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Abstract

Small intestinal health and enteritis incidence are tightly coupled to the homeostasis
of intestinal stem cells (ISCs), which are sensitive to dietary alterations. However, lit-
tle is known about the impact of food additives on ISC pool. Here, we demonstrate
that chronic exposure to low-dose TiO, NPs, a commonly used food additive, signifi-
cantly hampers primary human and mouse ISC-derived organoid formation and
growth by specifically attenuating Wnt signal transduction. Mechanistically, TiO, NPs
alter the endocytic trafficking of the Wnt receptor LRP6 and prevent the nuclear
entry of B-catenin. Notably, dietary TiO, NPs elicit modest chronic stress in healthy
intestines and considerably impede the recovery of radiation enteritis by perturbing
the homeostasis of ISCs in vivo. Our results identify a health concern of TiO, NP
exposure on ISC homeostasis and radiation enteritis recovery. These findings suggest
extra precaution during the treatment of radiation enteritis and provide new insights

into food additive-ISC interaction.
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1 | INTRODUCTION

The small intestinal epithelium is responsible for food digestion and
nutrient absorption and plays a critical role in microorganism defence
and immune response.’? Since toxins in food can directly contact the
intestine and induce intestinal epithelial cell (IEC) death, a rapid turn-
over of IECs is critical to maintain the integrity of small intestines.>*
Intestinal stem cells (ISCs), which are capable of both self-renewal and
differentiation into enterocytes or secretory-lineage cells,** are indis-
pensable for epithelial renewal. ISCs can derive single crypt to form
intestinal organoid (also called mini-guts) with 3D structure in vitro.®
Numerous studies have demonstrated that ISCs are closely related to
the health and enteritis incidence of small intestines.>”~? Recent evi-
dence indicates that the self-renewal and differentiation of ISCs can
be controlled at least in part by dietary patterns including caloric
restriction, fasting,***? high-fat diets,*>'* ketogenic diets and high-
carbohydrate diets as well as other nutrients.*>*? However, little is
known about the impact of food additive exposure on ISC
homeostasis.

Nanoparticles (NPs) have brought a range of benefits to the food
sector. Nanoscale titanium dioxide (TiO,) is one of the most widely
manufactured NPs and accounts for more than 36% of TiO, particles
worldwide.?° Currently, as a food additive, TiO, NPs have been added
to more than 900 foods to enhance the opacity and brightness of
products.?*?2 Candies, sweets and chewing gums have the highest
content of TiO, NPs.2° In addition, since TiO, NPs can considerably
prevent microbial growth and reduce E. coli contamination of food
surfaces, they have been commonly used in food packaging and stor-
age.?® Given that TiO, NPs have been widely applied in the food
industry, growing concerns about the potential health risks of TiO,
NPs on the intestines have been raised. Researchers found that food-
borne TiO, NPs could induce strong gut microbiota dysbiosis, colonic
inflammation and proteome alterations in obese mice.2* Additionally,
long-term intake of the food additive TiO, NPs altered the intestinal
epithelial structure.?’> Our previous study also revealed that dietary
TiO, NPs impeded the recovery of intestinal mucosal damage in coli-
tic mice.?® Nevertheless, studies of food additive TiO, NPs in ISC
homeostasis are still lacking.

In clinic, radiation enteritis is inflammation of the intestines that
occurs after radiation therapy, a primary treatment for malignant dis-
eases and is commonly administered to patients with gynaecological,
urological and gastrointestinal cancers. Almost all patients receiving
pelvic or abdominal radiotherapy experience radiation enteritis,?”
which usually manifests as pain, nausea, bloating and diarrhoea.?®
Studies have demonstrated that ISCs are responsible for the recov-
ery of radiation enteritis.?? However, whether chronic TiO, NP
intake influences the recovery of radiation enteritis remains poorly
understood.

In this study, we investigated the impact of TiO, NPs on the
homeostasis of small intestinal stem cells. Our results showed that
TiO, NPs were mainly internalized via clathrin-mediated endocytosis
pathway during intestinal epithelial cell metabolism. Analysis of pri-

mary mouse and human organoids revealed that TiO, NPs perturbed

the homeostasis of ISCs by specifically attenuating Wnt signalling. At
the molecular level, we demonstrated that TiO, NPs triggered non-
canonical endocytic trafficking of the Wnt receptor low-density lipo-
protein receptor-related protein 6 (LRP6) and prevented the nuclear
entry of p-catenin to weaken the outputs of Wnt signalling. Moreover,
blockade of Wnt signalling by TiO, NPs elicited modest chronic stress
in healthy intestines and markedly impaired the recovery of radiation
enteritis by inhibiting the proliferation of ISCs in both Lgr5-eGFP-IRES-
creERT2 and C57BL/6 wild-type (WT) mice. Together, our work
revealed the impact of chronic TiO, NP exposure on the homeostasis
of ISCs and the recovery of radiation enteritis, and disclosed the
mechanism underlying these effects. These findings give insights into
the treatment of radiation enteritis, and expand our understanding of
the food additive-bio effects.

2 | RESULTS

21 | The cytocompatibility of TiO, NPs

The physiochemical properties of TiO, NPs used in our study have
been characterized by transmission electron microscope (TEM) and
dynamic light scattering (DLS) analyses.?® The uptake efficiency and
mechanism of TiO, NPs were explored in the mouse colon cancer cell
line CT26. There are three main types of endocytosis in nonphagocy-
tic cells: clathrin-mediated endocytosis (CME), caveolin-mediated
endocytosis (CavMe) and micropinocytosis.>® Our TEM analysis
demonstrated a rapid internalization of TiO, NPs in CT26 cells,
while the uptake of TiO, NPs was significantly suppressed when
cells were pre-incubated with sucrose, genistein and cytochalasin D,
which are known as inhibitors for CME, CavMe and macropinocyto-
sis, respectively (Figure S1A). In particular, compared with other
inhibitors, pre-incubation of CT26 cells with sucrose dramatically
impaired the cyto-endocytosis of TiO, NPs (Figure S1B), suggesting
that TiO, NPs were mainly internalized via the CME pathway. We
then examined the cytotoxicity of TiO, NPs in CT26 cells. The
results showed that TiO, NPs had a negligible influence on the via-
bility of CT26 cells at concentrations between 10 pg/mL and
150 pg/mL within 48 h (Figure S1C,D). The results suggested a good
cytocompatibility of TiO, NPs in intestinal epithelial cells.

2.2 | TiO, NPs perturb ISC homeostasis in mouse
intestinal organoids by specifically suppressing Wnt
signalling

Although incubation with a wide range of TiO, NPs did not compro-
mise the viability of intestinal epithelial cells, we continued to investi-
gate whether uptake of TiO, NPs could affect the homeostasis of
ISCs in mouse intestinal organoids (Figure 1A). ISCs are characterized
as Lgr5-GFP™ cells and CD447CD24"°CD166"GRP78"/~ cells in
Lgr5-eGFP-IRES-creERT2 mice and C57BL/6 WT mice, respec-
tively.3¥%2 Given that Lgr5-eGFP-IRES-creERT2 mice can directly
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FIGURE 1

TiO, NP exposure perturbs ISC homeostasis in mouse intestinal organoids by blocking Wnt signalling. (A) Schematic

representation of the impact of TiO, NPs on mouse intestinal organoids. (B) Morphology and composition of C57BL/6 WT mouse-derived
intestinal organoid. Scale bars, 20 um. (C) Five days after culturing, TiO, NP exposure hampered the formation and budding events of organoids
derived from Lgr5-eGFP-IRES-creERT2 mice. Scale bars, 200 um. (D) Time course of an isolated single crypt growth in the absence or presence of
50 pg/mL TiO, NPs. Scale bars, 50 um. (E, F) Colony-forming efficiency (E) and size of mouse intestinal organoids (F) in each group. (n = 3
approximately 400 organoids per well were counted for calculation). (G) The budding events of mouse intestinal organoids under indicated
conditions. (H) The impact of TiO, NPs on Lgr5-GFP ™ ISC proportion was determined by FACS. (I) The effects of TiO, NPs on the levels of the
indicated proteins in the 3D organoids. (J) The transcriptional outputs of the indicated genes in the absence or presence of TiO, NPs. Data are
represented as the mean + SD (n = 3). Student's t-test, ns means not significant, ***p < 0.001.

identify ISCs and that C57BL/6 WT mice are not limited by mosaic
expression patterns and have ISC markers similar to those of the
human intestine, we isolated crypts from both species of mice. As the
results showed, ISCs are interspersed between Paneth cells in intesti-
nal crypts (Figure S2A). The isolated crypts initially form villus-like
spherical structures with a closed-loop hollow lumen, and then the
cyst buds up, differentiates into a crypt-like structure, and finally
forms a mature organoid structure (Figure S2B). Lgr5-GFP™ cells were
present in the crypt-like domain of the organoid (Figure S2A). To ver-
ify the cell types in C57BL/6 WT mouse-derived organoids, the cellu-
lar markers LGRS, villin, MUC2, lysozyme and chromogranin A

(CHGA) were stained to characterize the ISCs, enterocytes, goblet
cells, Paneth cells and enteroendocrine cells, respectively (Figure 1B).
Our results demonstrated that all of these markers were present in
the established intestinal organoids, and granule-containing Paneth
cells could also be clearly observed in the organoid crypts by using an
inverted microscope (Figure S2C). These results demonstrated that
the established intestinal organoids displayed mature morphology.
We subsequently explored the impact of TiO, NPs on ISC homeosta-
sis using the in vitro model and found that the addition of 50 pg/mL
TiO, NPs significantly inhibited 3D structure formation and deceler-

ated the budding events of intestinal organoids (Figure 1C-G and
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Figure S3A). In addition, the presence of TiO, NPs considerably
decreased the percentage of ISCs in Lgr5-eGFP-IRES-creERT2 and
C57BL/6 WT mouse-derived organoids (Figure 1H and Figure S3B,C),
demonstrating that TiO, NPs affected the homeostasis of ISCs in the
3D in vitro models. Further investigation revealed that the expression
of stemness markers (Lgr5 and Oct4) in C57BL/6 WT mouse-derived
organoids was considerably reduced (Figure S3D). These results thus
demonstrated that TiO, NPs could perturb ISC homeostasis.

Since the Wnt, BMP and Notch signalling pathways play central
roles in maintaining the homeostasis of 15Cs.%3"3” We subsequently
asked whether intracellular TiO, NPs affected the activity of these
signalling pathways. Our results showed that TiO, NPs had little
effect on the protein levels of Hes family bHLH transcription factor
1 (HES1) and p-SMAD1/5, which is well-known Notch signalling tar-
get gene and BMP signalling reporter, respectively. However, the
expression of the Wnt target gene c-Myc was largely reduced in the
presence of TiO, NPs, and the addition of TiO, NPs markedly reduced
the protein level of p-catenin, a key transcriptional activator to be
degraded in the inhibition of Wnt signalling (Figure 11 and Figure S4).
Further quantitative real-time PCR (qRT-PCR) analysis confirmed that

the incubation of TiO, NPs markedly attenuated the transcriptional

outputs of Wnt pathway target genes, including c-Myc, Axin-2 and

Egfr, while it had little effect on the mRNA levels of Vegf and Pten,
38,39

which have also been reported to regulate stem cell homeostasis
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(Figure 1J). These findings suggested that TiO, NPs perturbed ISC

homeostasis by repressing Wnt signalling.

2.3 | Wntsignalling blockade by TiO, NPs impairs
primary human ISC homeostasis

Encouraged by the results observed in mouse-derived 3D models, we
established human small intestinal organoids to further validate the
effects of TiO, NPs on ISC homeostasis (Figure 2A). The crypts of
healthy human small intestine were isolated and cultured as previ-
ously described.*® In Wnt-rich culture medium, human small intestinal
crypts undergo multiple crypt fission events and finally generate cystic
organoids, which comprise mainly stem cells and their highly prolifer-
ating progenitor cells. The organoids were stable in culture over pas-
sage (Figure S5). Histological analysis showed well-developed
intestinal epithelial structures in human small intestinal organoids
expressing proliferative epithelial E-cadherin (Figure 2B). Our results
revealed that the presence of TiO, NPs significantly impaired human
ISC homeostasis, as the formation and growth of intestinal organoids
were markedly decreased (Figure 2C). CD447CD24/'°CD166™ intes-
tinal epithelial cells were identified as putative human 1SCs.>? The per-
centage of ISCs in each group was examined by FACS. Consistent
with the results observed in mouse intestinal organoids, the presence
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FIGURE 2 Blockade of Wnt signalling by TiO, NPs disturbs the homeostasis of ISCs in human small intestinal organoids. (A) Schematic
representation of the effects of TiO, NPs in human intestinal organoids. (B) Representative images of immunofluorescence staining for E-
cadherin and Ki67 in each group are shown. Scale bar, 20 um. (C) Time course of an isolated single human small intestinal crypt growth in the
absence or presence of TiO, NPs. Scale bars, 50 um. (D, E) CD44, CD24 and CD166 combination identifies ISCs in human small intestinal
organoids in the absence (D) or presence (E) of TiO, NPs. Sequential FACS plots and gates as indicated. (F) gRT-PCR was used to determine the
expression of human ISC markers in different groups. (G) The effects of TiO, NPs on the levels of the indicated proteins in human small intestinal
organoids. Data are represented as the mean + SD (n = 3). Student's t-test, ***p < 0.001.
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of 50 pg/mL TiO, NPs considerably reduced the proportion of ISCs in
human organoids (Figure 2D,E). In addition, the transcriptional outputs
of Lgr5, CD44 and SOX9, which have been identified as markers of
ISCs, were also significantly compromised in the presence of TiO,
NPs (Figure 2F). Since Wnt signalling plays an important role in main-
taining the homeostasis of human ISCs, we examined the protein
levels of Wnt target genes. The results showed that the expression of
c-MYC and B-catenin was largely reduced, while the protein levels of
HES1 and p-SMAD1/5 were not affected (Figure 2G and Figure Sé).
These results verified that TiO, NPs perturbed the homeostasis of
ISCs by suppressing Wnt signalling in human small intestinal
organoids.

24 | TiO, NPs trigger non-canonical endocytic
trafficking of the Wnt receptor LRP6

Having found that TiO, NPs could reduce the outputs of Wnt signal-
ling, we further investigated the underlying mechanism in intestinal
epithelial cells. In agreement with the results in 3D models, the addi-
tion of TiO, NPs specifically repressed the expression of c-MYC and
B-catenin but had little effect on HES1 and p-SMAD1/5 in CT26 cells
(Figure 3A and Figure S7). In addition, the presence of TiO, NPs pre-
vented the nuclear entry of pB-catenin in the absence or presence of
WNT3A protein (Figure 3B,C), confirming that TiO, NPs suppressed
Wht signal transduction. Then, we examined the expression of LRP6
and Dishevelled (DVL), two major components upstream of $-catenin
in Wnt signalling, and found that incubation with TiO, NPs did not
alter the protein levels of these two proteins (Figure 3A and
Figure S7).

Given that the expression of LRP6 was not affected, we further
asked whether the endocytic trafficking of LRPé was altered. It has
been reported that the internalization of LRP6 with caveolin is neces-
sary for Wnt signal transduction.**** Consistently, our results
showed that internalized LRP6 was primarily colocalized with caveolin
rather than clathrin. However, the addition of TiO, NPs selectively
sequestered LRP6 from caveolin-mediated endocytosis to the
clathrin-dependent endocytic route (Figure 3D-F). These results were
consistent with our findings that TiO, NPs were mainly internalized
via the clathrin-dependent pathway. Together, these data clarified
that TiO, NPs regulated Wnt signalling by triggering non-canonical
endocytosis of LRPé6.

2.5 | TiO, NPs perturb ISC homeostasis and
induce modest chronic stress in the mouse small
intestine

Next, we investigated the long-term effects of dietary TiO, NPs,
administered by drinking water, on ISC homeostasis in Lgr5-eGFP-
IRES-creERT2 and C57BL/6 WT mice (Figure 4A). FDA allows 1 wt%
TiO, in food, and it was found that more than 36% of particles are

nanoscale.?° In our study, mice were administered 50 pg/mL TiO,

NPs, and the dose was 70 times lower than the FDA-allowed level.
Our results showed that administration of 50 pg/mL TiO, NPs for
2 months had little effect on the length of intestines but induced
modest chronic stress in the small intestines, as the epithelial cells of
villi were moderately damaged (Figure 4B and Figure S8A,B). In addi-
tion, dietary waterborne TiO, NPs significantly hampered the prolifer-
ation of ISCs, as the colocalization of Lgr5-GFP' ISCs and Ki67 was
markedly reduced in the small intestine of Lgr5-eGFP-IRES-creERT2
mice (Figure 4C). Similar results were found in C57BL/6 WT mice
(Figure S8C,D). As a result, the proportion of Lgr5-GFP' cells in
Lgr5-eGFP-IRES-creERT2 mice and CD447CD24'°CD166"GRP78lo’~
cells in C57BL/6 WT mice was considerably reduced by dietary TiO,
NPs (Figure 4D and Figure S9). The mRNA levels of ISC markers such
as Lgr5, Bmil and Nanog were also notably weakened in C57BL/6 WT
mice administered TiO, NPs (Figure 4E). Next, we verified the inhibi-
tory effect of TiO, NPs on Wnt signal transduction in vivo. Consistent
with the results observed in the 3D in vitro model, dietary TiO, NPs
primarily compromised the protein levels of c-MYC and p-catenin but
had little effect on HES1 or p-SMAD1/5 (Figure 4F and Figure S10),
indicating that TiO, NPs mainly affected Wnt signal transduction in
the mouse small intestine. Immunohistological staining of p-catenin
found that the presence of TiO, NPs inhibited $-catenin nuclear trans-
location in C57BL/6 WT mouse small intestine (Figure 4G). Further
RT-PCR revealed that TiO, NPs considerably reduced the transcrip-
tional outputs of Wnt signalling, including c-Myc, Axin2, Cyclin D1 and
Egfr, while they did not alter the mRNA levels of Pten and Vegf
(Figure 4H). These results proved that long-term dietary TiO, NPs
inhibited the proliferation of ISCs by attenuating Wnt signalling and

induced modest chronic stress in mouse small intestines.

2.6 | TiO, NPs suppress radiation enteritis
recovery by inhibiting ISC proliferation

We further explored the role of TiO, NPs under pathological pro-
cesses that require a higher threshold of ISC activity to maintain intes-
tinal homeostasis. To address whether dietary TiO, NPs affect the
recovery of radiation enteritis, mice were exposed to 50 pg/mL TiO,
NPs by drinking water for 4 weeks, with 12 Gy abdominal x-ray irradi-
ation performed in the second week (Figure 5A and Figure S11A). Our
results showed that ionizing radiation (IR) induced visible small intes-
tine oedema and significantly impaired the villi and crypts in the small
intestine on day 3.5 after IR (Figure 5B). In addition, the percentage of
ISCs was markedly blunted by IR, and dietary TiO, NPs did not aggra-
vate the damage on day 3.5 (Figure 5C and Figure S11B), indicating
TiO, NPs did not strengthen IR-induced enteritis. However, after radi-
ation for 14 days and 21 days, TiO, NP-treated mice exhibited worse
small intestine histology, as the intestinal villus and crypt length were
markedly reduced compared to the IR group (Figure 5B and
Figure S11C). The number of apoptotic cells in the villi and crypts in
TiO, NP-administered mice was notably higher than that in mice trea-
ted with IR alone, indicating that dietary TiO, NPs suppressed the
recovery of the small intestinal epithelium (Figure 5D). Given that ISCs
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FIGURE 3 TiO, NPs inhibit Wnt signalling activity by triggering clathrin-mediated endocytic trafficking of LRPé. (A) The effects of TiO, NPs
on the expression of the indicated proteins in CT26 cells. (B) The effects of TiO, NPs on the nuclear entry of p-catenin in the absence and
presence of WNT3A. Scale bars, 50 um. (C) Quantification of the B-catenin signal in nucleus with or without TiO, NPs in the absence or presence
of WNT3A. Data are represented as the mean + SD (n = 5). Student's t-test, ***p < 0.001. (D) The impact of TiO, NPs on the colocalization of
LRP6 with caveolin. Scale bars, 5 um. (E) The impact of TiO, NPs on the colocalization of LRP6 with clathrin. Scale bars, 5 um. (F) Quantification
of the colocalization of LRP6 with caveolin or clathrin in the absence or presence of TiO, NPs. Data are represented as the mean = SD (n = 3).

Student's t-test, ***p < 0.001.

are indispensable for small intestine regeneration, we further analysed
the impact of TiO, NPs on ISCs in mice after radiation for 14 days.
Surprisingly, long-term intake of waterborne TiO, NPs considerably
inhibited the proliferation of ISCs and decreased the proportion of

ISCs in radiated mice (Figure 5C,E). Since Wnt signalling was activated

to stimulate I1SC regeneration after ionizing radiation,*> we monitored
Wt signalling activity in radiated mice during this period. The results
showed that dietary TiO, NPs markedly prevented the induction of c-
MYC and p-catenin on day 14 after IR (Figure 5F and Figure $12), sug-
gesting that TiO, NPs inhibited the activation of Wnt signalling during
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analysis was used to detect Lgr5-GFP™" ISCs in intestinal crypts derived from Lgr5-eGFP-IRES-creERT2 mice in each group. (E) gRT-PCR was used
to determine the expression of ISC markers in different groups. (F) The effects of TiO, NPs on the levels of the indicated proteins in the intestine
of C57BL/6 WT mice. (G) The nuclear entry of B-catenin in intestine derived from C57BL/6 WT mice in each group was detected. The arrowhead
indicates the nuclear entry of B-catenin. Scale bars, 50 um. (H) The transcriptional outputs of the indicated genes in each group. Data are
represented as the mean + SD (n = 3). Student's t-test, ns means not significant, ***p < 0.001.

enteritis regeneration. Accordingly, these results demonstrated that
chronic uptake of TiO, NPs impeded the recovery of radiation

enteritis.

3 | DISCUSSION

The small intestinal epithelium is a rapidly renewing tissue. The rapid
renewal is maintained by ISCs, which are tightly coupled to intestinal
health and enteritis.2 The imbalance of small ISC homeostasis will
compromise the integrity of mucosal barrier and inhibit the recovery
of inflammation. In clinic, almost all patients receiving pelvic or
abdominal radiotherapy experience radiation enteritis. Recent evi-

dence indicates that the self-renewal and differentiation of ISCs can

be controlled at least in part by diet and nutritional status.'°~1? How-
ever, studies of food additives in ISC homeostasis are still lacking.

NPs have been widely used in the food industry for their broad
benefits, and good biocompatibility of NP is a prerequisite for food-
based applications.**~*® As one of the most manufactured nanoparti-
cles, TiO, NPs have been commonly used as food additive. However,
the impact of chronic NP exposure on ISC homeostasis is still unex-
plored. Additionally, the doses of TiO, NPs employed in many studies
were too high, and TiO, NPs were usually administered to mice by
oral gavage, a technique that has been shown to cause stress
responses in the gut. Here, we limited the dose of TiO, NPs to
70 times lower than the FDA-allowed level, and administered TiO,
NPs as a part of mouse daily water to minimize the handling stress to
assess the impact of TiO, NPs on ISC homeostasis. We found that the
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Dietary TiO, NPs hampered the recovery of radiation enteritis by inhibiting the proliferation of ISCs. (A) Schematic illustration of

the experimental schedule. (B) Representative images of H&E staining in each group. Scale bars, 200 um. (C) The percentage of Lgr5-GFP' ISCs
was detected by FACS. Data are represented as the mean + SD (n = 3). (D) Representative TUNEL-stained images in the villi and crypts of the
small intestine on day 14 after radiation in each group. Scale bars, 100 um. (E) The colocalization of Lgr5-GFP (green) and Kié7 (red) in the crypts
of the small intestine on day 14 after radiation in each group. Scale bars, 20 um. (F) Western blot analysis of the indicated protein levels in each

group.

presence of low-dose TiO, NPs significantly hampered primary mouse
ISC-derived organoid formation and growth. In particular, the inhibi-
tory effect of TiO, NPs on ISCs was confirmed in human-derived
intestinal organoids. Mechanistically, TiO, NPs propelled LRP6 from
caveolin-mediated endocytosis to clathrin-mediated endocytosis to
weaken Wnt signalling activity. Further investigation revealed that
Wht signalling blockade by dietary TiO, NPs inhibited ISC prolifera-
tion and impeded the recovery of radiation enteritis in vivo. These
findings highlight the potential health risk of food-TiO, NPs on small
intestines.

It is worth noting that LGRS is exclusively expressed in cycling
columnar cells (CBCs) at the crypt base.3! Just focusing on Lgr5* ISCs
exclude some important ISC subpopulations, such as Bmil™ ISCs,
which are also important for injury-induced regeneration.”*?>° Thus,
we detected the mRNA level of Bmil and found that dietary TiO, NPs

significantly compromised the transcription output of Bmi1, indicating
that TiO, NPs perturb the homeostasis of different ISC subpopula-
tions. Additionally, LGR5 is not restricted to expression on small intes-
tinal stem cells. In fact, in the colon, hair follicle and stomach, LGR5
also marks stem cells,3%°* indicating that TiO, NP-induced abnormali-
ties in Lgr5" 1ISCs may also occur in other tissues. In particular, given
that LGRS is also expressed in scattered cells in pre-malignant mouse
adenomas,®2~>* TiO, NPs could potentially be applied to inhibit the
progression of diseases in which Lgr5* cells play essential roles.

Taken together, our findings reveal the impact of long-term TiO,
NP exposure on ISC homeostasis and the recovery of radiation enteri-
tis, and disclosed the underlying mechanism. These findings suggest
extra precaution during the treatment of radiation enteritis, and pro-
vide a better understanding of the relationship between food addi-
tives and ISCs.
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4 | METHODS

41 | Mice

Lgr5-eGFP-IRES-creERT2 mice (Cyagen Biosciences Inc.) and C57BL/6
WT mice (Beijing Vital River Laboratory Animal Technology Co., Ltd.)
were used for the experiments. All the animal experiments in this
study were approved by the Ethics Committee of the Health Science
Center of Xi'an Jiaotong University. Mice were housed in plastic cages
and were maintained on a 12-h light-dark cycle at room temperature
(22-26°C) with sterile pellet food and water ad libitum.

4.2 | Cell culture

The mouse colon cancer cell line CT26 was obtained from the Cell Bank
of Chinese Academy of Sciences. The cells were cultured at 37°C in a
humidified incubator with 5% CO,. RPMI 1640 medium, foetal bovine
serum (FBS), streptomycin and penicillin were purchased from Gibco.

4.3 | Endocytosis of TiO, NPs

CT26 cells were exposed to 50 pg/mL TiO, NPs for 3 h. The cells were
carefully rinsed with PBS and fixed with 2% formaldehyde and 2.5%
glutaraldehyde for 1 h at 4°C. Cell cultures were cut, and the ultrathin sec-
tions were collected and counterstained with tungsten phosphate. The
samples were then scanned by TEM. To investigate the endocytosis mecha-
nism of TiO, NPs, CT26 cells were incubated with 400 mM sucrose,
10 pM genistein and 1 uM cytochalasin D for 1 h, which are known as
inhibitors of CME, CavMe and macropinocytosis, respectively. After that,
the cells were rinsed with PBS three times and incubated with 50 pg/mL
TiO, NPs for 3 h. Cells were harvested, fixed and counterstained with tung-

sten phosphate. The intracellular TiO, NPs were detected by TEM imaging.

44 | Cytotoxicity of TiO, NPs

The cytotoxicity of TiO, NPs in CT26 cells was measured with the
Cell Counting Kit-8 (CCK-8, Sigma-Aldrich). Briefly, cells were trypsi-
nized and plated in 96-well plates at a density of 5000 cells/well. Dif-
ferent concentrations of TiO, NPs (10, 50, 100, 150 and 200 pg/mL)
diluted in media were added and incubated for the indicated times.
After washing with PBS, CCK-8 solution was added to the cells and
incubated for 2 h at 37°C. The absorbance was measured at 450 nm

using a microplate reader (Biotek, Cytation 5).

45 |
culture

Mouse intestinal crypt isolation and organoid

Mouse small intestinal organoids were generated from crypts of
Lgr5-eGFP-IRES-creERT2 and C57BL/6 WT mice. The small intestines

were obtained after mice anaesthetised. Flush the intestines with cold
PBS by inserting a 5 mL pipette tip into one of the open ends of the
intestine. Then, the isolated intestinal tissue was cut into 3- to 5-mm
pieces and incubated in 5 mM EDTA for 30 min. The pieces were
allowed to settle by gravity, and the supernatant was aspirated. Add
10 mL cold PBS containing 0.1% BSA and suspend tissue pieces up
and down three times using a pre-wetted 10 mL pipette to release
crypts. This step was repeated until the supernatant was clear. The
fraction was passed through a 70-um cell strainer (BD Bioscience) to
remove residual villous material. The total fractions were centrifuged
at 290 x g for 5 min at 4°C. Isolated crypts were counted and pel-
leted. A total of 1500 crypts were mixed with 50 uL of Matrigel
(Corning 356,231) and plated in 24-well plates. After polymerization
of Matrigel, 500 pL of crypt culture medium (Advanced DMEM/F12,
10 mmol/L HEPES, 10 mmol/L GlutaMAX, 100 U/mL penicillin-strep-
tomycin, 1 x N2, 1 x B27, 1 mM N-acetylcysteine, 500 ng/mL R-
spondinl, 100 ng/mL Noggin, 50 ng/mL EGF and 2.5 pg/mL Primo-
cin) was added. The entire medium was changed every 2 days. For
passage, 1 mL GCDR was added and incubated for 10 min at room
temperature. Organoids were then mechanically dissociated and
transferred to fresh Matrigel. Passage was performed every 5 days
with a 1:4 split ratio. The number of viable organoids in triplicate wells

was calculated.

4.6 | Human tissue processing for crypt isolation
and organoid culture

Surgically resected small intestinal tissues were obtained from
patients at the First Affiliated Hospital of Xi'an Jiaotong University.
The Ethics Committee of the Health Science Center of Xi'an Jiaotong
University gave approval for this study. All subjects signed the
informed consent and the relevant documents were retained. The
intestinal tissues were washed and stripped of the underlying muscle
layers with surgical scissors. The tissue was cut into 3- to 5-mm pieces
and incubated in 2 mM EDTA cold chelation solution (CCS, distilled
water with 96.2 mmol/L NaCl, 1.6 mmol/L KCI, 8.0 mmol/L KH,;PQO,,
5.6 mmol/L Na,HPO,, 43.4 mmol/L sucrose, 54.9 mmol/L p-sorbitol,
0.5 mmol/L bpL-dithiothreitol) for 30 min on ice. After removal of
EDTA, the mucosa fragments were resuspended in CCS using a
10-mL pre-wetted 10 mL pipette to release crypts. The tissue frag-
ments were allowed to settle down and the supernatant was removed
for inspection by inverted microscopy. The resuspension/
sedimentation procedure was typically 5-8 times and the superna-
tants not containing crypts were discarded. The supernatants contain-
ing crypts were collected and centrifuged at 200 g for 5 min to
separate crypts from single cells. The isolated crypts were embedded
in Matrigel and seeded in a prewarmed 24-well plate (800 crypts in
50 uL Matrigel per well). Matrigel contained 750 ng/mL epidermal
growth factor (Peprotech), 1.5 mg/mL Noggin (Peprotech) and
15 mmol/L Jagged-1 (MCE). The Matrigel was polymerized for 10 min
at 37°C, and 500 pL Whnt-rich culture medium lacking EGF and Nog-
gin (Advanced DMEM/F12, 10 mmol/L HEPES, Glamax, 100 U/mL
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penicillin-streptomycin, 1 x N2, 1 x B27, 1 mmol/L N-acetylcysteine,
50% WNT3A conditioned medium, 1000 ng/mL R-spondin1, 10 mM
Nicotinamide, 10 nM gastrin, 500 nM A83-01, 10 uM SB202190,
10 uM Y-27632 and 2.5 pg/mL Primocin) was overlaid for the genera-
tion of cystic organoids. The entire medium containing 50 ng/mL EGF
and 100 ng/mL Noggin was changed every 2 days. Passage was per-
formed every 7 days with a 1:5 split ratio. The number of viable orga-

noids in triplicate wells was calculated.

4.7 | Histological analysis of organoids

Organoid in Matrigel were resuspended with 10% neutral formalin
and incubated for 1 h on ice. After washing with PBS to remove
Matrigel, organoids were then fixed overnight at 4°C. Paraffin sec-
tions were processed with standard techniques. Haematoxylin and
eosin (H&E) and the indicated immunofluorescence staining were per-
formed to characterize the morphology and composition of the orga-
noids. All fluorescence was imaged with a ZEISS Apotome 3.

4.8 | Statistical analysis

To determine the colony-forming efficiency, crypts were cultured in
24-well plate. Seven days after plating, spheres were counted and the
colony-formation efficiency was calculated (number of organoids
formed/number of crypts seeded x 100%). The relative organoid area
was counted with ImageJ and the budding events in each well were
counted to calculate the relative budding events. Student's t-test was

used for comparison of two samples with unequal variances.

49 | Western blotting

Samples were lysed and analysed by western blotting to determine
the expression levels of the indicated proteins. The following anti-
bodies were used. Mouse anti-c-MYC (1:1000), mouse anti-HES1
(1:1000) and mouse anti-Dishevelled (1:1000) were from Santa Cruz
Biotechnology. Rabbit anti-p-SMAD1/5 (1:1000), rabbit anti-p-catenin
(1:1000) and rabbit anti-GAPDH (1:1000) were from Cell Signalling
Technology. Rabbit anti-LRP6 (1:1000 for western blot and 1:200 for
immunostaining) and mouse anti-LGR5 (1:1000 for western blot and
1:200 for immunostaining) antibodies were purchased from Immuno-
way. Mouse anti-clathrin (1:200 for immunostaining) and mouse anti-
(1:200 for

Proteintech.

caveolin immunostaining) were purchased from

410 | Confocal imaging

To investigate the endocytic trafficking of the Wnt receptor LRP6,
CT26 cells were treated with or without 50 ug/mL TiO, NPs. After
48 h of incubation, the cells were fixed in 4% PFA for 20 min at room

temperature, washed with PBS and blocked with goat serum for 1 h.
Cells were incubated with the indicated primary antibody at 4°C over-
night and the corresponding fluorescent secondary antibody for 2 h at
room temperature. After washing, 4',6-diamidino-2-phenylindole
(DAPI) was stained at room temperature for 8 min. All fluorescence
was imaged with a confocal laser scanning microscope (ZEISS). The
colocalization of clathrin or caveolin with LRP6 was quantified with

ImageJ.

411 | Quantitative real-time PCR

Total RNA from samples was extracted with TRIzol (Ambion) and
reverse-transcribed into cDNA with the ReverTraAce qPCR RT Kit
(TOYOBO). SYBR Green Real-time PCR Master Mix (TOYOBO) was
employed to perform quantitative PCR on a Real-Time PCR System
(Bio-Rad, CFX96). The expression level of the actin or Gapdh gene
was used as an internal control.

412 |
analysis

Fluorescence activated cell sorting (FACS)

To investigate the impact of TiO, NPs on the percentage of ISCs,
mouse intestines or cultured mouse/human organoids in each group
were obtained and mechanically dissociated and centrifuged at 290 g
for 5 min to isolate intestinal crypts. Two millilitres of TrypLE Express
(Invitrogen), 10 mmol/L Y-27632 and 0.5 mmol/L N-acetylcysteine
were added and incubated for 30 min at room temperature to dissoci-
ate the crypts into single cells. The mixture was passed through a
20-um cell strainer to discard the cell clumps and debris, and the
remaining cells were centrifuged at 1500 rpm for 5 min at 4°C. Next,
the cells were resuspended in staining medium at a concentration of
2 x 10%/mL. For C57BL/6 WT mouse-derived 1SC labelling, the fol-
lowing antibodies were used. The Zombie Aqua™ Fixable Viability Kit,
PE/Cyanine7 anti-mouse CD45, APC anti-mouse CD24 and APC/-
Cyanine7 anti-mouse/human CD44 were from Biolegend. Rabbit
polyclonal anti-GRP78 DyLight 488 was purchased from Novus Bio-
logicals. Mouse ALCAM/CD166 PE-conjugated antibody was pur-
chased from R&D. For human-derived ISC labelling, cells were stained
with PE/Cyanine7 anti-human CD45, APC/Cyanine7 anti-mouse/
human CD44, APC anti-human CD24 and PE anti-human CD166 for
45 min at 4°C. After washing, the cells were analysed by BD FACSCe-
lesta. The cell size gate, based on forward scatter and side scatter,
was set up first to exclude cell debris and clumps. A Zombie Aqua™
Fixable Viability Kit was used to discriminate live cells into subpopula-
tions. The other gates were set as shown in figures.

4.13 | X-rayradiation treatment

Lgr5-eGFP-IRES-creERT2 mice and C57BL/6 WT mice (6-8 weeks old)

were used for experiments. Mice received abdominal x-ray irradiation at a
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dose of 12 Gy using a linear accelerator (Clinac 2100EX, Varian Medical
Systems). Mice were sacrificed at 3.5 days, 14 days and 21 days after irra-

diation to analyse the histology of the small intestine.

4.14 | Smallintestine histology

After the mice were sacrificed, an approximately 3-cm length of the
small intestine was collected, fixed in 4% PFA, dehydrated, embedded
in paraffin and sectioned using standard methodologies. Sectioned
slides were stained with H&E to observe the impact of TiO, NPs on
the morphology of the mouse small intestine in each group. Addition-
ally, rabbit anti-Ki6é7 (1:200), rabbit anti-p-catenin (1:200) and mouse
anti-LGR5 (1:200) antibodies and a TUNEL Apoptosis Assay Kit were
used to stain the sectioned slides to determine the impact of TiO,
NPs on ISC homeostasis and radiation-induced intestinal regenera-

tion. All fluorescence was imaged with a ZEISS Apotome 3.
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