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Type B 8-keto-trichothecenes are muco-active mycotoxins that exist as inevitable
contaminants in cereal-based foodstuffs. Gut-associated inflammation is an early
frontline response during human and animal exposure to these mycotoxins.
Despite various tools for chemical identification, optimized biomonitoring of sentinel
response-associated biomarkers is required to assess the specific proinflammatory
actions of 8-keto-trichothecenes in the gut epithelial barrier. In the present study,
intoxication with 8-keto-trichothecenes in human intestinal epithelial cells was found to
trigger early response gene 1 product (EGR-1) that plays crucial roles in proinflammatory
chemokine induction. In contrast, epithelial exposure to 8-keto-trichothecenes resulted in
downregulated expression of nuclear factor NF-kappa-B p65 protein, a key transcription
factor, during general inflammatory responses in the gut. Based on the early molecular
patterns of expression, the inflammation-inducing activity of 8-keto-trichothecenes
was quantified using intestinal epithelial cells with dual reporters for EGR-1 and p65
proteins. EGR-1-responsive elements were linked to luciferase reporter while p65
promoter was bound to secretory alkaline phosphatase (SEAP) reporter. In response
to conventional inflammagens such as endotoxins and cytokines such as TNF-a, both
luciferase and SEAP activity were elevated in a dose-dependent manner. However,
as expected from the mechanistic evaluation, 8-keto-trichothecene-exposed dual
reporters of luciferase and SEAP displayed contrasting expression patterns. Furthermore,
8-keto-trichothecene-elevated EGR-1-responsive luciferase activity was improved by
deficiency of PSMAS, an a-type subunit of the 20S proteasome core complex for
ubiquitin-dependent EGR-1 degradation. This molecular event-based dual biomonitoring
in epithelial cells is a promising supplementary tool for detecting typical molecular
inflammatory pathways in response to 8-keto-trichothecenes in the food matrix.

Keywords: 8-keto-trichothecene, ribotoxic stress, inflammation, epithelium, reporter biomonitoring

INTRODUCTION

Trichothecenes are a group of over 200 sesquiterpenoid fungal metabolites, some of which are
health-threatening mycotoxins leading to eukaryotic ribosome stalling (1-4) or cellular ubiquitin
depletion (5, 6). Extensive investigation into toxic trichothecenes have been made due to their
widespread contamination in the environment (7, 8) and agricultural commodities such as grains
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(o < 0.05,n =3).

FIGURE 2 | PSMAS counteracts EGR-1 expression in IECs exposed to 8-keto-trichothecenes. (A,C,E,G) Control or PSMA3-deficient HCT-8 cells were treated with
each dose of 8-keto-trichothecene for 1.5h (A,C) or 5h (E,G). Total cell lysates were subjected to western blot analysis. (B,D,F,H) Control or PSMA3-deficient HCT-8
cells were transfected with pEBS14-LUC plasmid and treated with each dose of 8-keto-trichothecene for 24 h. The figure in the box represents the efficiency of
shPSMAS expression. Results are shown as mean values + SD and different letter over each bar represents a significant difference between the groups

In addition to DON, other trichothecenes and mycotoxins
were also compared for their effects on EGR-1 expression in
HCT-8 cells.

Other mycotoxins were assessed for their effects on EGR-1
expression in human IECs at 20% cell growth-inhibitory doses
(IDy) and optimal induction times (1.5 or 5h treatment). In
particular, 8-keto-trichothecenes such as DON, fusarenon-X or
4-acetyl nivalenol (Fu-X), 15-acetyl DON (15-acDON), and NIV
were among the strongest agents to induce EGR-1 expression
(Figure 1C). Furthermore, we evaluated the dose responses
of EGR-1 induction by these 8-keto-trichothecenes. Treatment
with 8-keto-trichothecenes induced EGR-1 expression in human
IECs in a dose-dependent manner (Figure 1D). In subsequent
experiments, EGR-1 was assumed as a potent early biomarker of
proinflammatory insult in response to 8-keto-trichothecenes.

PSMAS Deficiency Enhanced
8-keto-trichothecene-induced EGR-1

Levels in IECs
To maintain persistent levels of induced EGR-1 as a crucial
readout of 8-keto-trichothecene toxicity, its protein stability

needs to be improved. Biochemically, proteasome subunit
alpha type-3 (PSMA3)/proteasome component C8 (PRCS8) is
the a-type subunit of the 20S proteasome core complex that
interacts with EGR-1, leading to its ubiquitin-dependent
proteasome degradation (48). Therefore, we assessed
whether PSMA3 deficiency improves 8-keto-trichothecene-
induced EGR-1 expression in IECs. PSMA3-suppressed IECs
displayed enhanced levels of EGR-1 expression in response
to DON exposure (Figure 2A). To evaluate EGR-1-mediated
transcriptional regulation, we applied a luciferase reporter
construct, pEBS14-LUC plasmid, which contained EGR-1
binding sites. Furthermore, DON-induced EGR-1-mediated
transcriptional activity was enhanced in stable PSMA3-
suppressed IECs (Figure2B). Other 8-keto-trichothecenes
including 15-acDON, Fu-X, and NIV also increased EGR-1
protein levels (Figures 2C,E,G) and transcription activity
(Figures 2D,FH) in a dose-dependent manner, which was
enhanced in PSMA3-deficient IECs compared to the levels in
control vector-transfected IECs. In conclusion, regulation of
PSMA3 action improved the EGR-1-mediated responses to
8-keto-trichothecenes in human IECs.
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FIGURE 3 | Roles of p65 in the expressions of p65 and chemokines in response to DON or inflammagens in IECs. (A) Small intestinal tissues from 6-week-old male
mice exposed to vehicle or 25 mg/kg DON for 12 h were subjected to IHC analysis for p65 (n = 4, each group) (original magnification, x200, black scale bar, 0.2 um).
Lower panel shows the quantitative analysis of tissue p65 levels in vehicle or DON-treated mice. Results are shown as box-and-whisker plots (min-max) and asterisk
(*) indicates a significant difference from the control (o < 0.05, n = 3). (B,C) HCT-8 cells were treated with 500 ng/ml DON for the indicated time. Cell lysates were
subjected to western blot analysis (B) and mRNA expression was measured using RT real-time PCR (C). Asterisk (*) indicates a significant difference from the Oh
group (p < 0.05). (D-F) HCT-8 cells transfected with control or SR-IkB-Flag were treated with vehicle, 500 ng/ml DON, 10 ng/ml TNF-a, 10 wg/ml MDP, or 2 pg/ml
LPS for 1h. IL-8 (D), CXCL-1 (E), and MCP-1 (F) mRNA was measured using RT real-time PCR. Results are shown as mean values + SD and asterisks (***) indicate
a significant difference from each control group (o < 0.001, n = 3).

NF-kB Subunit Expression Is Suppressed expresses a mutated form of IkB, resulting in inhibition of IkB
by 8-keto-trichothecenes in IECs phosphorylation and degradation. In contrast, SR-IkB did not
Although DON is known to trigger inflammatory responses, the affect the levels of DON-induced proinflammatory chemokines
levels of p65 as a subunit of NF-kB were significantly reduced ~ in human IECs (Figures 3D-F). Taken together, DON suppresses
by DON treatment in gut epithelia (Figure 3A), consistent P65 mRNA and protein levels even though the toxin induces
with our previous report on p65 suppression by DON at proinflammatory chemokines in IECs.

Ihe cellular level (49). DON-treated IECS. showed reduced PSMA3 Deficiency Does Not Affect p65

evels of total and phosphorylated p65 (Figure3B) as well . .

as p65 mRNA (Figure 3C). Since NF-kB is a representative Expression in Response to

proinflammatory transcription factor in responses to cytokines 8-keto-trichothecenes

or microbial components, inhibition of NF-kB signaling  As a variety of signaling components for NF-kB activation are
significantly attenuated the chemokine induction in response  regulated by the ubiquitin-linked proteasome system, we assessed
to tumor necrosis factor-o. (TNF-a), or other endotoxins such  the effects of PSMA3 on p65 protein levels in response to
as muramyl dipeptide (MDP) and lipopolysaccharide (LPS)  8-keto-trichothecenes in human IECs. PSMA3 deficiency did
(Figures 3D-F). NF-«kB signaling was suppressed using an  not significantly influence the total and phosphorylated p65
NF-kB inhibitory construct, super-repressor (SR)-IkB, which  expression in the absence and presence of DON (Figure 4A).
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FIGURE 4 | Effects of PSMA3 deficiency on p65 expression in response to 8-keto-trichothecenes. (A) Control- or PSMA3-deficient HCT-8 cells were treated with
each dose of DON for 9h. Cell lysates were subjected to western blot analysis. The figure in the box represents the efficiency of PSMA3 shRNA expression. (B-E)
Control- or PSMA3-deficient HCT-8 cells were transfected with human p65 promoter-containing SEAP reporter plasmid and were treated with each dose of
8-keto-trichothecenes for 24 h (DON) (B) or 9 h [15-acDON (C), Fu-X (D), or NIV (E)]. Results are shown as mean values + SD and asterisks indicate significant
differences from each vehicle group ("p < 0.05, **p < 0.01, **p < 0.001, n = 3-4).

Similar patterns were also observed in response to other 8-  which was not affected by PSMA3 deficiency. Taken together,
keto-trichothecenes (15-acDON, Fu-X, and NIV; Figures 1A-C).  suppression of p65 expression by 8-keto-trichothecenes was
Since treatment with 8-keto-trichothecens reduced total levels  independent of PSMA3 levels whereas PSMA3 counteracted
of p65 protein, the ratio of phospho-p65 to total p65 was not a  the EGR-1 levels in response to 8-keto-trichothecenes in
representative index of NF-kB activation. Instead, we additionally ~ human IECs.

calculated the ratio of phosphor-p65 to stable $-actin. Since DON

reduced p65 mRNA levels (Figure 3C), we further measured
the p65 transcription activity using cells expressing the human Dual Reporter System Represents

p65 promoter (—999/4-92)-containing SEAP reporter. However, 8-keto-trichothecene-specific Patterns of

PSMA3 was not involved in the transcriptional regulation of Inflammatory Regulation

p65 expression in response to DON (Figure4B). Other 8-  We determined that 8-keto-trichothecenes induced EGR-1 while
keto-trichothecenes including 15-acDON, Fu-X, and NIV also  suppressing p65 promoter activity in IECs. In addition, PSMA3
displayed suppressive effects on total and phosphorylated p65  deficiency enhanced the EGR-1 levels in response to 8-keto-
protein levels in response to 8-keto-trichothecenes in a dose-  trichothecenes in IECs. Based on these mechanistic evidences,
dependent manner; however, these were not altered by PSMA3  we established a cell-based bioassay system representing the
deficiency in IECs (Figures 1A-C). Similarly, treatment with  proinflammatory actions of 8-keto-trichothecenes in IECs.
15-acDON (Figure 4C), Fu-X (Figure 4D), or NIV (Figure4E)  Control and PSMA3-deficient cells were stably transfected
suppressed the transcriptional activity for p65 expression, with dual reporter plasmids including pEBS14-LUC and a
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FIGURE 5 | Effects of inflammagens on the dual reporter system in human IECs. (A) A putative scheme for the mechanism of the dual reporter system (SEAP for p65
transcription and luciferase for EGR-1-mediated transcription) to detect 8-keto-trichothecenes in PSMAS3-deficient IECs. (B) Control- or PSMA3-deficient HCT-8 with
dual reporters were treated with each dose of LPS (B), MDP (C), or TNF-a (D) for 72 h. Levels of SEAP in media and intracellular luciferase were simultaneously
measured after exposure. Results are shown as mean values + SD and asterisks indicate significant differences from the control group at each dose ("p < 0.05, **p <

human p65 promoter (—999/+92)-containing SEAP reporter
plasmid. The pEBSI*-LUC plasmid was constructed to detect
EGR-1-mediated transcriptional activity whereas SEAP in
medium was assessed to quantify p65 promoter activity in
response to inflammagens (Figure 5A). We also performed the
dual reporter bioassay in response to a cytokine or bacterial
endotoxin as positive proinflammatory triggers. We calculated
the effective doses for enhancing reporter production by 50%
(EDsp) or the inhibitory doses for reducing reporter production
by 50% (IDsg) in the dual reporter system. In response to
bacterial cell wall components including LPS or MDP (the

minimal bioactive peptidoglycan motif), or tumor necrosis
factor-a (TNF-a), both EGR-1-mediated transcription and p65
promoter activities were elevated in a dose-dependent manner
(Figures 5B-D). Moreover, PSMA3 deficiency improved
the dose responses of EGR-1-mediated transcription to the
conventional proinflammatory triggers, particularly MDP,
compared to those in the controls. In contrast, PSMA3 deficiency
attenuated the p65 promoter activation in response to three
inflammagens, indicating that PSMA3 is a positive regulator of
NF-kB signaling activation by endotoxins or TNF-a. In response
to 8-keto-trichothecenes, EGR-1-mediated transcription was
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FIGURE 6 | Effects of 8-keto-trichothecenes on the dual reporter system in human IECs. Control- or PSMA3-deficient HCT-8 with dual reporters were treated with
each dose of DON (A), 15-acDON (B), Fu-X (C), or NIV (D) for 24 h. Levels of SEAP in media and intracellular luciferase were simultaneously measured after exposure.
Results are shown as mean values + SD and asterisks indicate significant differences from the control group at each dose ("o < 0.05, **p < 0.01, **p < 0.001, n = 3).

elevated whereas p65 promoter activity was suppressed in a
dose-dependent manner (Figure 6). Furthermore, the sensitivity
of EGR-1-mediated transcription in response to 8-keto-
trichothecenes was enhanced by PSMA3 deficiency. However,
the half-inhibitory dose (ID5p) for p65 promoter activity was
not significantly altered by PSMA3 deficiency in the presence of
8-keto-trichothecenes. In conclusion, the dual reporter system in
PSMA3-deficient IECs was promising for the biomonitoring of
typical inflammatory regulation by 8-keto-trichothecenes, which
was differentiated by the responses to conventional inflammatory
triggers including endotoxins and cytokines.

DISCUSSION

Based on mechanistic evidences on the regulation of
proinflammatory transcription factors by 8-keto-trichothecenes,
we developed an IEC-based biomonitoring method to detect the
biological activity of trichothecene mycotoxins. Trichothecene-
induced chemokine production is regulated by EGR-1 or
NF-kB in IECs, which was simulated using cells with dual
reporters for these two transcription factors. Moreover, the
sensitivity of EGR-1-based biomonitoring was improved by
suppressing PSMA3, the a-type subunit of the 20S proteasome
core complex. However, PSMA3 was positively involved in p65
promoter response to endotoxins and cytokines. Mechanistically,

NF-kB-linked signaling pathways are strongly associated with
ubiquitin-proteasome regulation. In particular, ubiquitination
reactions of TNF receptor associated factor (TRAF6), IkB kinase
vy (IKKy/NEMO), and Ika contribute to NF-kB activation via
regulation of protein binding or degradation during signaling
transduction (50, 51). Despite no known evidences in NF-kB
regulation by PSMA3, the present study first identified PSMA3
as a positive regulator of p65-linked signaling in IECs. PSMA3
deficiency decreased the responses of p65-linked promoter
activity to conventional inflammagens including endotoxins and
TNFa. However, PSMA3 did not contribute to the regulation of
P65 expression in response to 8-keto-trichothecenes.

Although treatment with 8-keto-trichothecenes enhanced
production of proinflammatory chemokines, it downregulated
the key transcription factor NF-kB in gut epithelial cells.
Instead, EGR-1 was mainly involved in transcription activation
of proinflammatory chemokine genes in the present exposure
model. Moreover, our previous investigation demonstrated that
DON-induced EGR-1 mediates the induction of peroxisome
proliferator-activated receptor y (PPARy), which is associated
with suppression of pro-inflammatory NF-«kB signaling (39).
Mechanistically, PPARy attenuates inflammatory responses by
triggering nuclear export of p65 protein in complex with
PPARy (52). Moreover, as another transcriptional regulator
of proinflammatory signaling, activating transcription factor 3
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(ATF3) is induced as part of the negative feedback loop that
modulates pattern recognition receptor-stimulated inflammatory
responses (53-55). ATF3 is also induced by DON as part
of a transcriptional complex composed of the NF-kB family
of transcription factors (29). ATF3 can alter the chromatin
structure, thereby restricting access to other transcription
factors including NF-kB (53). However, treatment with 8-
keto-trichothecenes reduced total levels of p65 protein in
human intestinal epithelial cells, which may occur in advance
of promoter-binding regulation of NF-kB by either ATF3 or
PPARy. One potent explanation could be a post-transcriptional
regulation of p65 since DON treatment downregulates the
stability of p65 mRNA (49). In particular, ATF3 leads to the
destabilization of p65 mRNA caused by nuclear entrapment
of transcript-stabilizing HuR protein via direct interaction
with ATF3 (49). In addition to ATF3, PPARy is a negative
regulator of transcript stability since it suppresses the cytoplasmic
translocation of HuR (56), which may contribute to reduction
in p65 protein in response to 8-keto-trichothecenes in the
present study. Suppression of NF-kB could be a beneficial event
during inflammation, but which can interfere with the tissue
regeneration after injuries since epithelial NF-kB is involved in
cellular proliferation and migration (57-60). Thus, it can be
speculated that the wound healing process during toxin-induced
inflammation can be interfered due to NF-kB suppression by
DON. While trichothecene-induced EGR-1 plays pivotal roles
in proinflammatory cytokine production, attenuated NF-«kB
signaling may account for delayed epithelial restitution after
gut injury.

The present bioassay system provides high sensitivity to
detect 8-keto-trichothecenes, which can be detected at very low
doses (<0.1 ppm), far less than the general regulatory limit of
1 ppm. Moreover, the present bioassay system represents the
quantitative biological actions of trichothecenes. Until now, most
of eukaryotic cell-based bioassays of trichothecenes are based
on the detection of the inhibitory effects of the mycotoxins on
protein synthesis, secretion, or cell proliferation (13, 61-63).
However, the present bioassay indicates the typical biological
processes regulated by inflammation-associated transcription
factors including EGR-1 and NF-kB in human intestinal
epithelial cells. Trichothecene-exposed cells displayed opposite
readout patterns of EGR-1 and p65, both of which were
elevated by endotoxins and TNF-a. In addition to these two
factorials (EGR-1 and p65), regulation of PSMA3 contributed
to the enhanced specificity of the dual reporter system. These
combinatorial features of responses can indicate the biological
identity of 8-keto-trichothecenes in the tested matrix in the
present biomonitoring system. Moreover, most (99%) cereal
foodstuffs are contaminated with more than 10 mycotoxins.
Mixtures of 8-keto-trichothecenes are often found in field
crops depending on weather conditions and mold chemotypes.
Further, 10-20% of DON and NIV exist in the acetylated
form such as 3-acetyl DON, 15-acety]l DON, or Fu-X. For
efficient risk evaluation of the 8-keto-trichothecene mixture,
the total quantity of the biological actions of toxin mixtures
should be calculated based on the mechanism along with
the chemical identification. Therefore, the relative risk of

chemicals with a common mechanism of action can be assessed
by measuring readouts such as the toxic equivalent factor
(TEF) through the standard bioassay (13, 64). For example,
based on toxin-induced actions such as endoplasmic reticulum
stress, a reporter-based TEF can be derived by comparing the
EDsp or IDsy of each 8-keto-trichothecene (13). Moreover,
TEF-based quantitative and qualitative assessment contributes
to the risk characterization such as the total daily intake
by humans and animals. The present bioassay using typical
patterns of proinflammatory signaling can be standardized with
TEF evaluation and further integration for regulatory and
industrial uses.

The present bioassay system could be a potential quantitative
application for the immunotoxicological determination of
8-keto-trichothecene mixtures in agricultural commodities.
However, it needs to be improved for in vitro recapitulation of the
realistic pathophysiological gut environment. For instance, the
intoxicated tissue contexture is different from two-dimensional
culture of intestinal epithelial cells. Local adverse outcomes
can be differentiated depending on the accessibility of toxins
to epithelial surface in the gut. Therefore, in vivo gut-
mimicking culture of three-dimensional monolayer such as
intestinal organoids would provide more realistic information
on trichothecene stress responses than the simple monolayer
model (65, 66). Moreover, dose responses in the static culture
model hardly represent the toxicokinetic responses in animals
and humans. In particular, local luminal concentration of
trichothecenes in the gastrointestinal tract following ingestion
is generally much higher than levels in the circulation and
other deposition tissues. Moreover, while the proximal parts of
the small intestine are the major site of DON absorption (67),
DON rarely reaches the distal small intestine and colon at the
luminal region. Instead, the distal parts are mainly affected by
circulating DON via the basolateral exposure (68). Therefore,
additional epithelial readouts from the mucosal signature (69) are
warranted to simulate compartment-specific actions of 8-keto-
trichothecenesin the gut.
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