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Abstract

Live imaging visualizes the structure, dynamics, and function of cells and tissues to reveal
the molecular mechanisms, and has contributed to the advancement of life science. In live
imaging, it has been well known that there is a trade-off between higher-resolution analysis
and cell damage caused by light illumination, i.e., phototoxicity. However, despite the risk of
unknowingly distorting experimental results, phototoxicity is an unresolved issue in live imag-
ing because overall consequences occurring inside cells due to phototoxicity remains
unknown. Here, we determined the molecular process of phototoxicity-induced cell damage
systematically under low- and high-dose light illumination conditions by analyzing differential
gene expression using RNA-sequencing in a three-dimensional organoid of small intestinal
epithelial cells, enteroid. The low-dose light illumination already induced various abnormali-
ties in functional molecules involved in the response to reactive oxygen species generated by
the excitation of fluorescent dyes, intracellular metabolism, mitosis, immune responses, etc.,
at mRNA expression level. Together with the behavior toward apoptosis caused by high-
dose light illumination, the light dose-dependent progression of intracellular damage was
revealed. About visible impairment of intestinal epithelial function, failures in both the struc-
ture-forming ability of enteroids and Paneth cell granule secretion were observed under high-
dose light illumination, while the drug efflux was not disturbed despite abnormal drug efflux
transporter MRNA expression. Based on the gene expression profiles, we comprehensively
clarified phenomena in the cells at mRNA level that cannot be recognized both morphologi-
cally and functionally during live imaging, further providing a new insight into the risk of photo-
toxicity. This study warns from the aspect of MRNA expression that awareness of phototoxic
artifacts is needed when analyzing cellular function and the mechanism in live imaging.
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Introduction

Live imaging is becoming increasingly important in a wide range of research fields in life sci-
ences including medicine, as it allows us to observe cells and biological tissues while they are
alive to reveal cell morphology, function, and the molecular mechanism. In biological studies
using microscopes, long exposure time and high light intensity are often required to obtain
high-resolution images and observe deep tissues. Phototoxicity, which disrupts physiological
behavior of cells due to reactive oxygen species (ROS) generated when light illumination
excites fluorescent molecules during live imaging, has become a major problem [1-4]. The
effects of phototoxicity are not immediately visible, creating artifacts in experimental results
and unwittingly leading to erroneous conclusions. In addition, phototoxicity is known to
depend on various factors such as cell types, experimental systems, and wavelength and doses
of excitation light, and there has been no standardized criterion for assessment of phototoxic-
ity. Thus, phototoxicity is a common concern among researchers conducting live imaging in a
wide range of life science fields [5]. Phototoxicity has been analyzed and evaluated based on
morphological signs such as membrane blebbing and vacuole formation, as well as mitotic
delay and arrest, abnormal cell motility, cell death [1, 4, 6-8], and also behavioral changes in
the organism [9]. However, because the whole picture of the phenomena that occur inside
cells due to phototoxicity is not fully known, distinguishing the physiological dynamics of cells
from the behavior caused by phototoxicity can be difficult, leading to incorrect experimental
results. Phototoxicity is an unsolved important challenge in live imaging.

To reveal the dynamics and functions of various cell types by live imaging, organoids, which
are three-dimensional structures that maintain the morphology and function similar to organs
or tissues in vivo and are formed from stem cells and progenitor cells through a self-organiza-
tion process, have been widely used [10-13]. The small intestinal epithelial organoids, enteroids,
consisting of all intestinal epithelial cell lineages, including terminally differentiated cells with
absorptive enterocytes, goblet cells, enteroendocrine cells, and Paneth cells, and intestinal epi-
thelial stem cells (ISCs) providing all these cells have been used to analyze functions of intestinal
epithelial cells [14, 15]. Confocal microscopy is particularly useful and widely used for observing
thick samples such as organoids, tissues, and organisms. While enteroids, a three-dimensional
structure composed of heterogeneous epithelial cell populations, mimic the structure and func-
tion of physiological small intestinal epithelium, it has a greater thickness than the cultured cell
lines usually used in live imaging, thus requiring long exposure to strong light to reach deep
into the epithelium and to observe cell dynamics in a spatially and temporally. Therefore, a fur-
ther understanding of the effects of phototoxicity is required to reveal cell functions and their
mechanisms using enteroids. This study aimed to systematically clarify the alteration of cell
function during the process of phototoxicity from early to late stages in live imaging of enteroids
using a confocal microscope by comprehensively evaluating mRNA expression, which is most
sensitive to environmental changes in cells induced by external stimulation.

By RNA-sequencing analysis (RNA-seq) of enteroids with fluorescent imaging under two
different light exposure conditions: intermittent-scan with low light dose and continuous-scan
with high light dose, we found that mRNA expression involved in ROS scavenging, metabo-
lism, membrane transport, mitochondria, cell division, and immune response changes with
low light dose already compared to non-illumination control, and that mRNA expression
involved in cell death is affected with high light dose. Furthermore, analyses of the phototoxic
effects on epithelial cell function revealed that the structure-forming ability of small intestinal
epithelial cells and the granule secretion from Paneth cells, which is an innate immune
response, were not impaired by intermittent-scan, whereas impaired by continuous-scan and
the drug efflux ability was less affected by both scans. Here we show a scientific basis for
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understanding what actually happen and what can happen inside cells during live imaging, by
clarifying transitions in gene expression from early stages of phototoxicity toward cell death.

Materials and methods

Mice

Eight-week-old male C57BL/6]]Jcl mice were purchased from CLEA Japan. For collecting small
intestinal tissue, mice were euthanized by cervical dislocation, and all efforts were made to
minimize suffering. All animal experiments were approved by the National University Corpo-
ration Hokkaido University Animal Experimentation Committee (Approved No. 23-0057).
All experiments were performed in accordance with relevant guidelines and regulations of

Hokkaido University. This study was also carried out in compliance with the ARRIVE
guidelines.

Enteroid preparation

Small intestinal crypt isolation and enteroid culture were performed as described previously
[16]. Briefly, mouse proximal small intestine was incubated in 30 mM EDTA with Ca**-and
Mg2+—free Hank’s balanced salt solution (HBSS) for 10 min at room temperature. The tissue
was shaken vigorously in fresh HBSS to release crypts. Isolated crypts were embedded in
Matrigel (Corning) and enteroid culture medium containing growth factors (EGF, R-Spondin
1, Noggin) was added. Culture medium was changed every other day. For phototoxicity analy-
sis of enteroid fluorescent imaging, Paneth cell granules and plasma membrane were stained
with Zinpyr-1 (Santa Cruz Biotechnology) and CellMask™ Deep Red Plasma Membrane
Stain (CellMask, Thermo Fisher Scientific), respectively. Enteroids were incubated in 10 uM
Zinpyr-1 for 16 h at 37°C, 5% CO,. After Zinpyr-1 staining, enteroids were collected by depo-
lymerization of the Matrigel with ice-cold Cell Recovery Solution (Corning) and resuspended
with pre-warmed culture medium with 25 pg/mL CellMask and incubated for 10 min at 37°C,
5% CO,. Stained enteroids were replaced onto glass-based dish with fresh Matrigel.

Enteroid imaging and RNA-sequencing analysis

For RNA expression analysis of light-illuminated enteroids, enteroids at day 3 or 4 of culture
stained by Zinpyr-1/ CellMask were transferred onto Culture-Insert 2 Well in p-Dish 35 mm
(Ibidi) at 300 enteroids/well. The dish was set on the Stage Top Incubator (Tokai Hit) which
was thermally-controlled enclosure set at 37°C, 5% CO,. To illuminate light to all enteroids on
the dish, a 3 mm x 6 mm area were scanned with 488 and 647 nm laser by using Resonant
(Intermittent) or Galvano (Continuous) scanner of a confocal microscope (A1, Nikon)
equipped with 0.75 NA objective lens (Plan Apo 20X DIC M N2, Nikon). The scan settings
and light dose were described Table 1.

Light-illuminated enteroids were harvested using Cell Recovery Solution. Total-RNA was
extracted from light-illuminated enteroids for three independent imaging experiments using
RNeasy Mini kit (Qiagen) and quality checked using a BioAnalyzer (Agilent). Polyadenylated
RNAs were enriched using NEBNext™ Poly(A) mRNA Magnetic Isolation Module (New
England BioLabs). cDNA libraries were prepared using NEBNext®) UltraTMII Directional
RNA Library Prep Kit according to manufacturer’s protocols (New England BioLabs). The
libraries were sequenced using a NovaSeq 6000 instrument (Illumina) with 150 bp paired-end
reads. The read quality was assessed using the FastQC ver.0.11.7. The raw sequence data were
trimmed for quality using Trimmomatic ver.0.38 and trimmed data were mapped to the
mouse reference genome by HISAT2 ver.2.1.0. The read counts were calculated using
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Table 1. Imaging parameters.

Parameter Low-dose light illumination High-dose light illumination
Light source Diode laser

Wavelength 488 nm / 647 nm

Scan mode Intermittent Continuous

Pixel dwell 0.26 psec 3.8 psec

Scan number 600 600

Light dose 71 J/cm® 1063 J/cm?

https://doi.org/10.1371/journal.pone.0313213.t001

featureCounts ver.1.6.3 and were normalized to transcripts per million (TPM) by EdgeR
ver.3.36.0. The TPM values were scaled to log,(TPM+0.01) for downstream analysis. For k-
means clustering analysis, the TPM values were standardized to Z-scores, and the transcript
expression patterns were estimated by k-means clustering in R package. Functional annota-
tions of gene ontology (GO) processes were determined and GO enrichment analysis were
conducted by Metascape [17].

Evaluation of enteroid formation ability, drug efflux, and Paneth cell
granule section

To evaluate the effect of light-illumination to epithelial function of enteroids, fluorescent
labeled isolated crypts and enteroids were exposed to excitation light for 10 min under condi-
tions shown in Table 1 using confocal microscope (Nikon, A1) with 0.95 NA objective lens
(CFI Apo LWD 20X WI AS, Nikon). Along with the fluorescence images, differential interfer-
ence contrast (DIC) images were obtained. The isolated crypts stained with Zinpyr-1 and Cell-
Mask were cultured for 5 days after light-illumination on Cell imaging dish (Eppendorf). The
number of enteroids and protrusions were counted every day to assess the stem cell activity.
Drug efflux of enteroids were assessed as previously described [18]. Briefly, enteroids which
were single-stained with CellMask and seeded on the collagen-coated 8 well chambered cover-
glass (Matsunami) were illuminated to laser light for 10 min under conditions shown in

Table 1. The light-illuminated enteroids were treated with 1 uM Rhodamine 123 (Rh123,
Sigma-Aldrich) at 37°C, 5% CO, for 90 min. The images of the enteroids before and 90 min
after adding Rh123 were obtained. Rh123 intensities of enteroid lumen were measured using
NIS-Elements AR ver.5.11 (Nikon). To evaluate Paneth cell granule secretion, enteroids
stained with Zinpyr-1 and CellMask were stimulated with 10 uM carbamylcholine (CCh,
Sigma-Aldrich) and time-lapse imaging were performed under conditions shown in Table 1
for 10 min at 37°C, 5% CO,. For quantifying Paneth cell granule secretion, Paneth cell granule
area in the DIC images was measured before and 10 min after CCh stimulation by using an
image analysis software, NIS-Elements AR (Nikon). The percent decrease area of Paneth cell
granules before and after stimulation was calculated as Paneth cell granule secretion (%)
described previously [16].

Statistical analysis

All statistical computations were performed using GraphPad Prism 9 (GraphPad Software).
Data comparing three groups were analyzed by one- or two-way ANOVA followed by Tukey’s
multiple comparisons test. Differences between groups were considered significant if P-values
were < 0.05.
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Results

Phototoxicity-induced abnormalities in gene expression arise by low light
exposure

To comprehensively and systematically identify the phenomena that occur in cells by light illu-
mination in fluorescent live imaging, mRNA expression of the enteroids exposed to low-dose
(intermittent-scan; 71 J/cm?) and high-dose (continuous-scan; 1063 J/em?) light (S1 Fig) and
non-illumination control (control) were analyzed by RNA-seq analysis. We detected 11,496
genes with transcript per million (TPM) > 5 in at least one of the three groups, and genes that
satisfied log,|Fold change| > 1 were defined as differentially expressed genes (DEGs). The total
number of DEGs due to light illumination was 6,786 genes (59.0%). Low-dose light illumina-
tion increased the expression of 199 genes and decreased 1,105 genes compared to control (Fig
1A), while high-dose light illumination increased 374 genes and decreased 6,114 genes (Fig
1B). In addition, the expression of 253 genes increased and 3,744 genes decreased in high-dose
light illumination compared to low-dose light illumination (Fig 1C). Accordingly, 11.3% of the
total mRNA expression was affected by intermittent-scan with low-dose light, whereas 56.4%
changed by continuous-scan with high-dose light.

Next, to clarify the cell functions affected by illumination with each light dose, k-means
clustering was performed, and DEGs were classified into five clusters based on the pattern of
gene expression across each light exposure condition (Fig 1D). When we performed GO
enrichment analysis on each cluster (Fig 1E-1I), a group of genes, cluster 1, which drastically
decreased by continuous-scan with high light dose compared to both control and intermit-
tent-scan with low light dose, were extracted and annotated with organelle transport (e.g.
"Golgi vesicle transport”), intracellular metabolism (e.g. "protein catabolic process"), and apo-
ptosis (e.g. "response to endoplasmic reticulum stress") (Fig 1E). On the other hand, genes in
cluster 2, the expression level decreased in a light dose-dependent manner, and genes in cluster
3, the expression level decreased particularly by low-dose light illumination, were both anno-
tated with "RNA processing”, "chromatin organization”, "DNA metabolic process”, and
"mitotic cell cycle”, all involved in cell proliferation and nucleic acid and protein synthesis (Fig
1F and 1G). In addition, genes in cluster 4, classified as light-dependent increase were anno-
tated with mitochondrial oxidative stress responses induced by elevated intracellular ROS,
such as "ATP synthesis coupled electron transport” and "glutathione metabolic process” (Fig
1H). Genes in cluster 5 that were markedly increased only by low-dose light illumination were
enriched in "regulation of intestinal cholesterol absorption", "one-carbon compound trans-
port, etc., all related to the transport and metabolism of nutrients (Fig 1I). Furthermore, low-
dose light illumination activated genes involved in the immune response, such as "biological
process involved in interaction with symbiont" and "antigen processing and presentation of
peptide antigen" (Fig 1I). Thus, not only continuous-scan with high light dose but also inter-
mittent-scan with low light dose caused differential expression of many genes involved in vari-
ous functions of the small intestinal epithelial cells constituting enteroids including ROS
response, intra- and extracellular transport, immune response, and further most of cell
function.

To determine effects of light-illumination on each cell lineage in the enteroids, we next
investigated the expression of marker genes for actively proliferating ISCs (aISCs), reserve
(ISCs) rISCs, goblet cells, enteroendocrine cells, and Paneth cells [19, 20]. The mRNA and pro-
tein expression of Olfin4, a marker of aISCs that are actively dividing, markedly decreased in a
light dose-dependent manner (Figs 1] and S2). In contrast, expression levels of markers for
rISCs that normally remain in the quiescent stage of cell division and all terminally differenti-
ated cells including Paneth cells showed almost no difference with any doses of light compared
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Fig 1. Transcriptome profiling of light-illuminated enteroids. (a-c) MA-plot showing DEGs in light-illuminated enteroids between control, low-dose light
illumination, and high-dose light illumination. (d) Gene expression profiling among each light illumination condition by k-means clustering analysis (k = 5,
1000 repetitions). Heatmap represents up- and downregulated genes within five clusters for individual experimental samples. (e)-(i) GO enrichment analysis
result of genes in each cluster. The GO terms from biological process within the top 10 accumulative hypergeometric p-values were represented. All GO terms
significantly enriched (p < 0.01) were listed in S1 Table. Magenta line graphs represent variation patterns of mean gene expression under light illumination in
each cluster. (j) mRNA expression of major cell lineage markers (aISC: Olfm4, rISC: mTert, enterocyte: Alpi, enteroendocrine: Sct, goblet cell: Muc2, Paneth

cell: Defa3) of light-illuminated enteroids.

https://doi.org/10.1371/journal.pone.0313213.g001

to control (Fig 1]). Accordingly, rapidly dividing aISCs were more sensitive to phototoxicity
even with lower dose light than the other epithelial cells, which are in a quiescent state, and the
stem cell activity was impaired first.
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(@)

High-dose light illumination severely impairs stem cell activity to disrupt
the structure formation ability of intestinal epithelial cells

Since the expression level of the aISC marker Olfim4 was markedly decreased by light illumina-
tion, enteroid formation ability, which reflects the self-renewal and differentiation of aISCs
among the small intestinal epithelial cell functions, was first evaluated. When isolated crypts
were exposed to light with intermittent-scan or continuous-scan on the first day of enteroid
culture and followed the subsequent culture progress, the number of enteroids having budded
crypt-like structure (protrusions) decreased significantly after day 3 of culture by high-dose
light illumination compared to control and low-dose light illumination (Fig 2A and 2B). In
addition, although the number of protrusions counted as an index of stem cell activity showed
no difference between control and low-dose light illumination, enteroids exposed to high-dose

Control
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Fig 2. Disruption of enteroid formation ability due to light illumination. (a) Representative DIC images of the culture progress of the light-illuminated
enteroids by low- or high-dose light illumination. Scale bars: 100 um. (b) Daily progression of enteroid survival rate (%) after light illumination at day 0. (c)
Protrusion number of enteroids exposed to light on day 0. The values were depicted as mean + standard error of the mean for three independent experiments. *
represents significant difference for high-dose light illumination values as compared to both control and low light dose condition (P < 0.05).

https://doi.org/10.1371/journal.pone.0313213.9002
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light had significantly decreased number of protrusions after day 3 compared to control and
low-dose light (Fig 2A and 2C). These results indicated that low-dose light illumination
decreases Olfm4 expression without the effect of enteroid formation, while high-dose light illu-
mination impairs not only Olfm4 expression but also the self-renewal and differentiation of
aISCs. Moreover a reduction of fluorescent intensity, i.e., bleaching of fluorescent dyes, which
is widely known as an indicator of excessive light illumination, was not observed in intermit-
tent-scan isolated crypts, whereas the fluorescent intensity was significantly reduced in contin-
uous-scan (53 Fig).

Visible morphological disruption in intestinal epithelial cell function
occurs with high-dose light illumination

Finally, we investigated the effects of light illumination on the function of terminally differenti-
ated cells in enteroids. Small intestinal epithelial cells are known to efflux drugs to the outside
of the body via the drug efflux transporter P-glycoprotein (P-gp) [21]. When Rh123, a fluores-
cent substrate of P-gp, was added to the enteroid culture medium to evaluate the effects of
light illumination on the drug efflux into the intestinal lumen, the Rh123 intensity in the enter-
oid lumen of low- and high-dose light illumination after 90 min was equivalent to that of con-
trol (Fig 3A and 3B). These results indicated that the drug efflux of the small intestinal
epithelial cells was maintained even with high-light illumination.

Paneth cells are secretory cells having cytoplasmic granules approximately 1 um in diameter
located at the base of small intestinal crypts, and contribute to innate enteric immunity by
secreting various microbicidal substances such as antimicrobial peptides, mostly o.-defensins,
into the intestinal lumen [22, 23]. When a cholinergic ligand, CCh which is known to induce
Paneth cell granule secretion, was added to enteroid culture medium to evaluate the effect of

(a) (b)
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. T
£ €10 eoe ™ iL
o pos A
o Q
=
4
Q 0.54
©
= ko)
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Fig 3. Drug efflux in light-illuminated enteroids. (a) Representative merged fluorescent and DIC images of the light-
illuminated enteroids by low- or high-dose light illumination 90 min after adding Rh123 (green), compared with
control enteroids. Scale bars: 50 um. (b) The relative Rh123 intensity is fluorescent intensity at the lumen of light-
illuminated enteroids 90 min after adding Rh123 normalized by control. The values were depicted as mean + standard
error of the mean for three independent experiments. n.s., not significant.

https://doi.org/10.1371/journal.pone.0313213.g003
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light illumination on the secretion, Paneth cells in control and low-dose light illuminated
enteroids vigorously secreted granules for 10 minutes. In contrast, Paneth cell granule secre-
tion in high-dose light illumination was suppressed after about 3 min from adding CCh, and
completely stopped at 6 min (Fig 4A and S1 Video). The percent granule secretion of Paneth
cells in control and low-dose light illumination enteroids was the same level, while that in
high-dose light illumination was significantly lower than the other two groups (Fig 4B). These
results indicated that, in the conditions of this study, morphologically visible impairment in
small intestinal epithelial cell function was not observed under low-dose light illumination,
whereas was more pronounced under high-dose light illumination.

Discussion

Live imaging, which visualizes dynamics of cells, tissues, and individual organisms in real
time, is an indispensable method for elucidating structure, function, and the molecular mecha-
nisms of cells, and has been greatly advancing the field of life science [24]. On the other hand,
it is widely recognized by researchers conducting live imaging that phototoxicity, toxic effects
of light on cells, can impair physiological behavior of cells so that the doses of light illumina-
tion to cells should be reduced to minimize phototoxicity. There is a trade-off between photo-
toxicity and high-resolution images, which often makes live imaging difficult. However, the
whole picture of what kind of specific molecular changes occur step-by-step inside cells when
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Fig 4. Inhibition of Paneth cell granule secretion by light illumination. (a) The representative fluorescent and DIC images of
Paneth cells acquired by low or high-dose light illumination for 10 min after adding 10 uM CCh. Paneth cell granules and cell
membrane were stained by Zinpyr-1 (green) and CellMask (red), respectively. Scale bars: 10 um. (b) Percent granule secretion 10
min after adding CCh. The values were depicted as mean + standard error of the mean for three independent experiments.

https://doi.org/10.1371/journal.pone.0313213.9004
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exposed to light and how they affect cell functions in live imaging is not fully understood. In
this study, we attempted to understand the process of phototoxicity-induced cell damage at
the molecular level by comprehensively comparing mRNA expression of enteroids under two
light illumination conditions, low light dose by intermittent-scan and high light dose by con-
tinuous-scan in live imaging. It has been known that phototoxicity is caused by ROS generated
with excitation of fluorescent molecules, leading to cell death through enhancement of ROS
scavenging, reduction of intracellular metabolism, plasma membrane damage due to sponta-
neous increase of intracellular Ca**, mitochondrial damage due to membrane depolarization,
and mitosis delay or arrest [25-30]. Based on our results extracted by GO annotation analysis
with enteroid genetic variation pattern, we attempted to systematize consequences of the intra-
cellular molecular process of phototoxicity comparing the gold standard for phototoxicity cas-
cade previously reported by Laissue et al. [5], and summarized in Fig 5. Low-dose light
exposure activated the biological process involved in ROS scavenging, including Metallothio-
nein, known to be involved in ROS inactivation [31, 32], and Gclc and Gstm1, involved in glu-
tathione synthesis (Figs 1H and 5 and S1 Table: cluster 4). In addition, because DEGs
associated with various biological processes responsible for intracellular metabolism, various
transporters and receptors expressed on the plasma membrane, and mitochondrial function
was already fluctuated by low-dose light exposure (Figs 1F-11 and 5 and S1 Table; cluster 2-5),
it is suggested that even low-dose light affects cell function related to almost all stages of the
ROS-induced phototoxic cascade proposed previously. Moreover, "membrane disruption in
another organism" and "regulation of interleukin-4 production", which are gene functions
related to immune response, were up-regulated in low-dose light exposure, i.e., relatively early
stage of phototoxicity (Figs 1H, 1T and 5 and S1 Table; cluster 4, 5), indicating that ROS pro-
duced by light illumination may activates epithelial immune response [33]. On the other hand,
the expression of genes involved in biological processes such as "response to endoplasmic retic-
ulum stress" including genes related to apoptosis was specifically down-regulated by high-dose
light exposure (Figs 1E and 5 and S1 Table; cluster 1). In particular, the expression levels of
Ripk1, which is known to inhibit necrosis and apoptosis [34], decreased in a light dose-depen-
dent manner (S2 Table; cluster 2), suggesting that phototoxicity cascade, which has already ini-
tiated with low light dose, is irreversible toward cell death with high light dose. Although this
study revealed gene functions involved in the mRNA expression disrupted by phototoxicity
finally leading to cell death, the details of the time sequence of the mRNA expression and the
interactions between the molecules remain to be determined.

By using enteroids, this study simultaneously assessed phototoxicity against actively prolif-
erating stem cells and terminally differentiated cells of multiple lineages that are arrested in
mitosis. It has been known that mitotic cells are particularly sensitive to phototoxicity [35],
consistent with our results that the expression of the aISCs marker Olfm4 is already markedly
down-regulated with low-dose light illumination compared to other cell lineage markers. On
the other hand, the high-dose light illumination caused prominent effects on the function of
certain terminally differentiated cells. The evaluation system for drug efflux of the intestinal
epithelial cells using enteroids was established [36, 37], and functional analysis of epithelial
drug transport dynamics has been conducted by imaging organoids derived from various
organs and tissues such as the liver and blood-brain barrier [38]. In this study, the drug efflux
transporter P-gp expressed in small intestinal epithelial cells, was not impaired by both low- or
high-dose light illumination, while the expression level of Abcbla, which encodes P-gp, was
decreased in a light dose-dependent manner (S2 Table; Cluster 3), indicating that excessive
laser exposure may unwittingly distort the results of molecular mechanism analysis of in live
imaging. Paneth cells secrete granules rich in various microbicidal substances, such as the anti-
microbial peptide a-defensin, into the intestinal lumen, and are responsible for innate enteric
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Fig 5. Process of phototoxicity based on gene function in small intestinal epithelial cells. From the GO enrichment analysis, the phototoxicity process was
estimated from the biological process associated with the extracted pattern of genetic variation due to two levels of light illumination, referring to the
phototoxicity process proposed by Laissue et al. [5].

https://doi.org/10.1371/journal.pone.0313213.9g005

immunity and regulation of the intestinal microbiota composition [39-42]. a-Defensin abnor-
malities have been reported to be involved in a variety of diseases such as inflammatory bowel
disease and depression [43-48]. We have previously established the evaluation system by visu-
alization and quantification of Paneth cell granule secretion using enteroids, and clarified
Paneth cell secretory dynamics to contribute to understanding mechanisms in intestinal
immune system [16, 49-51]. Among the genes that were remarkably down-regulated only by
continuous-scan, genes involved in vesicle transport leading to exocytosis, such as Vamp3, a
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SNARE protein, and Rabla, a small G protein [52, 53] both associated with "Golgi vesicle
transport"” were found (S1 Table; cluster 1), consistent with suppression of Paneth cell granule
secretion only under continuous-scan with high light dose. Many of the disturbances in gene
expression associated with small intestinal epithelial cell function occurred in intermittent-
scan with low light dose clearly indicates the need for careful condition settings such as laser
power and exposure time according to the purpose of the experiment.

Organoids, including enteroids, mimic the three-dimensional structure of organs and tis-
sues, and advances in three-dimensional imaging using confocal microscopy and multiphoton
microscopy have allowed us to observe complex tissue structures and cell-cell interactions
[12]. In this study, ISCs were dramatically injured with low-dose light illumination, indicating
that live imaging of the organoids, whose basis is morphogenesis by tissue stem cells or
induced pluripotent stem cells, light illumination conditions should be carefully set to mini-
mize photodamage of the stem cells. Recently, in vivo imaging with multiphoton excitation
microscopy has been performed to elucidate the molecular dynamics of intestinal tissues and
cells by direct observation [54-58]. Furthermore, imaging techniques using visible to far-red
light, such as optical CT and optical topography, which noninvasively obtain cross-sectional
images of the body for diagnostic purposes, have become indispensable for basic life science
research and medicine. The phototoxicity of these techniques has not yet been fully investi-
gated, and this remains a challenge for the future.

This study set two different doses of light, low (intermittent) and high (continuous), within
the range that is actually used in fluorescent live imaging with a three-dimensional structure of
cells aiming to obtain high-definition images. There are two major methods for modulating
the light dose illuminated to cells: adjusting the laser power or adjusting the pixel dwell time
under fixed laser power. In this study, we set low- and high-dose light illumination conditions
by adjusting the pixel dwell time, which is usually used to reduce phototoxicity. On the other
hand, it has been reported that even if the same dose of light is illuminated to cells using two
different illumination methods, intermittent-scan or continuous-scan, by adjusting pixel dwell
time, phototoxicity is reduced in intermittent-scan with a shorter pixel dwell time [28]. There-
fore, the mRNA expression alterations identified in this study may also be influenced by the
difference in illumination methods. Although it is well known that longer wavelength of exci-
tation light causes less damage to cells [1], a multiple staining by simultaneous excitation with
488 nm and 647 nm laser light with better fluorescence separation is often used to analyze
interactions between organelles or molecules and adopted in this study.

Based on the findings of this study that light illumination, even at low light dose, alters
mRNA expression, it is useful to consider the following actions to reduce phototoxicity and to
perform proper live cell imaging. Those include using wide-field imaging rather than point
scanning with a laser, careful selection of bright fluorophores requiring lower light dose, use of
high-sensitive detectors, widening the confocal aperture to capture more light, and use of digi-
tal enhancement methods or Al to improve image quality acquired at low light dose. From a
different perspective, it may be useful to see how low dose of light phototoxicity begins, what
the maximum amount of light illumination that does not damage the major function of each
cell is, and how the wavelength- and pixel dwell time affect cells for understanding phototoxic-
ity itself more deeply or developing a novel microscope system that enables to reduce photo-
toxicity. The various alterations in mRNA expression by low-dose light illumination, as
revealed in this study, will greatly contribute to the recognition based on a systematic under-
standing of the risks of phototoxicity in all areas where light illumination is applied to biologi-
cal tissues and cells, and provide a new benchmark for minimizing artifacts in live imaging in
broad life science fields for obtaining true new biological knowledge.
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Supporting information

S1 Fig. Enteroids imaged by two light illumination conditions. Representative images of
enteroids acquired by low-dose light (intermittent-scan) and high-dose light (continuous-
scan) illumination conditions. Enteroids were stained by Zinpyr-1 (Paneth cell granule, green)
and CellMask (cell membrane, red). Scale bars: 10 pm.

(TIF)

S2 Fig. Cell lineage marker expression in light-illuminated enteroids. (a) Representative
immunofluorescent staining images of Olfm4 (aISC, red) and o-defensin (Paneth cell, green)
with DAPI (nucleus, blue) counterstaining in enteroids with each light-illuminated condition.
Scale bars: 50 pm. (b) The Olfm4 intensities of light-illuminated enteroids. The values were
depicted as mean + standard error of the mean for three independent experiments. *P < 0.05.
(TIF)

S3 Fig. Fluorescence bleaching by light illumination of isolated crypts. (a) Representative
time-lapse images of isolated crypts stained with CellMask exposed to intermittent- or contin-
uous-scan. Scale bars: 50 um. (b) The time course of CellMask intensity changes in light
exposed isolated crypts relative to time = 0 min. The values were depicted as mean + standard
error of the mean.

(TIF)

S$1 Video. Time-lapse images of Paneth cell granule secretion induced by 10 uM CCh
acquired by intermittent- or continuous-scan. CCh was added to the culture medium at 10
sec. Paneth cell granules and cell membrane were stained by Zinpyr-1 (green) and CellMask
(red), respectively. Fluorescent and DIC images were overlayed. Real acquisition time are rep-
resented by h:mm:ss (hour:minute:second). Scale bar: 10 pm.

(MP4)

S1 Table. All GO terms significantly enriched in each cluster. GO terms significantly
(P < 0.05) extracted by GO enrichment analysis are listed. Each cluster is divided into tabs.
(XLSX)

S2 Table. Genes of each cluster classified by k-means clustering analysis. Gene groups clas-
sified by k-means clustering are listed in tabs. TPM values for each gene were standardized to
Z-score.
(XLSX)

Acknowledgments

We gratefully acknowledge Ms. Aiko Kuroishi, Ms. Atsuko Shibanuma, and Mr. Hirokazu
Takahashi for experimental support. This study is conducted in collaboration with Nikon
Corporation.

Author Contributions

Conceptualization: Yuki Yokoi, Tokiyoshi Ayabe, Kiminori Nakamura.
Data curation: Yuki Yokoi, Ryu Nakamura, Shuya Ohira.

Formal analysis: Yuki Yokoi, Shuya Ohira.

Funding acquisition: Yuki Yokoi, Tokiyoshi Ayabe, Kiminori Nakamura.
Investigation: Yuki Yokoi, Ryu Nakamura, Shuya Ohira, Shota Takemi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0313213 November 15, 2024 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0313213.s006
https://doi.org/10.1371/journal.pone.0313213

PLOS ONE

Potential risks of phototoxicity based on mRNA expression

Methodology: Yuki Yokoi, Ryu Nakamura.

Project administration: Tokiyoshi Ayabe, Kiminori Nakamura.

Resources: Kiminori Nakamura.

Supervision: Kiminori Nakamura.

Validation: Yuki Yokoi, Ryu Nakamura, Shota Takemi, Tokiyoshi Ayabe,

Kiminori Nakamura.

Writing - original draft: Yuki Yokoi.

Writing - review & editing: Tokiyoshi Ayabe, Kiminori Nakamura.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Magidson V, Khodjakov A. Circumventing photodamage in live-cell microscopy. Methods Cell Biol.
2013; 114: 10.1016/B978-0-12-407761-4.00023-3. https://doi.org/10.1016/B978-0-12-407761-4.
00023-3 PMID: 23931522

Icha J, Weber M, Waters JC, Norden C. Phototoxicity in live fluorescence microscopy, and how to avoid
it. BioEssays. 2017; 39: 1700003. https://doi.org/10.1002/bies.201700003 PMID: 28749075

Phototoxicity revisited. Nat Methods. 2018; 15: 751-751. hitps://doi.org/10.1038/s41592-018-0170-4
PMID: 30275585

Dixit R, Cyr R. Cell damage and reactive oxygen species production induced by fluorescence micros-
copy: effect on mitosis and guidelines for non-invasive fluorescence microscopy. Plant J. 2003; 36:
280-290. https://doi.org/10.1046/j.1365-313x.2003.01868.x PMID: 14535891

Laissue PP, Alghamdi RA, Tomancak P, Reynaud EG, Shroff H. Assessing phototoxicity in live fluores-
cence imaging. Nat Methods. 2017; 14: 657—661. https://doi.org/10.1038/nmeth.4344 PMID: 28661494

Waldchen S, Lehmann J, Klein T, van de Linde S, Sauer M. Light-induced cell damage in live-cell
super-resolution microscopy. Sci Rep. 2015; 5: 15348. https://doi.org/10.1038/srep15348 PMID:
26481189

Douthwright S, Sluder G. Live Cell Imaging: Assessing the Phototoxicity of 488 and 546 nm Light and
Methods to Alleviate it. J Cell Physiol. 2017; 232: 2461-2468. https://doi.org/10.1002/jcp.25588 PMID:
27608139

Alghamdi RA, Exposito-Rodriguez M, Mullineaux PM, Brooke GN, Laissue PP. Assessing Phototoxicity
in a Mammalian Cell Line: How Low Levels of Blue Light Affect Motility in PC3 Cells. Front Cell Dev Biol.
2021; 9. https://doi.org/10.3389/fcell.2021.738786 PMID: 34977004

Bianchi JI, Stockert JC, Buzz LI, Blazquez-Castro A, Simonetta SH. Reliable Screening of Dye Photo-
toxicity by Using a Caenorhabditis elegans Fast Bioassay. PLOS ONE. 2015; 10: e0128898. https://doi.
org/10.1371/journal.pone.0128898 PMID: 26039060

Clevers H. Modeling Development and Disease with Organoids. Cell. 2016; 165: 1586—1597. https://
doi.org/10.1016/j.cell.2016.05.082 PMID: 27315476

Rossi G, Manfrin A, Lutolf MP. Progress and potential in organoid research. Nat Rev Genet. 2018; 19:
671-687. https://doi.org/10.1038/s41576-018-0051-9 PMID: 30228295

Rios AC, Clevers H. Imaging organoids: a bright future ahead. Nat Methods. 2018; 15: 24-26. https://
doi.org/10.1038/nmeth.4537 PMID: 29298292

Keshara R, Kim YH, Grapin-Botton A. Organoid Imaging: Seeing Development and Function. Annu Rev
Cell Dev Biol. 2022; 38: null. https://doi.org/10.1146/annurev-cellbio-120320-035146 PMID: 35767871

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem cells
build crypt-villus structures in vitro without a mesenchymal niche. Nature. 2009; 459: 262—265. https://
doi.org/10.1038/nature07935 PMID: 19329995

Almegqdadi M, Mana MD, Roper J, Yilmaz OH. Gut organoids: mini-tissues in culture to study intestinal
physiology and disease. Am J Physiol-Cell Physiol. 2019; 317: C405-C419. https://doi.org/10.1152/
ajpcell.00300.2017 PMID: 31216420

Yokoi Y, Nakamura K, Yoneda T, Kikuchi M, Sugimoto R, Shimizu Y, et al. Paneth cell granule dynam-
ics on secretory responses to bacterial stimuli in enteroids. Sci Rep. 2019; 9: 2710. https://doi.org/10.
1038/s41598-019-39610-7 PMID: 30804449

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat Commun. 2019; 10: 1523.
https://doi.org/10.1038/s41467-019-09234-6 PMID: 30944313

PLOS ONE | https://doi.org/10.1371/journal.pone.0313213 November 15, 2024 14/17


https://doi.org/10.1016/B978-0-12-407761-4.00023-3
https://doi.org/10.1016/B978-0-12-407761-4.00023-3
http://www.ncbi.nlm.nih.gov/pubmed/23931522
https://doi.org/10.1002/bies.201700003
http://www.ncbi.nlm.nih.gov/pubmed/28749075
https://doi.org/10.1038/s41592-018-0170-4
http://www.ncbi.nlm.nih.gov/pubmed/30275585
https://doi.org/10.1046/j.1365-313x.2003.01868.x
http://www.ncbi.nlm.nih.gov/pubmed/14535891
https://doi.org/10.1038/nmeth.4344
http://www.ncbi.nlm.nih.gov/pubmed/28661494
https://doi.org/10.1038/srep15348
http://www.ncbi.nlm.nih.gov/pubmed/26481189
https://doi.org/10.1002/jcp.25588
http://www.ncbi.nlm.nih.gov/pubmed/27608139
https://doi.org/10.3389/fcell.2021.738786
http://www.ncbi.nlm.nih.gov/pubmed/34977004
https://doi.org/10.1371/journal.pone.0128898
https://doi.org/10.1371/journal.pone.0128898
http://www.ncbi.nlm.nih.gov/pubmed/26039060
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
http://www.ncbi.nlm.nih.gov/pubmed/27315476
https://doi.org/10.1038/s41576-018-0051-9
http://www.ncbi.nlm.nih.gov/pubmed/30228295
https://doi.org/10.1038/nmeth.4537
https://doi.org/10.1038/nmeth.4537
http://www.ncbi.nlm.nih.gov/pubmed/29298292
https://doi.org/10.1146/annurev-cellbio-120320-035146
http://www.ncbi.nlm.nih.gov/pubmed/35767871
https://doi.org/10.1038/nature07935
https://doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995
https://doi.org/10.1152/ajpcell.00300.2017
https://doi.org/10.1152/ajpcell.00300.2017
http://www.ncbi.nlm.nih.gov/pubmed/31216420
https://doi.org/10.1038/s41598-019-39610-7
https://doi.org/10.1038/s41598-019-39610-7
http://www.ncbi.nlm.nih.gov/pubmed/30804449
https://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.1371/journal.pone.0313213

PLOS ONE

Potential risks of phototoxicity based on mRNA expression

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ohira S, Yokoi Y, Ayabe T, Nakamura K. Efficient and simple genetic engineering of enteroids using
mouse isolated crypts for investigating intestinal functions. Biochem Biophys Res Commun. 2022; 637:
153-160. https://doi.org/10.1016/].bbrc.2022.11.008 PMID: 36402064

Schuijers J, van der Flier LG, van Es J, Clevers H. Robust Cre-Mediated Recombination in Small Intesti-
nal Stem Cells Utilizing the Olfm4 Locus. Stem Cell Rep. 2014; 3: 234—241. https://doi.org/10.1016/j.
stemcr.2014.05.018 PMID: 25254337

Roche KC, Gracz AD, Liu XF, Newton V, Akiyama H, Magness ST. SOX9 Maintains Reserve Stem
Cells and Preserves Radioresistance in Mouse Small Intestine. Gastroenterology. 2015; 149: 1553—
1563.e10. https://doi.org/10.1053/j.gastro.2015.07.004 PMID: 26170137

Takano M, Yumoto R, Murakami T. Expression and function of efflux drug transporters in the intestine.
Pharmacol Ther. 2006; 109: 137-161. https://doi.org/10.1016/j.pharmthera.2005.06.005 PMID:
16209890

Ouellette AJ. Paneth Cell a-Defensins in Enteric Innate Immunity. Cell Mol Life Sci CMLS. 2011; 68:
2215-2229. https://doi.org/10.1007/s00018-011-0714-6 PMID: 21560070

Nakamura K, Yokoi Y, Fukaya R, Ohira S, Shinozaki R, Nishida T, et al. Expression and Localization of
Paneth Cells and Their a-Defensins in the Small Intestine of Adult Mouse. Front Immunol. 2020;11.
https://doi.org/10.3389/fimmu.2020.570296 PMID: 33154750

Cole R. Live-cell imaging. Cell Adhes Migr. 2014; 8: 452—459. https://doi.org/10.4161/cam.28348
PMID: 25482523

Hockberger PE, Skimina TA, Centonze VE, Lavin C, Chu S, Dadras S, et al. Activation of flavin-contain-
ing oxidases underlies light-induced production of H202 in mammalian cells. Proc Natl Acad Sci. 1999;
96: 6255—6260. https://doi.org/10.1073/pnas.96.11.6255 PMID: 10339574

Roehlecke C, Schaller A, Knels L, Funk RHW. The influence of sublethal blue light exposure on human
RPE cells. Mol Vis. 2009; 15: 1929-1938. PMID: 19784391

Lavi R, Shainberg A, Friedmann H, Shneyvays V, Rickover O, Eichler M, et al. Low Energy Visible Light
Induces Reactive Oxygen Species Generation and Stimulates an Increase of Intracellular Calcium Con-
centration in Cardiac Cells. J Biol Chem. 2003; 278: 40917—40922. https://doi.org/10.1074/jbc.
M303034200 PMID: 12851407

Boudreau C, Wee T-L, Duh Y-R, Couto MP, Ardakani KH, Brown CM. Excitation Light Dose Engineer-
ing to Reduce Photo-bleaching and Photo-toxicity. Sci Rep. 2016; 6: 30892. https://doi.org/10.1038/
srep30892 PMID: 27485088

Knight MM, Roberts SR, Lee DA, Bader DL. Live cell imaging using confocal microscopy induces intra-
cellular calcium transients and cell death. Am J Physiol-Cell Physiol. 2003; 284: C1083—-C1089. https://
doi.org/10.1152/ajpcell.00276.2002 PMID: 12661552

Kiepas A, Voorand E, Mubaid F, Siegel PM, Brown CM. Optimizing live-cell fluorescence imaging condi-
tions to minimize phototoxicity. J Cell Sci. 2020; 133: jcs242834. https://doi.org/10.1242/jcs.242834
PMID: 31988150

Thornalley PJ, Vasak M. Possible role for metallothionein in protection against radiation-induced oxida-
tive stress. Kinetics and mechanism of its reaction with superoxide and hydroxyl radicals. Biochim Bio-
phys Acta BBA - Protein Struct Mol Enzymol. 1985; 827: 36—44. https://doi.org/10.1016/0167-4838(85)
90098-6 PMID: 2981555

Kondoh M, Inoue Y, Atagi S, Futakawa N, Higashimoto M, Sato M. Specific induction of metallothionein
synthesis by mitochondrial oxidative stress. Life Sci. 2001; 69: 2137-2146. https://doi.org/10.1016/
s0024-3205(01)01294-2 PMID: 11669457

Pan X, Zhou G, Wu J, Bian G, Lu P, Raikhel AS, et al. Wolbachia induces reactive oxygen species
(ROS)-dependent activation of the Toll pathway to control dengue virus in the mosquito Aedes aegypti.
Proc Natl Acad Sci. 2012; 109: E23—-E31. https://doi.org/10.1073/pnas.1116932108 PMID: 22123956

Dannappel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L, et al. RIPK1 maintains epithelial
homeostasis by inhibiting apoptosis and necroptosis. Nature. 2014; 513: 90-94. https://doi.org/10.
1038/nature 13608 PMID: 25132550

Harada T, Hata S, Takagi R, Komori T, Fukuyama M, Chinen T, et al. An antioxidant screen identifies
ascorbic acid for prevention of light-induced mitotic prolongation in live cell imaging. Commun Biol.
2023; 6: 1-12. https://doi.org/10.1038/s42003-023-05479-6 PMID: 37914777

Mizutani T, Nakamura T, Morikawa R, Fukuda M, Mochizuki W, Yamauchi Y, et al. Real-time analysis
of P-glycoprotein-mediated drug transport across primary intestinal epithelium three-dimensionally cul-
tured in vitro. Biochem Biophys Res Commun. 2012; 419: 238—243. https://doi.org/10.1016/j.bbrc.
2012.01.155 PMID: 22342245

PLOS ONE | https://doi.org/10.1371/journal.pone.0313213 November 15, 2024 15/17


https://doi.org/10.1016/j.bbrc.2022.11.008
http://www.ncbi.nlm.nih.gov/pubmed/36402064
https://doi.org/10.1016/j.stemcr.2014.05.018
https://doi.org/10.1016/j.stemcr.2014.05.018
http://www.ncbi.nlm.nih.gov/pubmed/25254337
https://doi.org/10.1053/j.gastro.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26170137
https://doi.org/10.1016/j.pharmthera.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16209890
https://doi.org/10.1007/s00018-011-0714-6
http://www.ncbi.nlm.nih.gov/pubmed/21560070
https://doi.org/10.3389/fimmu.2020.570296
http://www.ncbi.nlm.nih.gov/pubmed/33154750
https://doi.org/10.4161/cam.28348
http://www.ncbi.nlm.nih.gov/pubmed/25482523
https://doi.org/10.1073/pnas.96.11.6255
http://www.ncbi.nlm.nih.gov/pubmed/10339574
http://www.ncbi.nlm.nih.gov/pubmed/19784391
https://doi.org/10.1074/jbc.M303034200
https://doi.org/10.1074/jbc.M303034200
http://www.ncbi.nlm.nih.gov/pubmed/12851407
https://doi.org/10.1038/srep30892
https://doi.org/10.1038/srep30892
http://www.ncbi.nlm.nih.gov/pubmed/27485088
https://doi.org/10.1152/ajpcell.00276.2002
https://doi.org/10.1152/ajpcell.00276.2002
http://www.ncbi.nlm.nih.gov/pubmed/12661552
https://doi.org/10.1242/jcs.242834
http://www.ncbi.nlm.nih.gov/pubmed/31988150
https://doi.org/10.1016/0167-4838(85)90098-6
https://doi.org/10.1016/0167-4838(85)90098-6
http://www.ncbi.nlm.nih.gov/pubmed/2981555
https://doi.org/10.1016/s0024-3205(01)01294-2
https://doi.org/10.1016/s0024-3205(01)01294-2
http://www.ncbi.nlm.nih.gov/pubmed/11669457
https://doi.org/10.1073/pnas.1116932108
http://www.ncbi.nlm.nih.gov/pubmed/22123956
https://doi.org/10.1038/nature13608
https://doi.org/10.1038/nature13608
http://www.ncbi.nlm.nih.gov/pubmed/25132550
https://doi.org/10.1038/s42003-023-05479-6
http://www.ncbi.nlm.nih.gov/pubmed/37914777
https://doi.org/10.1016/j.bbrc.2012.01.155
https://doi.org/10.1016/j.bbrc.2012.01.155
http://www.ncbi.nlm.nih.gov/pubmed/22342245
https://doi.org/10.1371/journal.pone.0313213

PLOS ONE

Potential risks of phototoxicity based on mRNA expression

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

ZhangY, Zeng Z, Zhao J, Li D, Liu M, Wang X. Measurement of Rhodamine 123 in Three-Dimensional
Organoids: A Novel Model for P-Glycoprotein Inhibitor Screening. Basic Clin Pharmacol Toxicol. 2016;
119: 349-352. https://doi.org/10.1111/bept. 12596 PMID: 27060462

Zhang Y, Huang S, Zhong W, Chen W, Yao B, Wang X. 3D organoids derived from the small intestine:
An emerging tool for drug transport research. Acta Pharm Sin B. 2021; 11: 1697—1707. https://doi.org/
10.1016/j.apsb.2020.12.002 PMID: 34386316

Ayabe T, Satchell DP, Wilson CL, Parks WC, Selsted ME, Ouellette AJ. Secretion of microbicidal a-
defensins by intestinal Paneth cells in response to bacteria. Nat Immunol. 2000; 1: 113—118. https://doi.
org/10.1038/77783 PMID: 11248802

Salzman NH. Paneth cell defensins and the regulation of the microbiome. Gut Microbes. 2010; 1: 401—
406. https://doi.org/10.4161/gmic.1.6.14076 PMID: 21468224

Masuda K, Sakai N, Nakamura K, Yoshioka S, Ayabe T. Bactericidal Activity of Mouse a-Defensin
Cryptdin-4 Predominantly Affects Noncommensal Bacteria. J Innate Immun. 2011; 3: 315-326. https://
doi.org/10.1159/000322037 PMID: 21099205

Nakamura K, Sakuragi N, Takakuwa A, Ayabe T. Paneth cell a-defensins and enteric microbiota in
health and disease. Biosci Microbiota Food Health. 2016; 35: 57—67. https://doi.org/10.12938/bmfh.
2015-019 PMID: 27200259

Hayase E, Hashimoto D, Nakamura K, Noizat C, Ogasawara R, Takahashi S, et al. R-Spondin1
expands Paneth cells and prevents dysbiosis induced by graft-versus-host disease. J Exp Med. 2017;
214: 3507-3518. https://doi.org/10.1084/jem.20170418 PMID: 29066578

Eriguchi Y, Nakamura K, Yokoi Y, Sugimoto R, Takahashi S, Hashimoto D, et al. Essential role of IFN-y
in T cell-associated intestinal inflammation. JCI Insight. 2018; 3. https://doi.org/10.1172/jci.insight.
121886 PMID: 30232288

Shimizu Y, Nakamura K, Yoshii A, Yokoi Y, Kikuchi M, Shinozaki R, et al. Paneth cell a-defensin mis-
folding correlates with dysbiosis and ileitis in Crohn’s disease model mice. Life Sci Alliance. 2020; 3.
https://doi.org/10.26508/Isa.201900592 PMID: 32345659

Suzuki K, Nakamura K, Shimizu Y, Yokoi Y, Ohira S, Hagiwara M, et al. Decrease of a-defensin impairs
intestinal metabolite homeostasis via dysbiosis in mouse chronic social defeat stress model. Sci Rep.
2021; 11: 9915. https://doi.org/10.1038/s41598-021-89308-y PMID: 33972646

Shimizu Y, Nakamura K, Kikuchi M, Ukawa S, Nakamura K, Okada E, et al. Lower human defensin 5 in
elderly people compared to middle-aged is associated with differences in the intestinal microbiota com-
position: the DOSANCO Health Study. GeroScience. 2021 [cited 10 Jun 2021]. https://doi.org/10.1007/
$11357-021-00398-y PMID: 34105106

Nakamura S, Nakamura K, Yokoi Y, Shimizu Y, Ohira S, Hagiwara M, et al. Decreased Paneth cell o-
defensins promote fibrosis in a choline-deficient L-amino acid-defined high-fat diet-induced mouse
model of nonalcoholic steatohepatitis via disrupting intestinal microbiota. Sci Rep. 2023; 13: 3953.
https://doi.org/10.1038/s41598-023-30997-y PMID: 36894646

Takakuwa A, Nakamura K, Kikuchi M, Sugimoto R, Ohira S, Yokoi Y, et al. Butyric Acid and Leucine
Induce a-Defensin Secretion from Small Intestinal Paneth Cells. Nutrients. 2019; 11: 2817. https://doi.
org/10.3390/nu11112817 PMID: 31752111

Yokoi Y, Adachi T, Sugimoto R, Kikuchi M, Ayabe T, Nakamura K. Simultaneous real-time analysis of
Paneth cell and intestinal stem cell response to interferon-y by a novel stem cell niche tracking method.
Biochem Biophys Res Commun. 2021; 545: 14—19. https://doi.org/10.1016/j.bbrc.2021.01.050 PMID:
33529805

Kamioka M, Goto Y, Nakamura K, Yokoi Y, Sugimoto R, Ohira S, et al. Intestinal commensal microbiota
and cytokines regulate Fut2+ Paneth cells for gut defense. Proc Natl Acad Sci. 2022; 119. https://doi.
org/10.1073/pnas.2115230119 PMID: 35027453

Hong W. SNARESs and traffic. Biochim Biophys Acta BBA - Mol Cell Res. 2005; 1744: 120—-144. https:/
doi.org/10.1016/j.bbamcr.2005.03.014 PMID: 15893389

Hutagalung AH, Novick PJ. Role of Rab GTPases in Membrane Traffic and Cell Physiology. Physiol
Rev. 2011; 91: 119-149. https://doi.org/10.1152/physrev.00059.2009 PMID: 21248164

Galli R, Uckermann O, Andresen EF, Geiger KD, Koch E, Schackert G, et al. Intrinsic Indicator of Photo-
damage during Label-Free Multiphoton Microscopy of Cells and Tissues. PLOS ONE. 2014; 9:
e€110295. https://doi.org/10.1371/journal.pone.0110295 PMID: 25343251

Goto K, Kato G, Kawahara |, Luo Y, Obata K, Misawa H, et al. In Vivo Imaging of Enteric Neurogenesis
in the Deep Tissue of Mouse Small Intestine. PLOS ONE. 2013; 8: €54814. https://doi.org/10.1371/
journal.pone.0054814 PMID: 23382976

Kolesnikov M, Farache J, Shakhar G. Intravital two-photon imaging of the gastrointestinal tract. J Immu-
nol Methods. 2015; 421: 73-80. https://doi.org/10.1016/}.jim.2015.03.008 PMID: 25801674

PLOS ONE | https://doi.org/10.1371/journal.pone.0313213 November 15, 2024 16/17


https://doi.org/10.1111/bcpt.12596
http://www.ncbi.nlm.nih.gov/pubmed/27060462
https://doi.org/10.1016/j.apsb.2020.12.002
https://doi.org/10.1016/j.apsb.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/34386316
https://doi.org/10.1038/77783
https://doi.org/10.1038/77783
http://www.ncbi.nlm.nih.gov/pubmed/11248802
https://doi.org/10.4161/gmic.1.6.14076
http://www.ncbi.nlm.nih.gov/pubmed/21468224
https://doi.org/10.1159/000322037
https://doi.org/10.1159/000322037
http://www.ncbi.nlm.nih.gov/pubmed/21099205
https://doi.org/10.12938/bmfh.2015-019
https://doi.org/10.12938/bmfh.2015-019
http://www.ncbi.nlm.nih.gov/pubmed/27200259
https://doi.org/10.1084/jem.20170418
http://www.ncbi.nlm.nih.gov/pubmed/29066578
https://doi.org/10.1172/jci.insight.121886
https://doi.org/10.1172/jci.insight.121886
http://www.ncbi.nlm.nih.gov/pubmed/30232288
https://doi.org/10.26508/lsa.201900592
http://www.ncbi.nlm.nih.gov/pubmed/32345659
https://doi.org/10.1038/s41598-021-89308-y
http://www.ncbi.nlm.nih.gov/pubmed/33972646
https://doi.org/10.1007/s11357-021-00398-y
https://doi.org/10.1007/s11357-021-00398-y
http://www.ncbi.nlm.nih.gov/pubmed/34105106
https://doi.org/10.1038/s41598-023-30997-y
http://www.ncbi.nlm.nih.gov/pubmed/36894646
https://doi.org/10.3390/nu11112817
https://doi.org/10.3390/nu11112817
http://www.ncbi.nlm.nih.gov/pubmed/31752111
https://doi.org/10.1016/j.bbrc.2021.01.050
http://www.ncbi.nlm.nih.gov/pubmed/33529805
https://doi.org/10.1073/pnas.2115230119
https://doi.org/10.1073/pnas.2115230119
http://www.ncbi.nlm.nih.gov/pubmed/35027453
https://doi.org/10.1016/j.bbamcr.2005.03.014
https://doi.org/10.1016/j.bbamcr.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15893389
https://doi.org/10.1152/physrev.00059.2009
http://www.ncbi.nlm.nih.gov/pubmed/21248164
https://doi.org/10.1371/journal.pone.0110295
http://www.ncbi.nlm.nih.gov/pubmed/25343251
https://doi.org/10.1371/journal.pone.0054814
https://doi.org/10.1371/journal.pone.0054814
http://www.ncbi.nlm.nih.gov/pubmed/23382976
https://doi.org/10.1016/j.jim.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25801674
https://doi.org/10.1371/journal.pone.0313213

PLOS ONE Potential risks of phototoxicity based on mRNA expression

57. BruensL, Ellenbroek SIJ, van Rheenen J, Snippert HJ. In Vivo Imaging Reveals Existence of Crypt Fis-
sion and Fusion in Adult Mouse Intestine. Gastroenterology. 2017; 153: 674—677.€3. https://doi.org/10.
1053/j.gastro.2017.05.019 PMID: 28552620

58. AiharaY, Fukuda, Takizawa A, Osakabe N, Aida T, Tanaka K, et al. Visualization of mechanical
stress-mediated Ca®* signaling in the gut using intravital imaging. Biosci Microbiota Food Health. 2020;
39: 209-218. https://doi.org/10.12938/bmfh.2019-054 PMID: 33117619

PLOS ONE | https://doi.org/10.1371/journal.pone.0313213 November 15, 2024 17/17


https://doi.org/10.1053/j.gastro.2017.05.019
https://doi.org/10.1053/j.gastro.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28552620
https://doi.org/10.12938/bmfh.2019-054
http://www.ncbi.nlm.nih.gov/pubmed/33117619
https://doi.org/10.1371/journal.pone.0313213

