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The trichothecene deoxynivalenol (DON), a common contami-
nant of cereal-based foods, is a ribotoxic mycotoxin known to
activate innate immune cells in vivo and in vitro. Although it is rec-
ognized that DON induces transcription and mRNA stabilization
of inflammation-associated mRNAs in mononuclear phagocytes,
it is not known if this toxin affects translation of selected mRNA
species in the cellular pool. To address this question, we employed
a focused inflammation/autoimmunity PCR array to compare
DON-induced changes in profiles of polysome-associated mRNA
transcripts (translatome) to total cellular mRNA transcripts
(transcriptome) in the RAW 264.7 murine macrophage model.
Exposure to DON at 250 ng/ml (0.84 pM) for 6 h induced robust
expression changes in inflammatory response genes including
cytokines, cytokine receptors, chemokines, chemokine receptors,
and transcription factors, with 73% of the changes being highly
comparable within transcriptome and translatome populations.
When expression changes of selected representative inflamma-
tory response genes in the polysome and cellular mRNA pools
were quantified in a follow-up study by real-time PCR, closely
coordinated regulation of the translatome and transcriptome
was confirmed; however, modest but significant differences in the
relative expression of some genes within the two pools were also
detectable. Taken together, DON’s capacity to alter translation
expression of inflammation-associated genes appears to be driven
predominantly by selective transcription and mRNA stabilization
that have been reported previously; however, a small subset of
these genes appear to be further regulated at the translational
level.

Key Words: macrophage; inflammation; deoxynivalenol; tri-
chothecene mycotoxin; translatome.

The trichothecene deoxynivalenol (DON), a ribotoxic
mycotoxin produced by toxigenic Fusarium sp. that commonly
contaminates cereal-based foods, has the potential to adversely
affect humans and animals and therefore represents an
important public health concern (Pestka, 2010). Primary targets

of this mycotoxin are monocytes and macrophages of the
innate immune system. Both in vitro and in vivo studies have
demonstrated that DON rapidly activates mitogen-activated
protein kinases which drive upregulated expression of mRNAs
and proteins for inflammation-related genes such as the
cytokines, chemokines, and cyclooxygenase-2 (Chung et al.,
2003; Islam et al., 2006; Moon and Pestka, 2002; Shifrin and
Anderson, 1999; Zhou et al., 2003a). DON-induced increases
in cellular pools of inflammation-associated mRNAs have been
linked to both transcriptional activation and stabilization of
mRNA through AUUUA motif in the 3 -untranslated region
(UTR; Choi et al., 2009; Chung et al., 2003; Moon and Pestka,
2002) indicating that these two mechanisms contribute to
upregulated gene expression.

It is critical to note that the overall rate of translation in a cell
depends not wholly on available mRNA but also on the capac-
ity for and efficiency of translation (Proud, 2007; Sonenberg
and Hinnebusch, 2009). Capacity relates to the availability and
abundance of ribosomal subunits and other translational com-
ponents, whereas efficiency is regulated by the rate of trans-
lational initiation and peptide chain elongation. Individual
mRNAs are subject to additional levels of translational regula-
tion, and elements in their 5°- and 3°-UTRs may interact with
regulatory RNAs (e.g., antisense sequences and microRNAs)
or RNA-binding proteins (RBPs) to modulate ribosomal asso-
ciation. As yet, it is not known whether ribotoxins such as
DON might also selectively modulate translation through these
mechanisms. In addition, DON’s capability of inhibiting trans-
lation at high concentrations (Zhou et al., 2003b) makes this
question more complicated and interesting.

One strategy for monitoring changes in protein expression
in stressed cells is proteomic analysis, but such an approach
is time-consuming, expensive, and relatively insensitive com-
pared with transcriptomic approaches employing highly
sensitive PCR (Cheeseman et al., 2011; Kuny et al., 2012).
Additionally, measures of protein levels are affected by protein
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degradation and hence do not fully reflect translation. An alter-
native approach for identifying and quantitating genes being
translated in cells under a specific set of conditions is to first
isolate their polysomes and then profile the associated mRNAs.
This “translatome” strategy has successfully been used in
fungal, plant, and animal cells (Halbeisen and Gerber, 2009;
Markou et al., 2010; Mustroph and Bailey-Serres, 2010; Preiss
et al., 2003; Shenton et al., 2006). For example, yeasts exposed
to different stresses, such as amino acid depletion and fusel
alcohol addition, show distinct translational profiles (Smirnova
et al., 2005), suggesting there is a role of translational regula-
tion in rapidly responding environmental stress. Further stud-
ies employing additional high-throughput array analysis have
revealed that translatome does not correlate with the transcrip-
tome under mild stresses but does so under severe stresses such
as amino acid deprivation (Halbeisen and Gerber, 2009), sug-
gesting that coordination of translatome and transcriptome is
stress dependent. Uncoupling of transcriptome and translatome
has also been documented in human cells in response to various
stimuli and stresses (Grolleau et al., 2002; Mikulits et al., 2000;
Tebaldi et al., 2012).

The purpose of this study was to test the hypothesis that
DON selectively modulates translation of inflammation-
associated genes in the RAW 264.7 murine macrophage cell
model. Specifically, we employed a focused inflammation/
autoimmune PCR array to compare the DON-induced inflam-
mation-associated translatome and transcriptome. The results
revealed that DON’s capacity to modulate translation of most
inflammation-associated genes is predominantly driven by
transcription and mRNA stabilization; however, a small subset
of these genes appeared to be regulated, in part, by selective
translation.

MATERIALS AND METHODS

Chemicals. DON, acid-phenol (pH 4.3), trichloromethane, isoamyl
alcohol, lithium chloride, sucrose, heparin, cycloheximide, and Triton X-100
were purchased from Sigma-Aldrich (St Louis, MO). TRIzol was obtained
from Invitrogen (Carlsbad, CA). RNase-free water was supplied by Ambion
(Austin, TX).

Cell culture. RAW 264.7 (ATCC, Rockville, MD), a mouse macrophage
cell line, was cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA), streptomycin (100 pg/ml) and penicillin (100 U/ml) at
37°C in a humidified atmosphere with 5% CO,. Macrophage cell number and
viability were assessed by trypan blue dye exclusion using a hematocytometer.
Prior to exposure of DON, cells (2.5 x 10° per plate) were seeded and cultured
in 100-mm tissue culture plates for 24h to achieve ~80% confluency. Cells
were treated with vehicle or 250 ng/ml (0.84pM) DON for 6 h and subjected to
polysomal and total RNA isolation. This concentration partially inhibits trans-
lation in RAW 264.7 but is optimal for inducing inflammatory gene expression
(Moon and Pestka, 2002; Yang and Pestka, 2002).

Sucrose density gradient fractionation. For polysome isolation, cells
were washed twice with ice-cold PBS and lysed in 500 pl ice-cold polysome
extraction buffer (50mM KCI, 10mM MgClz, 15mM Tris-HCI [pH 7.4], 1%
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(vol/vol) Triton X-100, 0.1 mg/ml cycloheximide, and 0.5 mg/ml heparin) (Bae
et al., 2009). Sucrose solutions (10 and 50%, wt/vol) were prepared in RNase-
free water containing 50 mM KCl, 15 mM Tris-HCI (pH 7.4), 10 mM MgClz,
0.1 mg/ml cycloheximide, and protease inhibitor. Cell lysates were centrifuged
at 16,000 x g, 4°C, for 15min to remove nuclei, mitochondria, and cell debris.
The resultant clear supernatant (1.8 ml) was layered on a 9-ml linear sucrose gra-
dient solution (10-50%) prepared using an ISCO 160 Gradient Former and held
at4°Cin an 11.5-ml Sorvall centrifuge tube and centrifuged at 200,000 x g, 4°C
for 3h in Sorvall TH-641 rotor. Polysomal fractions were isolated by fractionat-
ing gradient at a rate of 0.5 ml/min into 2-ml tube by upward displacement using
an ISCO Density Gradient Fraction Collector, consisting of a needle-piercing
device with a syringe pump connected to an EM-1 UV monitor for continuous
measurement of the absorbance at 254 nm (Teledyne ISCO, Lincoln, NE).

Total and polysomal RNA purification. A modification of previously
described procedure (Zong et al., 1999) was used for comparing the transcrip-
tome and translatome. For transcriptome analysis, total RNAs were extracted
by TRIzol (Invitrogen) following manufacturer’s protocol. For translatome
analysis, polysomal fractions (500 pl) were diluted with RNase-free water
to a volume of 1000 pl and subsequently combined with equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1). Tubes were mixed, held at 25°C
for Smin, and centrifuged at 16,000 x g, 4°C for 15min. Supernatants were
pooled and transferred to a 50-ml conical centrifuge tube, and RNA was precip-
itated with LiCl at final concentration of 2M at —20°C overnight. After centrifu-
gation at 12,000 x g, 4°C for 15 min, pellets were washed three times with 70%
ethanol, air-dried, and resuspended in RNase-free water. RNA concentrations
were also measured with a NanoDrop reader (Thermo Fisher, Wilmington,
DE) and integrity verified using Agilent 2100 Bioanalyzer Nanochip capillary
electrophoresis unit. RNA integrity number values were 29.9 for all samples,
suggesting the RNA was of high purity with minimal degradation and suitable
for cDNA synthesis. Both total and polysomal RNAs were stored at —80°C.

PCR array and data analysis. RNA (2 pg) samples were reverse tran-
scribed using a high capacity RNA-to-cDNA kit (Applied Biosystems, Foster
City, CA) and the newly synthesized cDNA purified using a Qiagen PCR puri-
fication kit (Valencia, CA). Resultant cDNAs (8ng per well) were applied to
384-well mouse Inflammatory Response and Autoimmunity (PAMM-077A)
PCR array plates from SABiosciences (Valencia, CA) according to manufac-
turer’s instructions. Plates were analyzed in duplicate in an Applied Biosystems
7900 Real-Time PCR System. Mean Ct values of five housekeeping genes on
the PCR array plate (B-glucuronidase, hypoxanthine guanine phosphoribosyl
transferase, heat shock protein 90 o, glyceraldehyde-3-phosphate dehydro-
genase [GAPDH], f-actin) were 17.4 (control-total cDNA), 17.6 (DON-total
cDNA), 17.8 (control-polysomal cDNA), and 17.9 (DON-polysomal cDNA)
verifying the quantity of mRNA recovered as well as the efficacy of PCR
array protocol for all four experimental groups. Data were interpreted using
SABiosciences’ web-based PCR array data analysis tool.

Real-time PCR. Total and polysomal RNAs were purified from three rep-
licate cultures each of control and DON-treated cells and reverse transcribed
into cDNA as described above. Quantitative PCR using duplicate techni-
cal replicates of each cDNA was performed on a 7500 Fast Real-Time PCR
System (Applied Biosystems) using TagMan gene expression assay probes
(Applied Biosystems) of mouse target genes, IL-13 (MmO1336189_ml),
IL-6 (Mm00446190_m1), IL-10 (Mm00439614_m1), IL-18 (MmO00434225_
ml), TNF-a (Mm00443258_ml), CCL2 (MmO00441242_ml), CCL4
(Mm00443111_ml), CCL5 (MmO01302427_ml), CCL7 (Mm00443113_
ml), CCRl (MmO00438260_sl), CCR2 (Mm01216173_ml), CXCL2
(Mm00436450_m1), BCL6 (Mm00477633_ml), Fos (Mm00487425_
ml), CXCRl (Mm00731329_s1), TLRS (MmO00546288_s1), ITGB2
(Mm00434513_m1) or an endogenous control GAPDH (Mm99999915_g1)
and TagMan Universal PCR Master Mix (Applied Biosystems). The expression
levels of individual gene were normalized with GAPDH in the same sample by
calculation of delta-cycle threshold (ACt) value. Relative expression levels of
respective genes in DON-treated samples were compared with corresponding
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control and calculated by relative quantification (AACt) (Takeda er al., 2008).
Data were represented as the mean + SE of the three replicate cultures.

Statistical analysis. Data were analyzed using Sigma Plot 11 (Jandel
Scientific, San Rafael, CA). Data sets were considered significantly different
when p < 0.05.

RESULTS

Although it has been recognized that DON induces transcrip-
tion and enhances stability of inflammation-associated mRNAs
in the macrophage, the toxin’s effects on translation of these
mRNAs are not yet understood. The translational and transcrip-
tional profiles of inflammation-related mRNAs were therefore
compared in RAW 264.7 macrophage treated with 250 ng/ml
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of the toxin for 6h using a focused PCR array containing 84
inflammation related genes. The percentages of upregulated,
downregulated, and unaffected genes were markedly similar
in the transcriptome (45, 7, and 48%, respectively) (Fig. 1A)
and the translatome (48, 10, and 42%, respectively) (Fig. 1B).
Overall, the transcriptome and translatome shared 33 upregu-
lated genes (89 and 83%, respectively) (Fig. 2A) and 5 down-
regulated genes (80 and 56%, respectively) (Fig. 2B). Scatter
plots (DON vs. control) of transcriptome and translatome
also revealed highly analogous gene distribution patterns with
similar clustering of upregulated and downregulated genes
(Figs. 3A and 3B).

Genes up- and downregulated by DON at the tran-
scriptome and translatome level could be broadly -cat-
egorized as chemokines, chemokine receptors, cytokines,

Transcriptome

Unchanged
48%

Translatome

Down-
regulated
10%

Unchanged
42%

FIG. 1.

Relative numbers of array genes by DON in the transcriptome and translatome. Based on the PCR array result, the percentage of DON-induced up-,

down-, and unregulated genes were calculated and shown in (A) transcriptome and (B) translatome, respectively.

Upregulated Genes

Translatome

Transcriptome

Downregulated Genes

Translatome

Transcriptome

FIG. 2. Comparison of DON overlapping genes in transcriptome and translatome. Numbers of genes (A) upregulated and (B) downregulated by DON in
transcriptome and translatome, respectively. Overlapping regions represent the common genes that were shared by transcriptome and translatome.
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FIG. 3. Scatter distribution of up- and downregulated genes in transcriptome and translatome. (A) Transcriptome and (B) translatome data (DON vs. Control)
were plotted using SAbiosciences web-based RT? Profiler PCR Array Data Analysis tool and exported. Each dot represents a single gene. The parallel line region
indicates twofold threshold and the black arrows demonstrate the up- or downregulation of genes. Examples of commonly upregulated (CCL3, CCL4, CXCL2,
CCR1, CCR2, CCR3, and CCL7) and downregulated genes (LTB, IL-7, IL-18, CXCL10, and CD40) are identified.

TABLE 1
Functional Gene Grouping of DON-Induced Up- and
Downregulated Genes in Transcriptome and Translatome

Functional gene Translatome and Translatome- Transcriptome-

grouping transcriptome specific specific
Chemokines tCcll, Cclll, tCxcll 1Cxcl9
Ccll2, Cell7, 1Ccl25, Cxcll1
Ccl2, Ccl22,
Ccl24, Ccl3, Ccl4,
Ccl5, Ccl7, Cxcl2,
Cxcl3
1Cxcl10
Chemokine tCerl, Cer2, Cer3, tCxerl
receptors Cer7, Cxer2
Cytokines t11b, 1110, 11110, tIfng 1Tnfsf14, Lta
Tnf, Fasl, 1123a, 116
118, 117, Ltb
Cytokine t1rl, Il t1122ra2, t1110rb
receptors 118rap
Inflammatory tBcl6, Fos, C3arl, 1C3, Itgb2, TIr5 4 TIr2
response C4b, Crp, Ripk2 +TIr3

1Cd40

cytokine receptors, or inflammatory response genes (Table 1).
Quantitative changes in gene expression are summarized in
Table 2 (upregulation) and Table 3 (downregulation). Notably,
mRNAs, all CCL family chemokines and receptors within the
array were upregulated. The average fold up- and downregula-
tion levels per gene were 5.6 and 0.26 in transcriptome, respect-
ively, and 5.9 and 0.25 in translatome, respectively. The relative
ratios of translatome/transcriptome for 73% of the modulated
genes were between 0.5 and 2.0 (Tables 2 and 3) suggesting

there was close coordination of transcriptome and translatome
mRNA populations.

Real-time PCR of samples from three additional independent
experiments was used to quantitatively validate modulated
expression of selected genes in the polysome and total cellular
pools identified in the array study. Upregulation of cytokine
genes (IL-1p3, IL-6, IL-10, and TNF-a) (Fig. 4), chemokine
and receptor genes (CCL2, CCL4, CCL5, CCL7, CXCL2,
CCRI, and CCR2) (Fig. 5), and transcription factors (Fos
and BCL6) (Fig. 6) were confirmed in both the transcriptome
and translatome. Downregulation of IL-18 (Fig. 4) was again
observed in both of these populations. For some genes (IL-13,
CCL2, CCL4, and CCLS), modest but significant differences
in translatome and transcriptome were observed. Three genes
(TLRS, CXCRI1, and ITGB2) that were identified in the array
to be selectively upregulated in the translatome but not in
transcriptome were also verified by real-time PCR (Fig. 7).
Accordingly, these data suggest that although upregulation
of inflammation-related genes following DON treatment was
primarily related to the mRNA species present in the cell,
moderate translational regulation was also evident.

DISCUSSION

Although DON-induced gene expression has been previ-
ously investigated in detail relative to the total cellular mRNA
pool, this is the first attempt to profile the polysomal mRNAs
that are being actively translated following toxin exposure.
Given DON’s capacity to target innate immune function and
induce inflammation-associated genes, we employed a cloned
macrophage model and a focused PCR array. Although previ-
ous studies indicate that 250ng/ml of DON partially inhibits
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TABLE 2
DON-Induced Upregulation of Inflammatory Response Genes in Translatome (TLM) and Transcriptome (TCM)

Fold change*
Symbol TLM/TCM TLM TCM Gene Bank Gene description
Cxcll 11.6 6.1 0.5 NM_008176 Chemokine (C-X-C motif) ligand 1
Ifng 8.5 11.5 1.4 NM_008337 Interferon gamma
Tlr5 72 6.5 0.9 NM_016928 Toll-like receptor 5
Il1b 54 27.4 5.1 NM_008361 Interleukin 1 beta
Cxcerl 3.2 3.2 1 NM_178241 Chemokine (C-X-C motif) receptor 1
1122ra2 2.1 3.9 1.9 NM_178258 Interleukin 22 receptor, alpha 2
Ccl7 2.0 12.2 6.2 NM_013654 Chemokine (C-C motif) ligand 7
Ccll2 1.9 54 2.9 NM_011331 Chemokine (C-C motif) ligand 12
110 1.9 3.9 2.1 NM_010548 Interleukin 10
Cerl 1.8 329 18.2 NM_009912 Chemokine (C-C motif) receptor 1
Cxcl2 1.6 15.5 9.9 NM_009140 Chemokine (C-X-C motif) ligand 2
Itgb2 1.5 2.4 1.6 NM_008404 Integrin beta 2
Bcl6 1.5 3.8 2.6 NM_009744 B-cell leukemia/lymphoma 6
Ccl24 1.5 9.2 6.3 NM_019577 Chemokine (C-C motif) ligand 24
C3 1.4 2.6 1.8 NM_009778 Complement component 3
Ccr3 1.4 6.2 4.5 NM_009914 Chemokine (C-C motif) receptor 3
116 1.3 39 3.1 NM_031168 Interleukin 6
Fasl 1.2 3.3 2.7 NM_010177 Fas ligand (TNF superfamily, member 6)
Cxcr2 1.1 14.8 13.6 NM_009909 Chemokine (C-X-C motif) receptor 2
Ripk2 1.1 2.6 2.4 NM_138952 Receptor (TNFRSF)-interacting serine-threonine kinase 2
Ccll7 1.0 3 29 NM_011332 Chemokine (C-C motif) ligand 17
Ceclll 1.0 4.4 4.4 NM_011330 Chemokine (C-C motif) ligand 11
Ccr2 1.0 6.2 6.4 NM_009915 Chemokine (C-C motif) receptor 2
Fos 0.9 2 2.2 NM_010234 FBJ osteosarcoma oncogene
C3arl 0.9 6.7 7.5 NM_009779 Complement component 3a receptor 1
11110 0.9 2.4 2.8 NM_153077 Interleukin 1 family, member 10
Ccl4 0.9 6.6 7.7 NM_013652 Chemokine (C-C motif) ligand 4
Lta 0.8 1.9 2.3 NM_010735 Lymphotoxin A
Tnf 0.8 2.4 2.9 NM_013693 Tumor necrosis factor
Ccl2 0.8 38 4.6 NM_011333 Chemokine (C-C motif) ligand 2
Ccl3 0.8 8 10 NM_011337 Chemokine (C-C motif) ligand 3
1123a 0.8 3.8 49 NM_031252 Interleukin 23, alpha subunit p19
Illrn 0.7 7.7 10.6 NM_031167 Interleukin 1 receptor antagonist
Cxcl3 0.7 2.1 2.9 NM_203320 Chemokine (C-X-C motif) ligand 3
C4b 0.7 2.9 4.2 NM_009780 Complement component 4B
Ccl5 0.7 24 3.5 NM_013653 Chemokine (C-C motif) ligand 5
1110rb 0.6 1.3 2.1 NM_008349 Interleukin 10 receptor, beta
Crp 0.6 2.1 3.5 NM_007768 Crp, pentraxin-related
Ccll 0.5 3.9 8.4 NM_011329 Chemokine (C-C motif) ligand 1
Cer7 0.4 3.1 7.7 NM_007719 Chemokine (C-C motif) receptor 7
Il 0.4 4.2 10.9 NM_008362 Interleukin 1 receptor, type I
Cxcl9 0.3 1.1 3.8 NM_008599 Chemokine (C-X-C motif) ligand 9
Ccl22 0.3 2.6 9.7 NM_009137 Chemokine (C-C motif) ligand 22
Tnfsf14 0.3 0.6 2.1 NM_019418 Tumor necrosis factor (ligand) superfamily, member 14

*The correlation coefficient between TLM and TCM fold change was R?> = 0.52 (p < 0.001).

translation in RAW 264.7 cells (Zhou et al., 2003b), this con-
centration did not appear to significantly skew the profile of
genes being translated in our analysis. Comparison between
transcriptome and translatome indicated most genes in the
two pools responded similarly to DON, suggesting the transla-
tion to a large extent closely reflected the total cellular pool of
mRNAs. Nevertheless, a small number of genes appeared to be
further regulated at the level of translation.

A key question that arises relates to how DON might
mediate translational regulation of the small subset of genes

identified here. In the global context, translation is regulated
at multiple levels, some of which could be targeted by DON.
Mammalian target of rapamycin complex 1 is activated by
phosphoinositide 3-kinase (PI3K) via Akt or directly by
ERK1/2 and promotes phosphorylation/activation of p70 S6
kinase (p70S6K) that phosphorylates the small ribosomal
subunit protein S6 (Rps6), a process indicated to promote
translation (Ma and Blenis, 2009). The PI3K-Akt pathway also
mediates increase in the global initiation rate of translation
by promoting phosphorylation of 4E-BP1 and subsequent



158 HE ET AL.

TABLE 3
DON-Induced Downregulation of Inflammatory Response Genes in Translatome (TLM) and Transcriptome (TCM)
Fold change
Symbol TLM/TCM TLM TCM Gene Bank Gene description
TIr2 1.3 0.54 0.41 NM_011905 Toll-like receptor 2
Cd40 0.8 0.22 0.27 NM_011611 CDA40 antigen
Tir3 0.7 0.50 0.71 NM_126166 Toll-like receptor 3
1118rap 0.7 0.44 0.66 NM_010553 Interleukin 18 receptor accessory protein
17 0.6 0.23 0.38 NM_008371 Interleukin 7
118 0.5 0.20 0.38 NM_008360 Interleukin 18
Ccl25 0.5 0.44 0.93 NM_009138 Chemokine (C-C motif) ligand 25
Cxcll0 0.4 0.01 0.02 NM_021274 Chemokine (C-X-C motif) ligand 10
Ltb 0.4 0.04 0.09 NM_008518 Lymphotoxin B
Cxclll 0.1 0.19 1.30 NM_019494 Chemokine (C-X-C motif) ligand 11
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FIG.4. Comparative effects of DON on cytokine mRNA expression in transcriptome and translatome. Three independent cell culture experiments were con-
ducted and transcriptome and translatome were analyzed by real-time PCR in duplicate. The relative changes in mRNA reflect the ratio of response by DON- and
vehicle-treated cells. Data are mean + SE of triplicate wells. The dotted line indicates the basal level of gene expression (onefold) in total and polysome controls.
Asterisk indicates induced significant increases in mRNA expression relative to respective controls within the transcriptome and translatome (p < 0.05).

release of elF4e to bind to the 7-methylGTP cap of mRNAs by ERK1/2, also phosphorylates elF4b and eEF2k (Ma and
and increase the rate of initiation (Ma and Blenis, 2009). Blenis, 2009). In contrast, double-stranded RNA-activated
Alternatively, p90 ribosomal S6 kinase (p90RSK), activated protein kinase (PKR), PKR-like endoplasmic reticulum
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described in the legend of Figure 4.

kinase, general control non-derepressible 2 kinase (GCN2)
and heme-regulated eukaryotic initiation factor 2 alpha
kinase (HRI) suppress global translation by coordinating the
phosphorylation of elF2a. DON is known to concurrently
activate the translation-promoting pathway members Akt,
ERK1/2, and p90RSK, and the translation-inhibitory PKR
(Zhou et al., 2003a,b). Fine-tuning of the balance between
these counteracting pathways might account in part for the
selective translation of some mRNAs observed in this study.
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Comparative effects of DON on chemokines and their receptors expression in transcriptome and translatome. Study was conducted and analyzed as

Besides global regulation, translation of specific messages
can be modulated on an individual level. For example, transla-
tion of GCN4 is activated in response to amino acid deprivation,
which generally represses translation, via a mechanism involv-
ing a short upstream open reading frame (Hinnebusch, 1997). In
addition, translation of specific messages can also be controlled
by specific RBPs (Gebauer and Hentze, 2004), many of which
interact with functionally related groups of mRNAs, illustrat-
ing the elaborate regulation on level of translation. microRNAs
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lyzed as described in the legend of Figure 4.

can also precisely regulate specific gene expression by imper-
fectly binding to the 3”-UTR of target mRNA. Resultant stalled
translation complexes could be degraded or relocalized to stress
granule for future use (Leung and Sharp, 2010). We have previ-
ously determined that the concentration and time period used
here, DON can modulate the profile of miRNAs in macrophage
(He and Pestka, 2010), suggesting a potential role for these
modulating inflammatory gene expression. Further investigation
is needed to elucidate the regulatory elements responsible for
DON-mediated translation regulation genes.

The profiles of genes (cytokine, chemokine, receptor,
transcription factor, and inflammation) in the translatome
and transcriptome provide valuable new insight into the
immunotoxic actions of DON. DON-induced upregulation
of IL-1f, IL-6, and TNF-a as observed here is highly
consistent with previous findings (Wong et al., 1998, 2001;
Zhou et al., 1998). IL-6 can act as both a proinflammatory
and anti-inflammatory cytokine and it also stimulates the
expression of interleukin 1 receptor antagonist (IL-1rn) and
IL-10 (Borish and Steinke, 2003; Petersen and Pedersen,
2005), the upregulation of which were also found in this
study. IL-1rn can nonfunctionally bind to the same receptor
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FIG.7. DON induces translatome-specific mRNA expression. Study was
conducted and analyzed as described in the legend of Figure 4.

as IL-1. IL-10 inhibits production of IL-1p, IL-6, IL-12,
CXCL8, and TNF-a in monocyte/macrophage (Commins
et al.,2010). DON-induced upregulation of IL-1 receptor (IL-
1r1) and IL-1, and mutual induction of TNF and IL-1 may be
negatively regulated by IL-1rn, IL-6 and IL-10. In total, these
responses are consistent with both induction of inflammatory
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genes as well as anti-inflammatory genes that can minimize
physiological damage to tissue.

The observation that the CC chemokine family was markedly
upregulated upon DON exposure represents a critical finding
because this family of small molecules directs receptor-mediated
trafficking of leukocytes. CC chemokines control both recruitment
of effector leukocytes to target sites of infection and the migration
of cells during normal processes of tissue maintenance or devel-
opment (Borish and Steinke, 2003; Moser et al., 2004). CCL2
and CCL7, which were previously reported to be upregulated in
spleens of DON-exposed mice (Kinser et al., 2004, 2005), are
potent chemoattractants that direct monocytes/macrophages to
inflammatory sites by regulating the expression of adhesion mol-
ecules and cytokines in these cells (Jiang et al., 1992; Maddaluno
et al., 2011). Our data show for the first time that DON upregu-
lated CCL3 and CCL4, both of which have potent chemotactic
activities for monocytes and T cells (Hasegawa et al., 1999). It
is notable that receptors for these chemokines were also upregu-
lated in the transcriptome and translatome (CCR1, CCR2, and
CXCR?2). These data strongly suggest that leukocyte chemotaxis
could contribute to aberrant systemic inflammatory responses
observed in DON-exposed animals.

Two transcription factors, Fos and BCL6, were also observed
here to be upregulated by DON in transcriptome and translatome.
Fos heterodimerizes with other subunits to form activator protein- 1
(AP-1) transcriptional factor complex and regulates gene expres-
sion in response to various stimuli, including cytokines, stress,
and bacterial and viral infections (Hess et al., 2004). Increased
AP-1 binding has been observed in DON-exposed RAW 264.7
cells (Wong et al., 2002). Binding activity of AP-1 is elevated
upon DON treatment in mouse spleen, which precedes the upreg-
ulation of inflammatory cytokine expression (Kinser et al., 2004;
Zhou et al., 2003a). BCL6 is a zinc-finger transcription factor that
represses transcription in a sequence-specific manner and modu-
lates inflammation (Barish et al., 2010) by cistronic antagonism
of NF-kB, a transcription factor that is also activated by DON
(Gray and Pestka, 2007; Zhou et al., 2003a). BCL6 represses
transcription of IL-18 (Takeda et al., 2003; Yu et al., 2005), the
downregulation of which was observed here in the PCR array
and confirmed by real-time PCR. Chemokine are also negatively
regulated by BCLG6 to attenuate inflammation (Seto ef al., 2011;
Toney et al., 2000), suggesting BCL6 might be important in mod-
ulation of DON-induced immunostimulatory events.

Other genes with significant immunological functions
induced by DON included C4b and C3arl, components of
complement system, which are important components of host
defense and enhancement of phagocytosis (Ogundele, 2001).
C3arl, was previously reported to be upregulated by DON
(Chung et al., 2003). C-reactive protein (Crp) (Carroll, 2004),
an acute-phase protein that rises in response to inflammation
and activates the complement system, was also upregulated by
DON. Overall, upregulation of C4b, C3arl, and Crp indicates
involvement of complement system in DON-induced inflam-
matory response.
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Although here we specifically examined the correlation
between transcriptome and translatome for genes related to
innate immunity by DON, there are obvious limitations to
using a focused PCR array with a relatively small number of
genes. It will therefore be of interest in the future to compare
translatome and transcriptome profiles at a genome-wide level
to determine if expression of other genes such as those related
to energy metabolism and cell cycle are regulated similarly to
inflammation-associated genes. Another limitation here was
the use of single time point, making it difficult to discriminate
inflammatory genes responding primarily to DON exposure
from those affected in secondary fashion by the upregulation
of potent modulatory cytokines and chemokines. Thus, future
studies should employ multiple time points.

Taken together, DON potently induced translation of vari-
ous cytokine, chemokine, their receptor, and transcription such
factor genes associated with inflammation. Although most of
this upregulation corresponded to increased transcription and/
or mRNA stability, some genes appeared to be additionally reg-
ulated at translational level. The major implication of this study
is that it demonstrates the potential for a ribotoxin to selectively
enhance the expression of proteins at the translation level. This
expands understanding of the ribotoxic stress response elicited
by a wide range of xenobiotics with public health significance,
as well as provides new insight into the complex nature of
translational regulation.
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