using a short hairpin RNA (shRNA) specif-
ically against ANG, followed by northern blot-
ting analysis with 50-HisGUG or 5S rRNA as a
control. The results revealed that inhibition of
ANG significantly reduced production of the
50-HisGUG half, but there was no change in
the level of 5S rRNA transcripts (Figure 3D),
which supports the notion that LA-induced cleavage of tRNA at
the anticodon loop relies on ANG expression.

The LA-Induced 50-HisGUG Half Selectively Binds to AGO2 for

Stability and Global Translational Repression

It has been reported that many of the miRNA fragments that are
bound to Argonaute (AGO, the microRNA effector protein) prevent
RNA degradation and repress translation.21–24 To determine how the
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Figure 4. AGO2 Is Associatedwith the 50-HisGUGHalf

under LA Stress

(A) Transcriptional levels of the AGO gene family in LCL and

Ramos cells with or without LA treatment (10 mM, 24 h).

The data are from the mRNA sequencing (mRNA-seq)

analysis in Figure 1B. Significance of enhancement of

AGO2 transcripts upon LA treatment is highlighted in red.

(B) AGO2, but not AGO1, binds with the 50-HisGUG half

under LA stress. Northern blot analysis of LA-induced 50

tRNA halves immunoprecipitated (IP) with AGO2 or AGO1

antibodies in LCL cells is shown. Protein levels of AGO1

and AGO2 were determined by IB assays. (C) Luc reporter

assays show no inhibitory effect of LA-induced 50 tRNAHis

halves on gene transcription in cis. HEK293 cells were

transfected with the Luc-50-tRNAHis anti-sense reporter

with different dosages of 50-HisGUG or 50-ValAAC half,

followed by treatment with or without 10 mM LA for 24 h

before harvesting as indicated. 48 h post-transfection, Luc

activity was determined in triplicate. Error bars depict

standard error of the mean. The Luc reporter with 50-
tRNAHis anti-sense co-transfection with LANA-myc was

used as a positive control. (D) Knockdown of AGO2 inhibits

production of the 50-HisGUG half. Total RNA from LCL cells

with control shRNA or shRNA targeting AGO2 was sub-

jected to northern blot analysis using a 50 probe targeting

human cytoplasmic 50-HisGUG or 50-ValAAC. Parental LCL
cells were used as a control. Levels of AGO2 and GAPDH

expression were determined by IB assays. (E) The 50-His-
GUG half enhances expression of AGO2. LCL cells were

transfected with different dosages of the 50-HisGUG or 50-
ValAAC half. 48 h post-transfection, whole-cell lysates

were subjected to IB assays as indicated. GAPDH was

used as a control. (F) Inhibition of the 50-HisGUG half re-

duces LA-induced AGO2 expression. LCL cells were

transfected with siRNA targeting 50-HisGUG, 50-ValAAC, or
the scramble control, followed by treatment with or without

10 mM LA for 24 h before harvest. 48 h post-transfection,

whole-cell lysates were subjected to IB analysis as indi-

cated. Right panel: the levels of 50-HisGUG and 50-ValAAC
halves at 24 h post-transfection of siRNA were quantified

by northern blotting.

www.moleculartherapy.org
abundance of the 50-HisGUG half escapes degradation, we first
looked at the expression pattern of different Ago genes in EBV-in-
fected LCL and uninfected Ramos cells with or without LA treatment.
The results showed that only AGO2, but not AGO1, AGO3, or AGO4,
was consistently and significantly enhanced upon LA treatment in
EBV-infected and uninfected cells (Figure 4A). Intriguingly, upon
LA stimulation, the 50-HisGUG half was selectively associated with
AGO2 instead of AGO1, whereas the 50-ValAAC and 50-GlyGCC
halves did not bind to AGO2 or AGO1 (Figure 4B). To further eluci-
date the role of the 50-HisGUG half bound to AGO2, we sought to
examine the extent to which the LA-induced 50 tRNA halves may
bind with AGO2 by acting as microRNAs (miRNAs) at their endog-
enous levels. We employed luciferase reporter assays to establish the
Molecula
level of expression required for the 50 tRNA half
fragments to be detectably functional. We con-
structed luciferase reporter genes with single perfect complementarity
to the 50-HisGUG half and measured the luciferase activity produced
after their transient transfection with different dosages of the 50-His-
GUG or 50-ValAAC halves into 293 cells in the presence or absence of
LA treatment. The results showed that, at their endogenous levels of
expression, no repression of reporter activity was detectable in the
presence of the 50-HisGUG or 50-ValAAC halves (Figure 4C), indi-
cating that the LA-mediated 50-HisGUG half does not generally serve
a miRNA-like function in cells because they displayed no discernable
suppressive activity. This prompted us to test their capacity to stabi-
lize the 50-HisGUG half in an AGO2-dependent manner. To assess
the effect of AGO2 on the stability of the 50-HisGUG half, we again
constitutively knocked down AGO2 in LCL cells and tested the levels
r Therapy Vol. 28 No 11 November 2020 2447
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Figure 5. LA Enhances AGO2 Protein Stability but

Reduces Its Ability to Bind with miR-20a and Global

Translation

(A) LA and the exogenous 50-HisGUG half enhance AGO2

protein stability. LCL cells treated with or without 10mM LA

for 24 h (top panel) or transfected with or without 50-His-
GUG half at 48 h post-transfection (bottom panel), followed

by 200 mg/mL cycloheximide (CHX) for the indicated time

before harvest, were individually subjected to IB analysis

with the indicated antibodies. The RD of AGO2 is shown.

(B) LA reduces global protein translation. LCL cells were

treated with 10 mM LA for 0, 24, or 48 h (left panel) or

transfected with siRNA of 50-HisGUG or the control, fol-

lowed by LA treatment for 24 h at 24 h post-transfection.

Cells were pulsed with 1 mMpuromycin (puro) for 1 h before

harvest and lysis for IB analysis. (C) LA reduces the ability of

AGO2 to bind to miR-20a. LCL cells treated with 10 mM LA

for 24 h were subjected to quantitative PCR analysis of

miR-20a (input) or RNA IP (RIP) with AGO2 antibodies fol-

lowed by quantitative PCR analysis of miR-20a. **p < 0.01.

(D) LA dramatically enhances transcription of SFMBT1 and

MAP3K7. Total RNA from LCL cells treated as indicated in

(C) were subjected to quantitative PCR analysis of mRNA

transcripts of the indicated gene (input) or RIP with AGO2

antibodies followed by quantitative PCR analysis. **p <

0.01. (E) 50-HisGUG half knockdown reduces LA-induced

expression of MAP3K7 and SFMBT1. LCL cells transfected

with siRNA of different dosages of 50-HisGUG or a control,

followed by LA treatment for 24 h at 24 h post-transfection,

were subjected to quantitative PCR analysis of SFMBT1

and MAP3K7. Parental LCL cells with or without LA treat-

ment were used a control.
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of the 50-HisGUG or 50-ValAAC half by northern blot assays. Consis-
tent with our speculation, we found that inhibition of AGO2 led to a
dramatic reduction in production of the 50-HisGUG instead of the 50-
ValAAC half upon LA stimulation (Figure 4D). Introduction of the
50-HisGUG half, but not the 50-ValAAC half, efficiently increased
expression of AGO2 instead of AGO1 in a dose-dependent manner
(Figure 4E), and inhibition of the 50-HisGUG half, but not the 50-Va-
lAAC half, by siRNA resulted in decreased expression of AGO2 but
not AGO1 when induced with LA (Figure 4F), further indicating
that 50-HisGUG bound with AGO2 is required to ensure stability of
AGO2 and the 50-HisGUG half.

To further confirm the role of the LA-mediated 50-HisGUG half on
the protein stability of AGO2, we compared the protein levels of
AGO2 in the presence or absence of treatment with LA or the 50-His-
GUG half in LCL cells exposed to cycloheximide for different times
(Figure 5A), and the results showed that the protein stability of
AGO2 is clearly enhanced upon LA or 50-HisGUG half treatment.
Interestingly, the results of immunoblotting puromycin-labeled
LCL cells showed that LA induces global translational repression,
whereas introduction of siRNA of 50-HisGUG instead of a control
efficiently blocks the inhibitory effect (Figure 5B). This indicates
that the LA-mediated 50-HisGUG half represses protein synthesis.
miR-20a has been well demonstrated to complex with AGO225 and
inhibit expression of several its downstream target genes (including
2448 Molecular Therapy Vol. 28 No 11 November 2020
MAP3K7, SFMBT1, RUNX3, and ATG7), related to cell survival
and proliferation in previous literature.26–29 We attempted to mea-
sure the binding affinity of miR-20a with AGO2 and the transcrip-
tional levels of its downstream target genes in the presence or absence
of LA treatment by performing RNA immunoprecipitation and quan-
titative PCR assays. The results showed that LA reduces the binding
affinity of miR-20a with AGO2 and, in turn, dramatically increases
the transcription levels of SFMBT1 and MAP3K7 instead of
RUNX3 or ATG7 (Survivin was used as a non-target gene control),
but the binding affinity of AGO2 with mRNA of RUNX3 or ATG7
was greatly reduced (Figures 5C and 5D). Moreover, knockdown of
the 50-HisGUG half dramatically reduces the LA-induced expression
of MAP3K7 and SFMBT1 (Figure 5E). These results indicate that
accumulation of the 50-HisGUG half and AGO2may selectively regu-
late gene expression for cell survival and proliferation under LA
stress.

Abundant Expression of the 50-HisGUG Half and ANG in B Cell

Lymphoma Cells with High Levels of LA

Because knockdown of ANG led to dramatically reduced production
of the 50-HisGUG half in LCL cells under LA stress (Figure 3D), we
reasoned that expression of ANG and 50-HisGUG half production
correlate with levels of LA in B cell lymphoma patients. To perform
wide screening of B cell lymphoma patient clinical samples for
expression of the 50-HisGUG half, we developed a convenient and
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Figure 6. LA Induces ANG Expression and 50-HisGUG Half Production in B Cell Lymphoma Cells

(A) Total RNA from the indicated LCL cells with 10 mM LA treatment at different time points was subjected to northern blot (top panel) or qRT-PCR (bottom panel) analysis for

detection of the 50-HisGUG half as indicated. A schematic of quantification of the 50-tRNA half using qRT-PCR with T4 PNK and T4 RNA ligase (T4 Rnl) treatment is shown in

the bottom panel. (B) Expression of the 50-HisGUG half and ANG is enhanced by LA in LCL and B95.8 cells. Cells treated with different dosages of LA for 24 h were subjected

to quantitative PCR analysis as indicated. The trend of 50-HisGUG half and ANG expression in response to different concentrations of LA is shown by a dotted line. (C)

Expression of ANG and the 50-HisGUG half is correlated with the level of LDH (an LA indicator) in peripheral blood mononuclear cells from B cell lymphoma patients with or

without EBV infection. EBV�, LDH� (EBV negative, LDH normal); EBV+, LDH+ (EBV positive, LDH high); EBV�, LDH+ (EBV negative, LDH high); **p < 0.01, *p < 0.05.
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accurate method that was able to exclusively quantify the 50-His-
GUG half (to distinguish signals of 50 tRNA halves from mature
and pre-tRNAs) by quantitative reverse-transcriptase polymerase
chain reaction (qRT-PCR), as described previously with slight mod-
ifications.7 Total RNA was first treated with T4 polynucleotide ki-
nase (PNK) and ATP to dephosphorylate the 30 end of the 50

tRNA half. Subsequently, a 30 RNA adaptor was ligated to the 50

tRNA half, followed by quantification of the ligation products by
SYBR Green qPCR (Figure 6A, bottom panel). The specificity of
this qRT-PCRmethod was simultaneously verified by quantification
of the 50-HisGUG half in LCL cells treated with LA for different
times by using northern blotting. The results showed that the quan-
titation trend by PCR was consistent with the northern blot (Fig-
ure 6A). To further confirm this, the levels of the 50-HisGUG half
in the LCL and B95.8 cell lines with different dosages of LA treat-
ment were also quantified by this PCR method, along with quanti-
tation of ANG expression by regular PCR. The results showed
that, consistent with increased expression of ANG, the abundance
Molecular Therapy Vol. 28 No 11 November 2020 2449
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Figure 7. The 50-HisGUG Half Enhances LCL Cell

Proliferation In Vitro

(A) Knockdown of the 50-HisGUG half in LCL cells reduces

LA-mediated cell proliferation. The number of LCL cells

transfected with different dosages of siRNA targeting 50-
HisGUG or the scramble control, followed by treatment

with LA, was individually detected every day for 5 days by

Hoechst DNA staining. Assays were performed in triplicate,

and error bars indicate standard deviation. **p < 0.01. (B)

Introduction of the 50-HisGUG half enhances LCL cell

proliferation. The numbers of LCL cells transfected with

different dosages of the 50-HisGUG half or the scramble

control were individually detected every day for 5 days

by Hoechst DNA staining. Bottom panel: the quality of

the 50-HisGUG half purified from LCL cells was confirmed

by northern blot. (C) Knockdown of 50-HisGUG induces G1

phase arrest. LCL cells transfected with siRNA targeting

50-HisGUG or the scramble control were subjected to

DNA content analysis. The percentages of subG1, G1, S,

and G2/M populations were quantified from triplicate

experiments.
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of the 50-HisGUG half was apparently greater in LA-treated cells
than in untreated cells, although there appeared to be a gradual
reduction after reaching a peak, with higher levels of LA treatment
in both B cell lines (Figure 6B). With this method, the expression of
ANG and the 50-HisGUG half in peripheral bloodmononuclear cells
of 28 B cell lymphoma patients was profiled (Figure 6C). According
to the level of LDH (a lactate indicator) and EBV loading in plasma,
the 28 specimens were divided into three groups: EBV�, LDH�

(EBV negative, LDH normal); EBV�, LDH+ (EBV negative, LDH
high); and EBV+, LDH+ (EBV positive, LDH high). Strikingly,
consistent with our observation of EBV-infected and uninfected B
cell lines, the results showed that, regardless of the presence or
absence of EBV infection, increased levels of the 50-HisGUG half
and ANG expression were significantly correlated with high levels
of LDH in B cell lymphoma patients, and the levels of the 50-His-
GUG half and ANG expression in response to LA were much
more apparent (�3-fold and 15-fold increases, respectively) in the
EBV-positive group than in the EBV-negative group (Figure 6C,
right and center panels). This implies that production of the 50-His-
GUG half and ANG expression are specifically associated with LA in
B cell lymphoma cells.
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Inhibition of the 50-HisGUG Half Reduces LA-

Induced B Cell Lymphoma Cell Growth

In Vitro and In Vivo

Because LA is correlated with proliferation in LCL
cells,20 we hypothesized that the 50-HisGUG half is
not just accumulated non-functionally but
required as a functional molecule for driving cell
proliferation in LA-dependent B lymphoma. To
test this hypothesis, we investigated the effect of
the presence and absence of the 50-HisGUG half
on cell proliferation by performing specific siRNA
knockdown or ectopic expression of the 50-HisGUGhalf.We first trans-
fected different dosages of siRNA targeting the 50-HisGUG half into
LCL1 cells with LA treatment. Using northern blot analysis, we
confirmed that siRNA transfection is able to specifically reduce expres-
sionof the 50-HisGUGhalf inducedbyLAcomparedwith scramble con-
trol siRNA (Figure 7A, bottom panel). Upon 50-HisGUG reduction, the
cell growth ratewas decreased significantly in a dose-dependentmanner
compared with control siRNA (Figure 7A, top panel). Because the levels
of mature tRNAHis cells were not changed by siRNA transfection (Fig-
ure 7A, bottom panel), inhibition of cell proliferation appeared to be
solely attributable to the change in expression of the 50-HisGUG half.
Depletion of the 50-HisGUG half strongly impaired cell proliferation
starting 2 days after siRNA transfection (days 3, 4, and 5). Introduction
of the purified endogenous 50-HisGUG half into LCL cells significantly
increased the cell growth rate in a dose-dependent manner (Figure 7B).
In addition, the cellswere arrested atG1phasewhen the 50-HisGUGhalf
was knocked down by siRNA (Figure 7C), indicating that the 50-His-
GUG half contributes to cell proliferation in B cells under LA stress.

To elucidate the physiological function of the 50-HisGUG half in cell
growth, equal amounts of LCL cells with inhibition of the 50-HisGUG
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half or ANG expression or a scramble control were treated individu-
ally with LA or left untreated and assessed using a colony formation
assay. The results of 21-day culture showed a reduction in colony for-
mation in LA-treated cells with knockdown of the 50-HisGUG half or
ANG but not in the control groups (Figure 8A). In the tumor xeno-
graft model of B cell lymphoma cells in vivo, inhibition of the 50-His-
GUG half led to an apparent reduction in LA-induced tumor growth
rates (24-fold versus 2.2-fold, p < 0.01) within weeks after injection
(Figures 8B–8D). Taken together, these findings support our hypoth-
esis that the LA-dependent 50-HisGUG half enhances cell prolifera-
tion in B cell lymphoma.

DISCUSSION
In eukaryotic cells, tRNA synthesis is a complex and precisely regu-
lated cellular process that plays a critical role in protein translation;
tRNAs act as adapters to link mRNA to amino acids. Although earlier
studies of tRNAs mainly focused on their structure, maturation, and
the correlative function in protein synthesis, emerging evidence sup-
ports the existence of highly abundant miRNA-like small noncoding
tRNA fragments (sncRNA) derived from tRNA degradation in a va-
riety of cell types that regulate cell proliferation, stress-induced trans-
lational suppression, and stress granule assembly.9,30–32 Among these,
tRNA halves have been shown to engage in response to various
cellular stresses, such as nutrition deficiency, hypoxia, and hypother-
mia.10,33,34 In this study, based on our analysis of sncRNAs in EBV-
infected LCL cells upon LA treatment, we unexpectedly discovered
a previously unidentified response to LA stress: cleavage of mature
tRNA at the anticodon loop by enhancing ANG expression and, in
turn, abundant production of the 50-tRNA halves 50-HisGUG, 50-
VaAAC, and 50-GlyGCC. Intriguingly, only the 50-HisGUG half binds
to the chromatin regulator AGO2 protein for stability. Accumulated
50-HisGUG halves competes with miR-20a to release expression of
MAP3K7 and SFMBT1 for B-lymphoma cell survival and prolifera-
tion under LA stress (Figure 9). More importantly, the levels of
ANG and 50-HisGUG half expression in peripheral blood mononu-
clear cells from B cell lymphoma patients are tightly correlated with
LDH (an LA indicator) in plasma, which provides a novel molecular
therapeutic target for diagnosis and treatment of B cell lymphoma. To
our knowledge, this is the first evidence demonstrating that cleavage
of tRNA halves is in response to LA stress and has critical roles in
development and progression of B cell lymphoma.

Although production of tRNA halves has mainly been shown to be
linked to cellular stress, the profiles of tRNA halves are varied in
Figure 8. LA-Induced Expression of the 50-HisGUG Half Contributes to EBV-Inf

(A) The 50-HisGUG half enhances colony formation of EBV-infected B cell lymphoma cell

or the scramble control in the presence or absence of LAwere individually inoculated for s

determine the colony numbers. Bottom panels: relative colony formation was calculate

LCL tumor growth in a xenograft mouse model. Top panel: schematic of NOD/SCID m

treated with PBS or 10 mM LA-Na every other day for 1 week, followed by treatment w

indicated. Bottom panel: the tumor burden of NOD/SCID mice was analyzed by lumin

pressed as the region of interest (ROI) signal intensity (total radiant efficiency [p/s]/[micro

cells of xenograft mice at week 4 from (B) were quantified by qRT-PCR analysis. **p <
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response to different stresses. For example, the 50-ValAAC, 50-
GlyGCC, 50-MetCAT, and 50-ArgACG halves are produced in
response to nutrition deficiency, heat shock, and hypoxia,34 whereas
the 30-GlyUCC, 30-AsnGUU, 30-ThrUGU, 30-SerAGA, 30-ArgUCU,
and 30-HisGUG halves are induced during cell starvation.33 In this
study, we demonstrate that the abundant 50-HisGUG, 50-ValAAC,
and 50-GlyGCC halves are exclusively produced in response to LA
stress. Although tRNAHisGUG and tRNAGlyGCC respond to starvation
and LA stress, their 50 and 30 halves are exclusively accumulated, indi-
cating that the profile of tRNA halves is totally dependent on the type
of cellular stress, and even 50 and 30 halves derived from the same
tRNA may have different functions. However, how and why only a
few of the tRNAs are selectively cleaved under stress remains largely
unknown.

Although only a small fraction of the total tRNA population appears to
be targeted for cleavage under LA stress, it is still likely that tRNA cleav-
age inhibits translation overall or that tRNA degradation is needed for
recycling of ribonucleotides. The observed tRNA cleavage under LA
stress could serve as a mechanism to eliminate uncharged and/or 50/
30-truncated tRNAs that might interfere with translational accuracy
or efficiency. Alternatively, production of tRNAs halves under LA
stress could limit the function of uncharged tRNAs as signaling mole-
cules and promote selective expression of genes required for adaptation
to LA stress. Our observation that levels of 50-HisGUG half production
are increased with a longer time course of LA treatment supports the
notion that targeting cleavage of tRNAs halves may promote progres-
sion from an initial adjustment phase to an adapted state competent for
cell survival under conditions of LA stress.

To define the role of the LA-induced 50-HisGUG half, we knocked
down expression of the endogenous 50-HisGUG half in LCL cells
by introduction of siRNA targeting 50-HisGUG. Because the 50-His-
GUG half shares identical sequences with mature tRNAHis or pre-
tRNAHis, it is possible that siRNAs targeting the 50-HisGUG half
will affect mature and precursor tRNAs, leading to confusing results.
However, previous studies have shown successful siRNA knockdown
of 30-trailer-derived tRNA fragments without affecting pre-tRNA
levels and mature tRNAs.35,36 Considering these studies and the
fact that mature tRNAs are usually aminoacylated to form rigid L-
shaped tertiary structures and tightly bind to an elongation factor
in the cytoplasm, we assumed that siRNA targeting the 50-HisGUG
half could preferably function toward the 50-HisGUG half without
greatly affecting mature tRNAHis. Indeed, as shown in Figure 4F,
ected B Cell Lymphoma Cell Growth In Vitro and In Vivo

s in soft agar. Equal amounts of LCL cells with inhibition of ANG, the 50-HisGUG half,

oft agar assays and then fixed 21 days later, followed by staining with crystal violet to

d from three independent experiments. (B) Inhibition of the 50-HisGUG half reduces

ice engrafted intraperitoneally with 10 million LCL-Luc cells on day 2 (week 0) and

ith siRNA targeting the 50-HisGUG half or scramble control at week 1 for 1 week as

escence assay at weeks 0 and 4. (C) Luminescent signals were quantified and ex-

watt per square centimeter]) in (B). (D) Relative levels of the 50-HisGUG half in tumor

0.01, *p < 0.05.



Figure 9. Proposed Model of the LA-Dependent 50-HisGUG Half Enhancing

EBV-Infected B Cell Lymphoma Growth

Accumulation of LA secreted from B cell lymphoma cells immortalized by EBV

infection results in formation of LA stress.20 LA stress feedback increases expres-

sion of RNA Pol III and ANG, which leads to specific production of 50-tRNA halves,

including 50-HisGUG, 50-ValAAC, and 50-GlyGCC. Among these, 50-HisGUG binds

with AGO2 protein to form a stable RNase-resistant structure to release miR-20a

binding and, in turn, enhance its downstream targeted gene expression (i.e.,

MAP3K7 and SFMBT1) for cell survival and proliferation under LA stress.
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siRNA transfection targeting the 50-HisGUG half did not affect
mature tRNA levels but specifically reduced the levels of the targeted
50-HisGUG half.

Consistent with previous studies showing that expression of ANG is
enhanced by hypoxia,37,38 we found that ANG is also upregulated by
LA stimulation. This indicates that ANG could be a component of a
stress response program. Considering that only mature cytoplasmic
tRNAs are targeted by ANG, LA-induced cleavage of 50 tRNA halves
by ANG most likely occurs in the cytoplasm. In addition, an
increasing number of studies have demonstrated an evident associa-
tion of tRNA-derived ncRNAs with AGO proteins,24,39 and some
tRFs seem to be generated via a Dicer-independent biogenesis mech-
anism and potentially function as miRNAs.40 Although the three
tRNA halves 50-HisGUG, 50-ValAAC, and 50-GlyGCC are induced
upon LA stimulation, only 50-HisGUG binds to AGO2 to enhance
stability instead of functioning as a transcriptional inhibitor, which
is a unique instance in the field of non-coding RNA selectively stabi-
lized by AGO2. These diverse roles of tsRNAs bound to AGO suggest
that their possible functions are far broader than currently recog-
nized. Inhibition of 50-HisGUG not only reduces LA-mediated
AGO2 expression but also leads to G1 arrest of the cell cycle and se-
vere impairment of cell proliferation in vitro and in vivo, indicating an
enhancer role of the association of 50-HisGUG and AGO2 in cell sur-
vival and proliferation and that AGO2 and 50-HisGUG have a positive
feedback relationship. However, important questions remain
regarding the mechanism behind this enhancement and why the 50-
HisGUG half appears to have a functional role in cell proliferation;
we observed that the decreased association of AGO2 with miR-20a
leads to dramatically increased expression of the cell proliferation-
related genes SFMBT1 and MAP3K7 under LA stress. In addition,
it is noteworthy that we also noticed that the endogenous 50-HisGUG
half purified from LA-induced LCL cells has a much more dramatic
effect on cell proliferation and a slightly higher molecular weight
than the synthesized one in vitro, suggesting that the 50-HisGUG
half may undergo some modifications, which requires further
investigation.

During quantitative analysis of the relationship of the 50-HisGUG half
and ANG expression with the level of LA in LCL and B95.8 cell lines,
we found that increased production of the 50-HisGUG half and ANG is
not always consistent with the level of LA in a dose-dependent manner
but seems to appear as an increased peak and is then gradually reduced.
The peak of the 50-HisGUG half presents faster than that of ANG, sug-
gesting that the effect of higher levels of LA is more complicated than
that of low levels of LA, and this may have more severe effects on cell
survival. Similarly, high levels of LA (LDH+) in some B cell lymphoma
patient samples did not present abundant levels of 50-HisGUG or ANG
mRNA, implying that high levels of LA can induce expression of 50-
HisGUG or ANGmRNA at an early stage but may also reduce expres-
sion at a later stage as a feedback control mode.

We identified a novel response to LA stress in B cell lymphoma cells,
whose tRNAs are cleaved at the anticodon loop, which apparently
occurs more in EBV-infected than uninfected B cell lymphoma cells.
However, it remains to be determined whether the type of tRNA
cleavage is broadly conserved in other type of cancer cells in
response to LA stress and whether the viral genes are involved in
regulation of production of the 50-HisGUG half and ANG expres-
sion. Previous studies showed that CU1276, a microRNA derived
from the 30 end of tRNA suppressing cell proliferation and the
DNA damage response, is downregulated in B cell lymphoma.6

Much less abundance of 30 tRNA halves was observed in LCL cells
(Figure 2B), and it remains unknown whether the 30 tRNA halves
undergo degradation to produce a tRNA-derived miRNA similar
to CU1276, as described previously.6 In addition, the apparent
band down-shift of rRNAs upon LA treatment in EBV-infected
and uninfected B lymphoma cells (Figure 1A) suggests the possibil-
ity that clear processing rather than a random degradation event
gives rise to smaller 28S and 18S rRNA species, which is uncommon
and remains to investigated further.

Taken together, our study offers evidence that the 50-HisGUG half
impairs the cell cycle and proliferation of B cells, particularly EBV-in-
fected B cell lymphoma cells, in an LA stress microenvironment and
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contributes to B cell lymphoma growth, which may be useful for
future therapeutic applications during early neoplastic formation of
B cell lymphoma.
MATERIALS AND METHODS
Human Subjects

Peripheral blood mononuclear cells from B cell lymphoma patients
(age 30–72) diagnosed as EBV-negative with normal LDH (EBV�,
LDH�), EBV-negative with high LDH (EBV�, LDH+), or EBV-posi-
tive with high LDH (EBV+, LDH+) were collected from Shanghai First
People’s Hospital, Shanghai Jiao Tong University. Use of redundant
blood samples for research purposes was approved by the Hospital
Medical Ethics Committee. The Institutional Review Board (IRB)-
approved protocol 2019-C009, Declaration of Helsinki protocols
were followed, and each donor gave written informed consent.
Cell Culture

The EBV-negative B cell lymphoma cell line (Ramos from the
American Type Culture Collection [ATCC], Manassas, VA) and
EBV-positive cell lines (B95.8 from the ATCC and the EBV-trans-
formed primary B cell lines LCL1 and LCL2, stored in the lab as
described previously20) were cultured in RPMI 1640 medium (Invi-
trogen) supplemented with 10% fetal bovine serum (FBS) (HyClone),
100 U/mL penicillin, and 100 mg/mL streptomycin. All cells were
maintained at 37�C with 5% CO2.
RNA Deep Sequencing

RNA deep sequencing was performed and analyzed with RiboBio (Ri-
bobio, Guangzhou, China) following the manufacturer’s instructions.
Briefly, mRNAs were isolated, fragmented, reverse transcribed, and
amplified before sequencing, as described previously.20 For small
RNA (sRNA) sequencing, sRNAs ranging from 18–50 nt were gel pu-
rified and ligated to the 30 adaptor and 50 adaptor. Ligation products
were gel purified, reverse transcribed, amplified, and then sequenced
as described previously.20 Raw sequencing reads were obtained using
related Illumina analysis software.
RNA Isolation and Northern Blotting

Total RNA was isolated from whole cells using TRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Northern blot analysis was carried out as described
previously.41 Briefly, RNA was separated in 15% denaturing poly-
acrylamide gel with 7 M urea and then transferred to a positively
charged nylon membrane (Amersham Biosciences, Piscataway, NJ,
USA). The membrane was hybridized with 32P-labeled probes in UL-
TRAhyb-Oligo solution (Life Technologies, Grand Island, NY, USA),
followed by washing according to the manufacturer’s instructions,
and hybridized to 50 end-labeled antisense probes targeting 50-
tRNA-HisGTG, 50-tRNA-ValAAC, or 50-tRNA-GlyGCC (for oligo-
nucleotide sequences, see Table S1). Total RNA (20 mg) was separated
on 12% SDS-PAGE/8Murea gels, and the gels were blotted onto posi-
tively charged nylon membranes. 5S rRNA was used as an RNA
loading control.
2454 Molecular Therapy Vol. 28 No 11 November 2020
Immunoblotting

Cells were harvested and lysed in RIPA buffer containing protease in-
hibitors (Sigma-Aldrich) and phosphatase inhibitors (Keygen,
China). Proteins were separated by SDS-PAGE gels and blotted
onto a polyvinylidene fluoride (PVDF) membrane (Millipore). The
membrane was probed with the primary antibody as indicated and
then with the peroxidase-conjugated secondary antibody. POLR3D
(ab86786), ANG (ab10600), AGO1 (ab5070), and AGO2 (ab32381)
antibodies were purchased from Abcam. GAPDH (sc-32233) anti-
bodies were purchased from Santa Cruz Biotechnology. Puromycin
(12D10, MABE343) antibodies were purchased from Millipore.
Western blot bands were visualized using an enhanced chemilumi-
nescence (ECL) western blot kit (CWBIO Technology) and captured
with a ChemiDoc XRS Molecular Imager (Bio-Rad).

RNA Interference

Tenmillion LCL cells were transfected with 40 nM of siRNA targeting
50-HisGUG (50-UCGUAUAGUGGUUAGUACUUU-30), 50-ValA
AC (50-UAGUGUAGUGG UUAUCACGUU-30), or the scramble
control (50-UGUGAGUCACGUGAGGGCAGAAU CUGCUC-30)
using Entranster-D4000 and -R4000 reagent following the manufac-
turer’s instructions (Engreen, Inc.). 48 h post transfection, the cells
were harvested. The efficiency of RNAi knockdown was verified by
northern blotting. For knockdown of ANG and AGO2, the oligo se-
quences against ANG (50-GACTTGCTTATTCTTAGGTTT-30),
AGO2 (50-CAAGACACTCTGCGCACCATGTA CT-30), and a
non-specific control sequence (50-TGCGTTG CTAGTACCAAC-30)
were used as in previous reports.42,43 The DNA oligo of shRNA se-
quences targeted to ANG or AGO2 were individually inserted into
the pGIPz vector following the Clontech Laboratories instructions.
The pGIPz vector carrying different shRNAs was co-transfected
with lentivirus packaging plasmids into HEK293T cells for 48 h to
generate lentiviruses. The shRNA-packaged lentiviruses were individ-
ually transduced into LCL1 cells, followed by treatment with 2 mg/mL
of puromycin. Immunoblot analysis with ANG and AGO2 antibodies
was used to verify the efficiency of RNA interference.

AGO:50 tRNA Half Immunoprecipitation Assay

AGO:50 tRNA half immunoprecipitation was performed as described
previously with appropriate modifications based on the HITS-CLIP
(high-throughput sequencing, cross-linked immunoprecipitation)
technique.23,44 Briefly, cells were lysed in ice-cold lysis buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, and 0.5%
Nonidet P-40) with freshly added 1 mM DTT, 200 U/mL RNase in-
hibitor (Promega), and a protease inhibitor cocktail (Roche) for
30 min at �80�C. After dissolving at room temperature, centrifuga-
tion was performed at 16,000 rpm at 4�C for 10 min. The supernatant
was first mixed with 40 mL of protein G magnetic beads (Millipore)
and incubated at 4�C for 3 h with gentle agitation (mock). After im-
mobilizing the magnetic beads with a magnet, the supernatant was
removed and mixed with 5 mL of specific antibodies or normal mouse
immunoglobulin G (IgG) for 3 h at 4�C with gentle agitation. Then,
40 mL of protein Gmagnetic beads was added and incubated for 3 h at
4�C. The immunoprecipitated pellet was washed five times in lysis
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buffer and separated into two portions: one for RNA isolation as a
sample for the following experiment and another for immunoblotting
to identify immunoprecipitation of AGO1/2. The fractions of input
and sRNAs associated with AGO1/2 were isolated by acid-phenol:-
chloroform extraction followed by ethanol precipitation. The RNA
concentrations were measured with a NanoDrop2000 (Thermo Sci-
entific) and subsequently analyzed by northern blot assays.

qRT-PCR of the 50-HisGUG Half, miR-20a, and mRNA

The sequences of the adapters and primers for quantitation analysis of
the 50-tRNA-HisGUG half, miR-20a (UAAAGUGCUUAUAGUG
CAGGUAG), and ANG are shown in Table S1. Total RNA was ex-
tracted with TRIeasy (Yeasen) according to the manufacturer’s in-
structions. For the 50-HisGUG half, the purified RNA was treated
with T4 polynucleotide kinase (Beyotime, D7096) to remove 2,3 cy-
clic phosphate at the 30 end of 50 tRNA half. The treated RNAs
(400 ng) were subjected to a ligation reaction with a 30 RNA adaptor
(20 pmol) using 5 U T4 RNA ligase (Beyotime, D7021). Subsequently,
cDNA was synthesized with Hifair II First Strand cDNA Synthesis
SuperMix (Yeasen) using the treated RNA as a template. The levels
of 50-tRNA-HisGUG were normalized to U6 small nuclear RNA
(snRNA) expression levels. For miR-20a, total RNA was treated
with a miRNA First Strand cDNA Synthesis Kit (Vazyme, MR101)
to synthesize cDNA and subjected to qPCR analysis. For mRNA tran-
scripts, total RNA was directly reverse-transcribed into cDNA and
subjected to qPCR analysis. The transcription levels of genes were
normalized by b-actin. The fold changes were calculated using the
2�DDCt method.

Luciferase Reporter Assay

Dual luciferase reporters were constructed to contain a single copy of
a complementary target site of the sequences of 50-tRNAHis. Oligonu-
cleotides (Genepharma) were designed with XhoI and NotI over-
hangs, annealed, and ligated into the vector pmiR-RB-REPORT using
XhoI and NotI restriction enzyme sites. The empty vector was used as
a control. For luciferase reporter assays, the reporter plasmids were
co-transfected with the purified endogenous 50-half tRNA or a
nonspecific oligonucleotide control (Genepharma) into HEK293
cells. Luciferase activity was measured 48 h post-transfection using
the Luc-Pair miR Luciferase Assay Kit (GeneCopoeia) on a Panomics
luminometer.

Ribopuromycilation Assay

The ribopuromycilation assay was performed as described previously
with a modification.45 LCL cells were transfected with siRNA against
50-HisGUG or a control, followed by LA treatment, or directly treated
with LA for 0, 24, or 48 h or left untreated. At various time points, the
cells were pulse labeled with 1 mM puromycin for an additional hour
before harvest and subjected to immunoblot analysis with the indi-
cated antibodies.

Cell Proliferation Assay

A total of 5 � 105 LCL cells were seeded into a 25-cm2
flask with

10 mL RPMI 1640 medium with or without siRNA and cultured at
37�C. The cell numbers were counted using Vi-cell XR (Beckman
Coulter) at different time points.

Affinity Purification of the 50-tRNA Half

To purify the endogenous 50 tRNA half, total RNA from LCL cells
with LA treatment for 24 h was isolated. Hybridization to a comple-
mentary DNA strand of 50 tRNA was carried out by incubating 1 mL
(0.1 mM) of a 50 end-biotinylated antisense DNA oligo (biotin-ASO)
with 5 mg of total RNA (size, 30–40 nt) in 100 mL of 5� saline sodium
citrate (SSC) buffer (750 mM NaCl and 75 mM trisodium citrate).
The sample was denatured for 3 min at 90�C, followed by hybridiza-
tion for 10 min at 65�C. The RNA-DNA hybrid was immobilized
onto pre-washed streptavidin magnetics beads (25 mL, Roche Diag-
nostics) and incubated for 30 min at room temperature with rotation.
The supernatant containing the unbound RNA pool (flowthrough)
was removed and stored for future use. Beads were washed once
with 50 mL of 1� SSC buffer and 3 times with 50 mL of 0.1� SSC
buffer. The 50 tRNA half was eluted by heating the beads in 100 mL
of ddH2O at 75�C for 3 min. Contaminating biotin-ASO was
removed by DNase I treatment (Thermo Scientific). The affinity-pu-
rified 50 tRNA half was extracted using Roti-Aqua-P/C/I (Roche).
Finally, the RNA of the flowthrough and affinity-purified 50 tRNA
half were individually precipitated with 2.5 volumes of 100% ethanol
at�20�C overnight. The samples were washed with 70% ethanol and
resuspended in 15 mL ddH2O. To verify the quality of the affinity pu-
rification procedure, 200 ng of RNAwas loaded onto a denaturing 8%
polyacrylamide gel followed by northern blot analysis. The sequence
of the cDNA oligonucleotide (biotin-ASO) used for affinity purifica-
tion of 50-tRNA-HisGUG was 50-AACGCAGAGTACTAACC ACT
ATACGATCACGGC-30 (Genepharma, Shanghai). The sample
from the affinity purification procedure in the absence of biotin-
ASO was used as a control.

Cell Cycle Analysis

The treated cells were harvested, washed twice with PBS, and resus-
pended at 1 � 106 cells/mL. 1 mL cells were aliquoted in a 15-mL
polypropylene V-bottomed tube, and 3 mL cold absolute ethanol
was added. The cells were fixed in 70% ethanol for at least 2 h at
4�C with rotation. The fixed cells were then washed twice with PBS
and resuspended in 1 mL propidium iodide (PI) staining solution
(50 mg/mL) and RNase A (100 ng/mL) and incubated in the dark at
room temperature for 30 min. 1� 104 PI-stained cells were subjected
to flow cytometry using a Beckman Coulter Navios flow cytometer.
The data were analyzed using FlowJo software.

Soft Agar Colony Formation Assay

The soft agar colony formation assay was performed as described pre-
viously with slight modifications46 Briefly, the bottom layer contain-
ing 0.75% agar in 10% FBS and RPMI 1640 medium was prepared
first, and then the top layer containing an appropriate amount of cells
in 0.36% agar mixture was placed on the bottom layer. 2� 104 or 5�
104 LCL cells were seeded in a 60-mm2 Petri plate and grown in 10%
FBS containing RPMI 1640 medium with or without 20 nM siRNA
targeting 50-HisGUG or a scramble control. The dish containing 2
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layers was maintained in a 37�C incubator for 3 weeks, and then the
colonies were stained with 0.04% crystal violet-2% ethanol in PBS.
Animal Experiments

Five-week-old female non-obese diabetic (NOD)/severe combined
immunodeficiency (SCID) mice (Beijing Vital River Laboratory An-
imal Technology, China) with similar weights were randomly divided
into 4 groups (PBS as a control, sodium lactate and PBS, sodium
lactate and siRNA control, and sodium lactate and siRNA 50-His-
GUG). Each mouse (5 mice/group) was injected intraperitoneally
with 107 LCL cells expressing luciferase (LCL-Luc). For the tumor for-
mation experiment, starting on day 7 after cell injection, sodium
lactate (final concentration, 0.5 g/1 kg) or PBS for the control group
was injected subcutaneously around the tumors every 2 days five
times. Starting on day 17, siRNA formulations were administered
five times every 2 days. The following siRNAs were used: 1 nmol
siRNA, 50-HisGUG (50-UCGUAUAGUGGUUAGUACUUU-30)
with transfection reagent (catalog number 8668-11-1, Engreen);
1 nmol siRNA, control with transfection reagent. The mice were sub-
jected to live imaging at weeks 0 and 5 post-inoculation. The mice
were injected intraperitoneally with D-luciferin at 150 mg/kg body
weight. Then the mice were imaged for 0.1, 0.5, 1, 5, and 10 s
12 min after injection of D-luciferin using an IVIS Spectrum Imaging
System (PerkinElmer). Data were presented as total radiance within
the region of interest (ROI) with mice imaged for 0.5 s.
Ethics Statement

All animal studies were conducted in accordance with the China
Guide for the Care and Use of Laboratory Animals. All experiments
were approved and overseen by the Institutional Animal Care and
Use Committee at Fudan University under protocol 196086.
Statistical Analysis

Statistical analyses were performed with SPSS v.19.0 software, and
graphs were completed using GraphPad Prism 5 software. Results
are presented as the mean ± SD of three replicated experiments,
and the difference between two experimental groups was evaluated
using Student’s t test, with statistical significance defined as p <0.05.
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