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SUMMARY

Transfer RNA modification determines translation fidelity
and efficiency. Human inflammatory bowel disease showed
transfer RNA modopathies and altered queuine-related
metabolites. QTRT1 (queuine tRNA-ribosyltransferase 1)
plays novel functions by altering epithelial cell junctions and
proliferation in intestinal inflammation. Queuine protects
cells against losing intestinal integrity in inflammation.

BACKGROUNDS AND AIMS: Transfer RNA (tRNA) is the most
extensively modified RNA in cells. Queuosine modification is a
fundamental process for ensuring the fidelity and efficiency of
translation from RNA to protein. In eukaryotes, Queuosine
tRNA (Q-tRNA) modification relies on the intestinal microbial
product queuine. However, the roles and potential mechanisms
of Q-containing tRNA (Q-tRNA) modifications in inflammatory
bowel disease (IBD) are unknown.

METHODS: We explored the Q-tRNA modifications and
expression of QTRT1 (queuine tRNA-ribosyltransferase 1) in
patients with IBD by investigating human biopsies and rean-
alyzing datasets. We used colitis models, QTRT1 knockout mice,
organoids, and cultured cells to investigate the molecular
mechanisms of Q-tRNA modifications in intestinal
inflammation.

RESULTS: QTRT1 expression was significantly downregulated
in ulcerative colitis and Crohn’s disease patients. The 4 Q-
tRNA–related tRNA synthetases (asparaginyl-, aspartyl-, his-
tidyl-, and tyrosyl-tRNA synthetase) were decreased in IBD
patients. This reduction was further confirmed in a dextran
sulfate sodium–induced colitis model and interleukin-
10–deficient mice. Reduced QTRT1 was significantly correlated
with cell proliferation and intestinal junctions, including
downregulation of b-catenin and claudin-5 and the upregula-
tion of claudin-2. These alterations were confirmed in vitro by
deleting the QTRT1 gene from cells and in vivo using QTRT1
knockout mice. Queuine treatment significantly enhanced cell
proliferation and junction activity in cell lines and organoids.
Queuine treatment also reduced inflammation in epithelial
cells. Moreover, altered QTRT1-related metabolites were found
in human IBD.

CONCLUSIONS: tRNA modifications play an unexplored novel
role in the pathogenesis of intestinal inflammation by altering
epithelial proliferation and junction formation. Further inves-
tigation of the role of tRNA modifications will uncover novel
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molecular mechanisms for the prevention and treatment of IBD.
(Cell Mol Gastroenterol Hepatol 2023;15:1371–1389; https://
doi.org/10.1016/j.jcmgh.2023.02.006)
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ukaryotes acquire queuine as a nutrient factor from
Abbreviations used in this paper: CD, Crohn’s disease; DSS, dextran
sulfate sodium; eTGT, eukaryotic transfer RNA-guanine trans-
glycosylase; GEO, Gene Expression Omnibus; IBD, inflammatory
bowel disease; IF, immunofluorescence; IHC, immunohistochemistry;
IL, interleukin; mRNA, messenger RNA; PCNA, proliferating cell nu-
clear antigen; PCR, polymerase chain reaction; Q-tRNA, queuosine-
containing transfer RNA; TEER, transepithelial electrical resistance;
tRNA, transfer RNA; TJ, tight junction; UC, ulcerative colitis.

Most current article

© 2023 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X

https://doi.org/10.1016/j.jcmgh.2023.02.006
Ethe intestinal microbiota and the diet. In eubacterial
and eukaryotic cells, queuine is found as the sugar nucleo-
tide queuosine at the wobble anticodon position of tRNA for
the amino acids tyrosine, histidine, asparagine, and aspartic
acid.1 Queuine produced by the microbiota is taken up from
the colonic lumen into enterocytes through cellular uptake
mechanisms followed by incorporation into the wobble
anticodon position of the 4 tRNAs by a heterodimeric
enzyme encoded in the genome.2–4 This enzyme is
composed of a catalytic subunit QTRT1 (queuine tRNA-
ribosyltransferase 1) and a noncatalytic partner subunit
QTRT2.5 The physiological requirement for queuine and
queuine-modified tRNAs has been broadly documented over
4 decades, establishing relationships to development, pro-
liferation, differentiation, metabolism, cancer, and tyrosine
biosynthesis in eukaryotes and invasion in pathogenic bac-
teria.2 Starvation for queuine and/or queuosine deficiency
in tRNA can cause changes in the pattern of protein syn-
thesis. In addition, queuine deficiency may interfere with
other nutrient factors, including vitamin B12, tetrahy-
drobiopterin, and epidermal growth factor.1,6 Growing evi-
dence indicates that tRNA modifications play important
roles in human diseases (eg, type 2 diabetes).3 Queuosine
depletion led to endoplasmic reticulum stress in mouse
liver.7,8 Queuosine-tRNA (Q-tRNA) modifications are dy-
namic and highly variable depending on the developmental
stages and species type1,7 and tumorigenesis.9 However, the
health consequences of disturbed availability of queuine and
altered Q-tRNA modification remain to be investigated. The
effects and mechanisms of Q-tRNA in digestive diseases are
unknown.

Inflammatory bowel disease (IBD) is a chronic disease
that primarily affects the intestine, including Crohn’s disease
(CD)10 and ulcerative colitis (UC). The etiology of IBD has
been characterized as chronic intestinal inflammation
resulting from many factors, including micronutrients and
epigenetic mechanisms via DNA methylation and noncoding
RNA.11,12 Tissue barriers play an essential role in intestinal
health.13 An increase in the tight junction (TJ) protein
claudin-2 and a decrease in claudin-5 may lead to the con-
version of tight into leaky TJs in IBD patients.14–18 Our
recent study indicated that Q-tRNA modification not only
depends on the gut microbiome but also affects TJs, which
regulate intestinal permeability in the development of
breast cancer.15 However, the mechanisms by which Q-tRNA
modifications are associated with intestinal function in hu-
man IBD have never been investigated.

In the current study, we focus on addressing funda-
mental questions in IBD: is Q-tRNA modification involved in
human IBD, and how does dysfunction of Q-tRNA modifi-
cation contribute to chronic inflammation? We find that
QTRT1 expression is significantly downregulated in UC and
CD patients. Four Q-tRNA–related tRNA synthetases (eg,
asparaginyl-, aspartyl-, histidyl-, and tyrosyl-tRNA synthe-
tase) were also decreased in IBD patients. Decreased QTRT1
expression was confirmed in experimental dextran sulfate
sodium (DSS)–induced colitis and in interleukin (IL)-
10–deficient mice. We investigated the impact of QTRT1 on
TJs and proliferation in human organoids, cell lines, and
colitis models. Insights into Q-tRNA modification in regu-
lating barrier functions will facilitate the development of
targeted interventions for IBD through tRNA modifications.
Results
Downregulation of QTRT1 in Human IBD Patients

To study the role of Q-tRNA modification, we investi-
gated the expression of QTRT1 in patients with IBD,
including both UC and CD patients, and healthy control
subjects by revisiting datasets in the National Center for
Biotechnology Information Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo). In the data-
set with accession number GSE9452,19 biopsies from the
descending colon were collected from 14 UC patients with
macroscopic signs of inflammation and 5 patients without
any inflammation signs. We found that the messenger RNA
(mRNA) expression of QTRT1, the critical catalytic subunit
Q-tRNA modification, was significantly downregulated in the
intestinal mucosa of the patients with UC symptoms
compared with the non-UC patients (P ¼ .05) (Figure 1A).
Similarly, when we reanalyzed the GSE83448 dataset,20

which has ileal biopsy samples from 39 patients with CD
symptoms and 14 patients without any intestinal symptoms,
QTRT1 expression was also found to be significantly
downregulated in CD patients compared with control sub-
jects (P ¼ .01) (Figure 1B). Because these downregulations
were found at the mRNA level, we further investigated the
alterations of QTRT1 protein expression in the biopsy colon
tissue from IBD patients by immunohistochemistry (IHC)
staining. In the UC patients, the QTRT1 staining intensity in
the intestinal biopsy tissue was significantly reduced
compared with control subjects (P ¼ .01) (Figure 1C).
Meanwhile, the expression of QTRT1 was also found to be
significantly downregulated in the intestinal tissue of CD
patients compared with normal control subjects (P ¼ .01).
However, no staining was observed in our IgG negative
control for IHC staining (Figure 1D). More importantly, our
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Figure 1. Expression of QTRT1 in human CD and UC patients. (A) Graphs of RNA-sequencing gene expression levels of
QTRT1 in human colon biopsies of UC patients (n ¼ 21) and control subjects (n ¼ 5) from published databases. The data of UC
patients were from National Center for Biotechnology Information GEO datasets with accession number GSE9452. Data are
shown as mean ± SD, Welch’s t test. (B) Graphs of RNA-sequencing gene expression levels of QTRT1 in human colon bi-
opsies of CD patients (n ¼ 39) and control subjects (n ¼ 14) from published databases. The data of CD patients were from
National Center for Biotechnology Information GEO datasets with accession number GSE83448. Data are shown as mean ±
SD, Welch’s t test. (C) Representative IHC staining of QTRT1 in colon tissue from UC patients (n ¼ 6) and control subjects (n ¼
4). The scale bar is 300 mm. Semiquantitative analysis was performed on IHC staining using ImageJ Fiji. Data are shown as
mean ± SD, Welch’s t test. (D) Representative IHC staining of QTRT1 in colon tissue from CD patients (n ¼ 8) and control
subjects (n ¼ 5). The scale bar is 300 mm. Semiquantitative analysis was performed on IHC staining using ImageJ Fiji. Data are
shown as mean ± SD, Welch’s t test. IgG was used as a negative control for all IHC staining.
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Figure 2. Expression of QTRT1 and junction proteins in the IBD mouse model. (A) mRNA expression of QTRT1 in DSS-
induced colitis mice. Data are expressed as mean ± SD, Welch’s t test. n ¼ 4 (one-repeat well) mice per group. (B) QTRT1
protein expression levels were evaluated in the intestinal epithelial cells of mice treated with DSS and control animals using
Western blotting. Data are expressed as mean ± SD, Welch’s t test. n ¼ 3 mice per group. (C) QTRT1 expression in colons
from DSS-treated mice was visualized by IF staining. Mouse IgG was used as the negative experimental control in all the
staining. The scale bar is 75 mm. The relative fluorescence intensity was quantified with ImageJ by counting 3 images for each
sample. Data are shown as mean ± SD, Welch’s t test. n ¼ 3 per group. (D) mRNA expression of QTRT1 in IL-10 knockout
mice. Data are expressed as mean ± SD, Welch’s t test. n ¼ 4 (one-repeat well) mice per group. (E) QTRT1 protein levels were
evaluated in the intestinal epithelial cells of IL10–/– mice and WT mice using Western blotting. Data are expressed as mean ±
SD, Welch’s t test. n ¼ 3 mice per group.
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findings of QTRT1 alteration at the protein level were
consistent with the mRNA level in IBD patients. Taken
together, we found that QTRT1 was downregulated at the
mRNA and protein levels in the intestinal mucosa of IBD
patients, including UC and CD patients.
Reduction of QTRT1 in Colitis Mouse Models
We then further investigated the expression of QTRT1 in

colonic cells from IBD mouse models, including a
DSS-induced colitis mouse model and an IL-10–deficient
mouse model (Figure 2). We first evaluated the mRNA
expression of QTRT1 in colon tissue using real-time poly-
merase chain reaction (PCR). We found that the mRNA
expression of QTRT1 was significantly downregulated in the
colon tissue from the DSS-treated mice compared with the
nontreated control mice (P ¼ .01) (Figure 2A). Then, we
evaluated the protein expression of QTRT1 in the colon
tissue of DSS-induced colitis mice via Western blot analysis.
Clearly, the expression of QTRT1 in the DSS-treated mice
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was significantly suppressed compared with that of control
subjects (P ¼ .001) (Figure 2B). To further verify the protein
expression of QTRT1 in the colitis mouse model, immuno-
fluorescence (IF) staining was performed on colon tissue
collected from DSS-treated mice. Inflammation and intesti-
nal damage were found in the colon tissue from the DSS-
treated mice (Figure 2C). Additionally, the expression of
QTRT1 (fluorescence intensity) in the mice with colitis was
significantly suppressed compared with that of nontreated
control mice (P ¼ .01) (Figure 2C). However, there was no
fluorescence staining in the IgG negative control used in the
whole process of IF staining.

Among the most used IBD models, IL-10–deficient mice
(IL-10–/–) spontaneously develop chronic enterocolitis.21,22

This spontaneous onset of gut inflammation (colitis) in IL-
10–deficient mice is characterized by histological findings
that reflect those of human IBD.23 Here, we further inves-
tigated the Q-tRNA modification, mainly QTRT1 expression,
in the colon of IL-10–deficient mice with inflammation. After
colonic epithelial cell collection and total RNA extraction, we
detected the mRNA level of QTRT1 using real-time PCR.
Similar to the results we found in DSS-induced colitis,
QTRT1 expression in IL-10–/– mice was significantly sup-
pressed compared with that of wild-type (WT) mice (P ¼
.001) (Figure 2D). Furthermore, we performed Western blot
analysis to evaluate the protein expression level and
detected significantly reduced expression of QTRT1 in IL-
10–/– mice compared with WT mice (P ¼ .001) (Figure 2E).
Taken together, QTRT1 expression is significantly reduced
in DSS-induced colitis and IL10–/– mouse models, suggesting
dysfunction of queuosine modification in the inflamed
intestine.
Reduced QTRT1 Is Associated With Altered b-
Catenin and Claudins in Colitis Mouse Models

To investigate how regulatory genes are affected by the
downregulation of QTRT1 in intestinal inflammation, we
evaluated the expression of adhesion molecules and TJ
regulators in colitis mouse models. b-catenin is an evolu-
tionarily conserved, multifunctional protein with a crucial
role in development and homeostatic processes, such as cell
proliferation and adhesion.24 We found significantly down-
regulated expression of b-catenin at the mRNA level in colon
tissue from DSS-treated mice compared with nontreated
mice (P ¼ .01) (Figure 3A). Meanwhile, the protein
expression of b-catenin was also significantly down-
regulated in the colon of DSS-treated mice (P ¼ .05)
(Figure 3B). Importantly, we found a significantly positive
correlation of the QTRT1 alteration (Figure 2) and b-catenin
alteration at both the mRNA (correlation ¼ 0.93, P ¼ 1.1 �
10–7) and protein level (correlation ¼ 0.91, P ¼ .011) using
the Spearman correlation test (Figure 3D). Furthermore, IF
staining of b-catenin was applied to colon tissue to verify
the changes in b-catenin, which was significantly down-
regulated (fluorescence intensity) in mice with colitis (P ¼
.01) (Figure 3C). All these findings highlighted the critical
role of Q-tRNA modification in b-catenin–related cell pro-
liferation and colitis.
TJs are intercellular adhesion complexes in intestinal
epithelia and endothelia that control paracellular perme-
ability. Claudins are a family of transmembrane barrier
proteins that form paracellular gated ion-selective pores,
with claudin-5 being responsible for the watertight barrier
of the cell and claudin-2 being permeable to both ions and
water,25 thus ensuring proper availability of water and ions
for effective cellular function. Here, in our DSS-induced co-
litis mouse model, significant upregulation of mRNA
expression of claudin-2 (P ¼ .01) and significant down-
regulation of claudin-5 (P ¼ .05) were observed in the colon
of DSS-treated mice compared with nontreated mice
(Figure 3E). Consistent with the reduction in mRNA, West-
ern blotting showed that claudin-2 was significantly upre-
gulated (P ¼ .05) and that claudin-5 was significantly
downregulated (P ¼ .001) in diseased animals relative to
control animals (Figure 3F). Using the Spearman correlation
test, we found that these protein alterations in Caludin-2
(correlation ¼ -0.94, P ¼ .0053) and claudin-5
(correlation ¼ 0.99, P ¼ .00017) were significantly corre-
lated with the protein alteration of QTRT1 (Figure 2) in DSS-
treated mice and control mice (Figure 3D). Moreover, we
further examined the alterations in claudin-2 and claudin-5
using IF staining and found that the fluorescence was
significantly upregulated for claudin-2 (P ¼ .001) and
downregulated for claudin-5 (P ¼ .001) (Figure 3G). How-
ever, there was no fluorescence staining in the IgG negative
control used in the whole process of IF staining described in
this section. Furthermore, we found that these alterations
correlate with QTRT1 downregulation.

We then investigated the correlation of QTRT1 regula-
tion with cell proliferation and the function of intestinal
junctions in IL-10–deficient mice. First, we evaluated the
mRNA expression of b-catenin using real-time PCR, in which
we found significant downregulation of b-catenin compared
with that of WT mice (P ¼ .05) (Figure 3H). These changes
in b-catenin were also verified at the protein level by
Western blot analysis using IL-10–deficient mice and WT
mice (P ¼ .001) (Figure 3I). Moreover, these protein alter-
ations in b-catenin in IL-10 deficient mice significantly
correlated with the downregulation of QTRT1 (Figure 2) for
both mRNA (correlation ¼ 0.64, P ¼ .0080) and protein
(correlation ¼ 0.98, P ¼ .00050) using Spearman correla-
tion test (Figure 3J). Next, we evaluated the mRNA expres-
sion of claudin-2 and claudin-5 in IL-10–deficient mice using
real-time PCR as described above. Similar to the results we
found in the DSS-induced colitis model, there was a signif-
icant upregulation of claudin-2 mRNA expression (P ¼ .01)
and a downregulation of claudin-5 (P ¼ .01) in IL-
10–deficient mice (Figure 3K). Using Western blotting, we
then investigated the protein expression levels of the target
genes and found a significant upregulation of claudin-2 (P ¼
.01) and a downregulation of claudin-5 (P ¼ .01) in the
colon tissue of IL-10–deficient mice when compared with
WT control subjects (Figure 3L). Moreover, we found the
alterations of claudin-2/claudin-5 significantly correlate
with the changes in QTRT1 at both mRNA (claudin-2:
correlation ¼ -0.58, P ¼ .018; claudin-5: correlation ¼ 0.78,
P ¼ .00034) and protein (claudin-2: correlation ¼ -0.95, P ¼
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.0032; claudin-5: correlation ¼ 0.92, P ¼ .0094) levels
(Figure 3J). Taken together, we find a clear correlation be-
tween the downregulation of b-catenin and claudin-5 and
the upregulation of claudin-2 with the downregulation of
QTRT1 in the inflamed colon of DSS-treated and IL-
10–deficient mice (Figure 3). These findings highlight the
importance of QTRT1 in cellular proliferation and intestinal
barrier function in vivo.

Reduced QTRT1 Is Associated With Altered
Adhesion and Junctions In Vitro and In Vivo

Because of the critical role of QTRT1 in the inflamed
intestine in our in vivo mouse models, we next investigated
the impact of QTRT1 suppression on cell function in vitro.
Using a loss-of-function study, we suppressed the expres-
sion of QTRT1 to investigate its regulatory role in cell pro-
liferation and junction proteins. To this end, we suppressed
the expression of QTRT1 in Caco2 BBE cells using a double
nickase plasmid, which resulted in a significant down-
regulation of QTRT1 expression at both the mRNA and
protein levels (Figure 4). Cellular proliferation was signifi-
cantly suppressed by the knockdown26 of QTRT1 in Caco2
BBE cells, indicated by the downregulation of proliferating
cell nuclear antigen (PCNA) expression in the knockdown
cells, relative to control cells (Figure 4A and B). Meanwhile,
the expression of adhesion and TJ proteins, including b-
catenin, claudin-2 and claudin-5, was also changed in
QTRT1 knockdown cells, which were consistent with the
previous in vivo findings. Using real-time PCR, Western
blotting, and IF staining, we found that b-catenin and
claudin-5 expression was significantly downregulated in
QTRT1 knockdown cells compared with control Caco2 BBE
cells at both the mRNA (P ¼ .05) (Figure 4A) and protein
(P ¼ .001) levels (Figure 4B and C). However, the knock-
down of QTRT1 significantly upregulated the expression of
claudin-2 in the QTRT1 knockdown Caco2 BBE cells at both
the mRNA (P ¼ .01) (Figure 4A) and protein (P ¼ .01) levels
Figure 3. Expression of b-catenin and claudin proteins in
b-catenin in DSS-induced colitis mice. Data are expressed as
group. (B) b-Catenin protein expression levels were evaluated
control subjects by Western blotting. Data are expressed as me
expression in colons from DSS-treated mice were visualized by
intensity was quantified using ImageJ by counting 3 images for
n ¼ 3 per group. (D) The correlation of QTRT1 alteration in Figur
mRNA (real-time PCR) and protein (Western blot) levels using S
ficient value r and P value were indicated in the frames and color
induced colitis and control mice. Data are expressed as mean ±
claudin protein levels were evaluated in the intestinal epithelia
blotting. Data are expressed as mean ± SD, Welch’s t test. n ¼
mice were visualized by IF staining. The scale bar is 20 mm. The
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To further verify our findings on the influence of QTRT1
knockdown on cell proliferation and junction activity, we
evaluated the mRNA and protein expression of b-catenin
and claudins in human HCT116 colon epithelial cells. The
significantly downregulated mRNA expression (Figure 4D)
and protein expression (Figure 4E) of QTRT1 in the HCT116
knockdown cells clearly showed the knockdown of QTRT1
in these cells. Cell proliferation was suppressed after
knockdown of QTRT1, as indicated by the downregulation of
PCNA expression (Figure 4D and E). Similar to previous
findings, we found b-catenin and claudin-5 to be down-
regulated and claudin-2 upregulated in QTRT1 knockdown
HCT116 cells, compared with control cells (Figure 4D and
E). Taken together, these findings clearly show the impact of
QTRT1 knockdown on cell proliferation and junctions by
altering the expression of PCNA, b-catenin, and claudins in 2
human intestinal epithelial cell lines.

We also used the QTRT1 knockout mice to further
confirm our findings in cells. Compared with WT animals,
knockout mice showed a significant downregulation in b-
catenin and claudin-5 expression by both Western blot and
IF staining (Figure 5).

Alteration of QTRT1-Related Metabolites
The guanine is exchanged from the tRNA-containing

guanosine with queuine to obtain Q-tRNA, whose reaction
is controlled by the eukaryotic tRNA-guanine trans-
glycosylase (eTGT) composed of QTRT1 and QTRT2 sub-
units. Therefore, the dysfunction of QTRT1, the catalytic
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Figure 4. Expression of
b-catenin and claudins in
QTRT1 knockdown (KD)
cells. (A) The mRNA
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QTRT1 KD26 by trans-
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Figure 5. Expression of b-catenin and claudins in QTRT1 knockout (KO) mice. (A) Protein expression of targeted genes in
colon from QTRT1 KO and WT mice was evaluated by Western blotting. Data are expressed as mean ± SD, Welch’s t test. n ¼
3 per group. (B) Targeted protein expression in principal colon from QTRT1 KO and WT mice was visualized by IF staining. The
scale bar is 20 mm. The relative fluorescence intensity was quantified using ImageJ by counting 3 images for each sample.
Data are shown as mean ± SD, Welch’s t test. n ¼ 3 per group.
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Metabolomics Workbench (https://www.metabolomicswo
rkbench.org/).

There are 2 datasets of IBD research: the project
PR000639 with 145 UC patients, 266 CD patients, and 134
control subjects without any IBD symptoms27; and the
project PR000677 with 76 UC patients, 88 CD patients, and
56 control subjects without any IBD symptoms.28 For the UC
patients, the abundance of guanine was significantly
downregulated compared with control subjects in both
projects (P ¼ .001 and P ¼ .05, respectively) (Figure 6A).
Similarly, guanine abundance in the feces of patients with
CD symptoms was significantly downregulated compared
with control subjects without CD symptoms in both projects
used in this study (P ¼ .001 and P ¼ .05, respectively)
(Figure 6B).

In eubacteria and eukaryotes, queuine is found as the sugar
nucleotide queuosine within the anticodon loop of tRNA iso-
acceptors for the amino acids tyrosine, asparagine, aspartic
acid, and histidine.1 Because of the dysfunction of QTRT1 and
alteration of guanine in IBD patients, it is reasonable to hy-
pothesize that the changed Q-tRNA in IBD patients further
alters the related tRNAsynthetases. Therefore,we investigated
the synthetase expression level of these 4 tRNAs, which are
related to Q-tRNA modification, in both UC and CD
patients and normal control subjects from the available data-
sets. We found that 3 tRNA synthetases, asparaginyl-tRNA

https://www.metabolomicsworkbench.org/
https://www.metabolomicsworkbench.org/
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Figure 6. Alterations of metabolites related to QTRT1 in human IBD patients. In tRNA containing a GUN anticodon (where
N ¼ any base), guanine at position 34 is exchanged with queuine to obtain queuosine-modified tRNA, a reaction carried out by
the eTGT enzyme, which is composed of subunits of QTRT1 and QTRT2 subunits. The abundance of guanine was compared
between IBD patients and control subjects by revisiting metabolite data from Metabolomics Workbench. Alteration of guanine
in (A) UC and (B) CD patients. Two datasets were included in the analysis with project numbers PR000639 (UC: n ¼ 145; CD:
n ¼ 266; control: n ¼ 134) and PR000677 (UC: n ¼ 76; CD: n ¼ 88; control: n ¼ 56). The data are shown as mean ± SD,
Welch’s t test. (C) The abundance of the 4 tRNA synthetases that are modified with queuine (asparaginyl, aspartyl, histidyl, and
tyrosyl) was compared in UC patients (n ¼ 14) and control subjects (n ¼ 5) sourced from GEO datasets with accession number
GSE9452. (D) Four synthetases of tRNAs (asparaginyl, aspartyl, histidyl, tyrosyl) were compared between CD patients (n ¼ 36)
and control subjects (n ¼ 32) sourced from ArrayExpress with accession number E-MTAB-5783. The data are shown as mean
± SD, Welch’s t test.
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synthetase (P¼ .05), histidyl-tRNA (P¼ .01) and tyrosyl-tRNA
synthetase (P ¼ .01), were significantly downregulated in the
intestinal mucosa of UC patients (n ¼ 14) compared with
control subjects (n ¼ 5) from GSE9442 (Figure 6C). Although
there were no significant differences in aspartyl-tRNA syn-
thetase between UC patients and control subjects (P ¼ .32), a
trend of downregulation was observed (Figure 6C). Mean-
while, all 4 tRNA synthetases, including asparaginyl tRNA
synthetase (P ¼ .01), aspartyl-tRNA synthetase (P ¼ .05),
histidyl-tRNA (P ¼ .001), and tyrosyl-tRNA synthetase (P ¼
.05), were significantly downregulated in the intestinal mu-
cosa of CD patients (n ¼ 36) compared with control subjects
(n ¼ 32) (Figure 6D).
Queuine Treatment Enhances the Proliferation
and TJs of Epithelial Cells In Vitro

To further evaluate the critical role of QTRT1 and related
molecules in cell biosynthesis, we treated Caco-2 BBE cells
with queuine, which is the substrate of the biosynthesis of
Q-tRNA. As we found previously that QTRT1 deletion
markedly impacted cell proliferation, we measured the cell
proliferation activity of the cells using MTT assay. The cell
proliferation activity was significantly (P ¼ .05) upregulated
after 24 hours of treatment with queuine, compared with
that in untreated cells. This upregulation lasted from 48
hours to 72 hours post-treatment (Figure 7A). This upre-
gulated cell proliferation was further verified by the
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Figure 7. Queuine treatment regu-
lates cell proliferation and perme-
ability. (A) An MTT assay showing the
proliferation of control and Caco-2 BBE
cells treated with queuine hydrochlo-
ride was conducted at 24, 48, and 72
hours after treatment. Data are
expressed as mean ± SD, generalized
linear mixed models. n ¼ 6 per group.
(B) The mRNA expression level of
PCNA in Caco-2 BBE cells treated with
queuine for 72 hours were measured by
real-time PCR. Data are expressed as
mean ± SD, Welch’s t test. n ¼ 3 (one-
repeat well) per group. (C) The protein
expression of PCNA in Caco-2 BBE
cells treated with queuine for 72 hours
was measured by Western blotting.
Data are expressed as mean ± SD,
Welch’s t test. n ¼ 4 per group. (D)
Immunofluorescence staining of the
cell proliferation marker Ki67 was per-
formed in Caco-2 BBE cells after 72
hours of queuine treatment. The Ki67
index was calculated with the formula:
Ki67-positive cells/total cells. The rela-
tive fluorescence intensity was quanti-
fied using ImageJ by counting 3 images
for each sample. Data are expressed as
mean ± SD, Welch’s t test. n ¼ 3 per
group. (E) The TEER value was
measured and monitored on HT-29
cells at 24, 48, and 72 hours after
treatment with queuine. Data were
expressed as mean ± SD, two-way
analysis of variance. n ¼ 6 per group.
(F) The mRNA expression levels of
QTRT1, b-catenin, and claudin-5 in
Caco-2 BBE cells treated with queuine
for 72 hours were measured by real-
time PCR. Data are expressed as
mean ± SD, Welch’s t test. n ¼ 3 (one-
repeat well) per group. (G) The protein
expression of QTRT1, b-catenin, and
claudin-5 in Caco-2 BBE cells treated
with queuine for 72 hours was
measured by Western blotting. Data are
expressed as mean ± SD, Welch’s t
test. n ¼ 3 per group. (H) IF staining of
the cell proliferation markers QTRT1, b-
catenin, and claudin-5 was performed
in Caco-2 BBE cells after 72 hours of
queuine treatment. The relative fluo-
rescence intensity was quantified using
ImageJ by counting 3 images from
each sample. Data are expressed as
mean ± SD, Welch’s t test. n ¼ 3 per
group.
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increased expression of the cell proliferation marker PCNA
using real-time PCR (P ¼ .05) (Figure 7B). We also verified
the upregulation of PCNA using Western blot analysis,
which showed significantly higher expression compared
with control subjects (P ¼ .01) (Figure 7C). Using IF staining
of Ki67, another cell proliferation marker, we found a
significantly higher Ki67-positive cell ratio in queuine-
treated Caco2 BBE cells than in control cells (P ¼ .01)
(Figure 7D), indicating high cell proliferation activities in
queuine-treated cells.

Subsequently, we investigated the impact of queuine
treatment on cell permeability in vitro. Using the trans-
epithelial electrical resistance (TEER) assay, we found a
significantly higher TEER value after treating the cells for 72
hours with queuine (P ¼ .05) (Figure 7E). These altered cell
permeability and cell proliferation benefited from the
upregulated expression of QTRT1 in the queuine-treated
cells, which was indicated at both the mRNA level by real-
time PCR (P ¼ .05) (Figure 7F) and the protein level by
Western blot (P ¼ .05) (Figure 7G), which indicated the
enhanced function of QTRT1-containing eTGT in this pro-
cess. This upregulation of QTRT1 in queuine-treated Caco2
BBE cells was also detected using IF staining (Figure 7H). As
an important functional protein in cell permeability, alter-
ations in b-catenin and claudin-5 were evaluated in
queuine-treated Caco2 BBE cells. As shown in Figure 6F, the
mRNA expression of b-catenin (P ¼ .05) and claudin-5 (P ¼
.05) was significantly upregulated after treating the cells
with queuine compared with untreated cells. Similarly,
these alterations were further verified by Western blot
(Figure 7G) and IF staining (Figure 7H). There was no
fluorescence staining in the IgG negative control used in the
whole process of IF staining.

We used human colonoids to further investigate the
benefits of queuine treatment. After treating the colonoids for
96 hours, the relative organoid volume size was significantly
increased in the treated group compared with the control
group (P ¼ .05) (Figure 8A). These findings clearly showed
the functional role of queuine in alterations of intestinal cell
proliferation. However, more studies need to be performed to
investigate the potential underlying mechanisms. Taken
together, these results clearly showed the importance of
queuine andQTRT1 in cell proliferation and cell permeability,
suggesting the potential treatment strategy for IBD patients
using queuine or queuine-related compounds.

Queuine Can Protect the Cells From DSS-
Induced Inflammation on Organoids

We further investigated the protective effect of queuine
against inflammation using organoids treated with DSS. The
inflammation was induced by the DSS treatment as indi-
cated by the upregulation of claudin-2 (P ¼ .0001) and the
downregulation of claudin-5 (P ¼ .05) and b-catenin (P ¼
.01) (Figure 8B). Queuine treatment could protect the DSS-
induced inflammation on organoids by altering expression
of b-catenin and claudins (Figure 8B). These findings indi-
cated the protective role of queuine in intestinal epithelial
inflammation.
Discussion
In the current study, we report that QTRT1 is signifi-

cantly downregulated in human IBD patients, including UC
and CD patients. In 2 IBD mouse models, the reduction in
QTRT1 was significantly correlated with reduced cell pro-
liferation and intestinal barrier function through altered
claudin-2, claudin-5, and b-catenin. Queuine is capable of
enhancing cell proliferation and intestinal barriers in cell
cultures and human colonoids. Moreover, the downstream
metabolite guanine of QTRT1 was involved in the process,
and QTRT1-related tRNA synthesis was markedly altered in
IBD patients.

Q-tRNA modification is critical for fidelity and accuracy
when translating RNA to protein. Dysfunction of Q-tRNA is
associated with cancer proliferation and malignancy.15,29,30

However, the mechanisms by which Q and Q-tRNA modifi-
cations influence intestinal epithelial biology and chronic
inflammation are unknown. For the first time, our study has
demonstrated the downregulation of QTRT1 and Q-tRNA
dysfunction in IBD. Furthermore, we provide evidence of
altered downstream molecules, including guanine and the 4
tRNA synthetases, relevant to QTRT1 enzyme catalysis in
human IBD. In eubacteria and eukaryotes, guanine is
exchanged for queuine in tRNA isoacceptors containing a
GUN sequence to obtain Q-tRNA, a reaction which is
controlled by the eTGT enzyme, composing the QTRT1 and
QTRT2 subunits.1,31 Q-tRNA deficiency was found to be
correlated with tumor growth, and leukemia.1,15,32,33

Dysfunction of the eukaryotic tRNA-guanine trans-
glycosylase complex, is reported to be involved in cancer
proliferation and malignancy.15 Our studies on tRNA regu-
lation of b-catenin, a proliferation regulator, further sup-
ported the importance of Q-tRNA in health and disease.

We report that QTRT1 downregulation is related to
altered b-catenin, claudin-2, and claudin-5. It is well known
that TJs are essential to the function of the physical intes-
tinal barrier by regulating the paracellular movement of
various substances and waste across the intestinal epithe-
lium. TJ dysfunction has been reported in IBD and other
inflammatory diseases.34–36 tRNA fulfils a critical link be-
tween protein synthesis and nucleic acid transcription.37 It
is reasonable to hypothesize that depletion in QTRT1 will
impact Q-tRNA modification and further affect tRNA amino
acid transferring activity. Thereafter, compromised tRNA
activity would impact mRNA transcription and protein
translation. The QTRT1 regulation of b-catenin and claudin-
2/5 was further confirmed in cells with QTRT1 knockdown.
On the one hand, QTRT1 knockout led to decreased protein
levels of b-catenin and claudin-5 and increased claudin-2,
suggesting decreased cell adhesion and increased perme-
ability among cells. When the cells were treated with
queuine, the substrate of the QTRT1-containing enzyme
complex, the cell proliferation activity and claudin-5
expression were upregulated. The data indicate a novel
role for QTRT1 in regulating intestinal epithelial cell
junctions.

The sugar nucleotide queuosine is found within the
anticodon loop of transfer RNA acceptors for the amino
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Figure 8. Queuine treatment in hu-
man colonoids. (A) Human colon
organoids from healthy subjects were
treated with queuine hydrochloride
and monitored for 96 hours. The vol-
ume of the organoids was calculated
with the formula: volume (mm3) ¼ [(4 �
p � (dimeter/2)2]/3. The scale bar is
750 mm. Data are expressed as mean
± SD, two-way analysis of variance.
n ¼ 10 per group. (B) Mouse organo-
ids were treated with DSS for 3 hours.
Data are expressed as mean ± SD,
one-way analysis of variance. n ¼ 4
per group. (C) The working model of
this study. Queuine base, and its
corresponding nucleoside (queuo-
sine), are produced by bacteria and
salvaged by human body via the in-
testinal epithelium. Queuine replaces
guanine at the wobble position of
tRNAs and promotes efficient mRNA
translation. Gut dysbiosis, one of the
most common symptoms of the IBD
patients, could critically impact on the
functions of intestinal epithelium and
queuine-to-guanine transportation,
and mRNA translation. The protein
expression of QTRT1, the catalytic
subunit of the queuine-insertase
complex, is suppressed in IBD pa-
tients. Reduced QTRT1 may lead to
increased permeability and dysfunc-
tion of intestinal epithelial cells
through modulating claudin-5 and b-
catenin expression.
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acids tyrosine, asparagine, aspartic acid, and histidine.1,31

Our studies provide evidence that IBD patients have lower
mRNA expression levels for these tRNA synthases relative to
healthy control subjects. We also found that the abundance
of guanine was significantly lower in UC and CD patients.
These findings reveal an alteration of QTRT1-related me-
tabolites and tRNA synthetases in IBD patients, which
highlight a critical role for QTRT1 in the biosynthesis of Q-
tRNA and metabolites in related pathways.

Queuine is an elusive and less recognized micronutrient
acquired from the diet or microbiome.1 Micronutrients are
essential elements needed by life in small quantities. They
includemicrominerals and vitamins. Micronutrients from the
diet and microbiota are essential to human health. Queuine is
a microbiome/diet-derived chemical incorporated into the
wobble position of tRNAs to affect fidelity and efficiency of
translation from RNA to proteins. It is synthesized de novo in
bacteria; mammals acquire queuine as micronutrient from
their diet or intestinal microflora. Q-tRNAmodification levels
are highly dynamic and reflect the interplay between the host
and microbiome. There is one article38 that reported
measured queuine in the plasma of neurologically healthy
men and women (50–90 years of age). There was a decrease
in queuine availability over aging, which was likely occurring
in people with dysbiosis.38 However, the queuine level in the
patientswith IBD is unknown. Understanding the cellular and
organismal mechanisms of this microbiome-dependent
micronutrient will advance the prevention of IBD and
improve the quality of life of patients with IBD.

In summary, our data demonstrate that QTRT1 plays a
novel role in human IBD by altering intestinal cell prolif-
eration and junctions. Studies are needed to better under-
stand human diseases caused by aberrations in tRNA
modifications, also called tRNA modopathies.39 The
microbiome-dependent Q supply can be altered during
disease or when a limited variety of food types are ingested.
Investigations on gut tRNA modification in human IBD will
uncover novel molecular mechanisms for potential disease
prevention and therapy.
Materials and Methods
Reanalysis of Human IBD Datasets

For RNA expression analyses, we took advantage of
microarray data reported in the GEO repository, using
dataset GEO accession numbers GSE9452 and GSE83448,
and normal ileum from control individuals. Four synthe-
tases of tRNAs were compared between UC patients (n ¼
21) and control subjects (n ¼ 5) sourced from GEO datasets
(accession number GSE9452). Colonic mucosal samples
were collected as endoscopic pinch biopsies from ulcerative
colitis patients with and without macroscopic signs of
inflammation.40 CD patients were being operated on for
intractable or complicated disease, undergoing an ileoco-
lonic resection with ileocolonic anastomosis.20 Similarly, the
4 synthetases of tRNAs (asparaginyl, aspartyl, histidyl,
tyrosyl) were compared between CD patients (n ¼ 36) and
control subjects (n ¼ 32) sourced from ArrayExpress
(https://www.ebi.ac.uk/arrayexpress) with accession
number E-MTAB-5783. For metabolic compound analyses,
we revisited the datasets available in Metabolomics Work-
bench. These 2 datasets were performed on both UC and CD
patients (PR000639 with 145 UC patients, 266 CD patients,
and 134 control subjects; PR000677 with 76 UC patients, 88
CD patients, and 56 control subjects).

Animals and Animal Models
WT C57BL/6 and IL-10 knockout (IL-10–/–) mice were

purchased from the Jackson Laboratory (Bar Harbor, ME).
QTRT1 knockout mice have been described previously and
maintained under approval of the Irish Health Products
Regulatory Authority (AE19136/P086).3 The mouse colitis
model was induced by administering DSS, as previously
described.41 Experiments were performed on 8- to 12-
week-old mice (both male and female). Animals were pro-
vided the same and consistent conditions and utilized in
accordance with the UIC Animal Care Committee, the Office
of Animal Care and Institutional Biosafety guidelines, and
the animal protocol (number ACC 18-179).

Mouse colitis model was induced by administering the
WT C57BL/6 mice (Jackson Laboratory) with 5% DSS (USB
Corp, Cleveland, OH) dissolved in filter-purified and steril-
ized water ad libitum for 7 days, as previously described.41

IL-10 deficiency mouse colonic samples were harvest by
scraping the tissue (intestinal epithelial cells) from the colon.
The whole colon tissue from the DSS treated mice was used
without scraping due to the severe damage of the intestine
tissue. The collected cells or tissueswere kept and sonicated in
lysis bufferwith 1%Triton X-100, 150mMNaCl, 10mMTris, 1
mM EDTA, 1 mM EGTA, 0.2mM sodium ortho-vanadate, and
protease inhibitor cocktail, as previously described.41 The
protein concentration was measured using the Bio-Rad Re-
agent (Bio-Rad, Hercules, CA) according to the products’ in-
struction. Finally, the protein was mixed with loading buffer
(50 mM Tris, 100 mM dithiothreitol, 2% sodium dodecyl sul-
fate, 0.1% bromophenol blue, and 10% glycerol) and kept in
the freezer until using for Western blot.

QTRT1 Knockdown in Human Cells
The human HCT116 and Caco-2 BBE cells were cultured

in 6-well tissue culture plates with Dulbecco’s modified
Eagle medium growth medium to 70%–80% confluence.42

Subsequently, the cells were transfected with 2 mg of
QTRT1 double nickase plasmid (sc-413456-NIC) or control
double nickase plasmid (sc-437281) (Santa Cruz Biotech-
nology, Dallas, TX), 10 mL LTX Lipofectamine (Thermo
Fisher Scientific, Rockford, IL), and 2.5 mL PLUS Reagent
(Invitrogen, San Diego, CA) per well (manufacturer’s pro-
tocol). A QTRT1 double nickase plasmid–derived green
fluorescent protein marker was used for positive selection
of transfected cells through flow cytometry with a MoFlo
Astrios cell sorter (Beckman Coulter, Indianapolis, IN).

Western Blot Analysis
Animal intestinal epithelial tissue was lysed in lysis

buffer as described previously. The Western blot analysis
was performed as described previously.15,42

https://www.ebi.ac.uk/arrayexpress
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Cultured cells were rinsed twice in ice-cold Hanks’
balanced salt solution (Sigma-Aldrich, St Louis, MO) and
lysed in protein loading buffer then followed by sonication
(Branson Sonifier, Danbury, CT) and centrifugation.15,42

The target proteins were detected by special primary
antibody (1:1000) followed by secondary antibody conju-
gated to horseradish peroxidase at 1:5000 dilution. The
blots were visualized by ECL chemiluminescence (Thermo
Fisher Scientific). All experiments were performed 3–5
times. Western blot bands were quantified using image
analyzer (ImageJ 1.53c; National Institutes of Health,
Bethesda, MD). The QTRT1 and Villin monoclonal antibody
was purchased from Santa Cruz Biotechnology. Monoclonal
antibodies of b-catenin from BD Transduction (San Jose,
CA) and b-actin from Sigma-Aldrich were used in this
study. Claudin-5, claudin-2 and claudin-7 monoclonal an-
tibodies were purchased from Thermo Fisher Scientific. All
chemicals were purchased from Sigma-Aldrich unless
otherwise stated.
Table 1.Methods Key Resources Table

Items

Antibodies
b-actin Sigm
Alexa Fluor 488 donkey anti-mouse IgG Invitr
Alexa Fluor 594 donkey anti-rabbit IgG Invitr
Claudin 2 Invitr
Claudin 5 Invitr
Phospho-NF-kB p65 (Ser276) Cell
Purified Mouse Anti- NF-kB p65 BD B
Phospho-b-Catenin (Ser33/37/Thr41) Cell
b-Catenin BD B
PCNA Sant
Villin Sant
QTRT1 Sant

Chemicals
Fetal bovine serum GIBC
DMEM Corn
DPBS Corn
Penicillin-streptomycin Corn
TRIzol Ther
iScript cDNA synthesis kit Bio-R
SYBR Green PCR kit Bio-R
Triton X-100 Fishe
16% Formaldehyde Fishe
DAPI Invitr
PierceTM ECL Western Blotting Substrate Ther
Queuine Hydrochloride Sant
Dextran sulfate sodium salt MP B
Vybrant MTT Cell Proliferation Assay Kit Mole
Recombinant Mouse TNF-a R&D

Software and algorithms
FlowJo Version 10.3 TreeS
Microsoft Excel Version 16.24 Offic
Prism Version 8.1.1 Grap
Zeiss LSM710 confocal microscope Carl
EVOS M5000 Imaging System Ther
EVOM3 Worl
Nanodrop 2000 Ther

TNF-a, tumor necrosis factor a.
IHC Staining
Human colon tissues from CD and UC patients and

control subjects from non-IBD patients on paraffin-
embedded sections (4 mm) from our previous studies
were used in this study.43,44 IHC was performed on these
paraffin-embedded sections.43–45 Briefly, the paraffin sec-
tions were baked in an oven at 56�C for 30 minutes. The
sides were deparaffinized and rehydrated in xylene, fol-
lowed by graded ethanol washes at room temperature.
Antigen retrieval was achieved by boiling the slides with
sodium citrate buffer (0.01 M, pH 6.0). Sides were then
incubated in hydrogen peroxide (3% H2O2 in phosphate-
buffered saline) for 10 minutes at room temperature,
followed by incubation in 5% fetal bovine serum/
phosphate-buffered saline for 1 hour. After that, the
slides were incubated at 4�C with primary antibody at
1:100 dilution overnight. The sections were then incu-
bated with secondary antibodies (Jackson ImmunoR-
esearch, West Grove, PA) for 1 hour at room temperature,
Company Source

a-Aldrich Cat. #: A5316
ogen Cat. #: A32766
ogen Cat. #: A32740
ogen Cat. #: 32-5600
ogen Cat. #: 35-2500
Signaling Technology Cat. #: 3037
iosciences Cat. #: 610869
Signaling Technology Cat. #: 9561
iosciences Cat. #: 610154
a Cruz Biotechnology Cat. #: sc-25280
a Cruz Biotechnology Cat. #: sc-58897
a Cruz Biotechnology Cat. #: sc-398918

O Cat. #: 16000044
ing Cat. #: MT10013CV
ing Cat. #: MT21031CV
ing Cat. #: MT30002CI
mo Fisher Scientific Cat. #: 15596026
ad Cat. #: 1708840
ad Cat. #: 1708880
r BioReagents Cat. #: BP151-100
r BioReagents Cat. #: 28908
ogen Cat. #: D21490
mo Fisher Scientific Cat. #: 32106
a Cruz Biotechnology Cat. #: sc-394021
iomedicals Cat. #: 160110
cular Probes Cat. #: V13154
Systems Cat. #: 410-MT

tar www.flowjo.com/
e 365 www.office.com/
hPad Software www.graphpad.com/
Zeiss N/A
mo Fisher Scientific www.thermofisher.com
d Precision Instruments www.wpi-europe.com
mo Fisher Scientific N/A



Table 2.Real-Time PCR Primers Used

Primer Nucleotides (50 – 30)

Human QTRT1
forward

50-GAA GGG CAT CAC GAC CGA A-30

Human QTRT1
reverse

50-CCC GGC CTT AGA CCC AGA T-30

Human b-catenin
forward

50-AAA ATG GCA GTG CGT TTA G-30

Human b-catenin
reverse

50-TTT GAA GGC AGT CTG TCG TA-30

Human claudin-5
forward

50-GTT TTA CGA CCC GTC TGT GC-30

Human claudin-5
reverse

50-AGT GGC AGG AGA AGG TCA GC-30

Human claudin-2
forward

50-ACC TGC TAC CGC CAC TCT GT-30

Human claudin-2
reverse

50-CTC CCT GGC CTG CAT TAT CTC-30

Human PCNA
forward

50-CCTGCTGGGATATTAGCTCCA-30

Human PCNA
reverse

50-CAGCGGTAGGTGTCGAAGC-30

Human b-actin
forward

50-CAT GTA CGT TGC TAT CCA GGC-30

Human b-actin
reverse

50-CTC CTT AAT GTC ACG CAC GAT-30

Mouse QTRT1
forward

50-AAT TGG CCC CAC AAT CTG CT-30

Mouse QTRT1
reverse

50-CTG GGC TCA AAA GTG TCT CTT C-30

Mouse b-catenin
forward

50-TGC TGA AGG TGC TGT CTG TC-30

Mouse b-catenin
reverse

50-CTG CTT AGT CGC TGC ATC TG-30

Mouse claudin-5
forward

50-AGG CAC GGG TAG CAC TCA CG-30

Mouse claudin-5
reverse

50-CAT AGT TCT TCT TGT CGT AAT C-30

Mouse claudin-2
forward

50-GCA AAC AGG CTC CGA AGA TAC T-30

Mouse claudin-2
reverse

50-GAG ATG ATG CCC AAG TAC AGA G-30

Mouse PCNA
forward

50-TTT GAG GCA CGC CTG ATC C-30

Mouse PCNA
reverse

50-GGA GAC GTG AGA CGA GTC CAT-30

Mouse b-actin
forward

50-TGT TAC CAA CTG GGA CGA CA-30

Mouse b-actin
reverse

50-CTG GGT CAT CTT TTC ACG GT-30

PCNA, proliferating cell nuclear antigen; PCR, polymerase
chain reaction.
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and VECTASTAIN ABC Kit (Vector Laboratories, Burlin-
game, CA) for 1 hour at room temperature. After that, the
tissue sections were stained with DAB Substrate Kit
(Vector Laboratories) and hematoxylin (Leica Biosystems,
Buffalo Grove, IL) and examined with confocal microscope
or EVOS M5000 (Thermo Fisher Scientific). The target
cells were stained with QTRT1 monoclonal antibody
(Santa Cruz Biotechnology). The IgG antibody protein
(Jackson ImmunoResearch) was used as negative control
for all the IHC staining experiments. The semi-quantitative
analysis of IHC staining was performed using software
ImageJ Fiji as described previously.45

IF Staining
Fresh intestinal tissue was fixed in 10% neutral buffered

formalin followed by paraffin embedding. Paraffin-
embedded slides (4 mm) were prepared with a micro-
tome.46 The QTRT1 monoclonal antibody was purchased
from Santa Cruz Biotechnology; claudin- 2, -5, and -7 from
Thermo Fisher Scientific; and b-catenin from BD Trans-
duction (see detailed information in Table 1). The IgG
antibody protein (Jackson ImmunoResearch) was used as a
negative control for all IF staining experiments. The fluo-
rescence intensity was evaluated with ImageJ.47

Real-Time Quantitative PCR
Total RNA was extracted from cultured cell monolayers

or tissues from the mice using TRIzol reagent (Thermo
Fisher Scientific) by following the products’ instruction. The
total RNA from DSS-treated murine tissue was further pu-
rified via lithium chloride precipitation as described previ-
ously.48 RNA reverse transcription was performed using the
iScript complementary DNA synthesis kit (Bio-Rad) ac-
cording to the manufacturer’s directions. Then, the reverse-
transcription complementary DNA reaction products were
subjected to quantitative real-time PCR using the iTaq
Universal SYBR green supermix (Bio-Rad) and primers from
Primer Bank (Cambridge, MA) (Table 2) with the MyiQ
single-color real-time PCR detection system (Bio-Rad). All
expression levels were normalized to b-actin levels of the
same sample. The percentage expression was calculated as
the ratio of the normalized value of each sample to that of
the corresponding untreated control cells.49

Queuine Treatment of Cells and Human
Colonoids

Caco-2 BBE cells were plated in triplicate at a density of
1 � 104 cells per well in a 12-well culture plate. After 24
hours of culture, queuine hydrochloride (Toronto Research
Chemicals, Toronto, Canada) was added to each well at a
final concentration of 5 mM for 24, 48, and 72 hours. Human
colonoids from healthy people were prepared and main-
tained in Matrigel as described previously.50 At day 6 after
passage, the colonoids were treated with 5 mM queuine
hydrochloride and monitored by EVOS M5000 (Thermo
Fisher Scientific). The diameter was measured by ImageJ,
and the volume of the organoids was calculated with the
formula: volume (mm3) ¼ [(4 � p � (dimeter/2)2]/3.
TEER Assay
The HT-29 cells in complete media were seeded onto the

24-transwell plate at 2.5 � 105 cells/200 mL51 After 10 days
of seeding, the cells were treated with 5 mM queuine
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hydrochloride, and the TEER was measured and monitored
with EVOM3 (World Precision Instruments, Sarasota, FL) to
test cell permeability.

DSS Treatment of Mouse Organoids
Mouse intestine organoids were prepared and main-

tained as we described previously.50 When the cells were
ready, DSS was added to the cells at a final concentration of
200 mM for 3 hours. In the queuine-treated group, the cells
were treated with 5mM queuine final for 72 hours before
DSS treatment.

Statistical Analysis
Data shown in the bar figures are the average values

from at least 3 independent experiments with mean ± SD.
All statistical tests were 2-sided. A P value <.05 was
considered statistically significant. The Spearman correla-
tion coefficient test was used to analyze the correlation
between 2 variables (protein expression) using the Hmisc
package.52 In the MTT assay, which was tested with
generalized linear mixed models, Welch’s t test was per-
formed for the 24-hour and 48-hour analyses, while the
Wilcoxon rank sum test was performed for the 72-hour
analysis. The statistical analyses were conducted by
GraphPad Prism 5 (GraphPad Software, San Diego, CA).
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