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Abstract

Colonocytes possess a specific carrier-mediated uptake process for the microbiota-gener-

ated thiamin (vitamin B1) pyrophosphate (TPP) that involves the TPP transporter (TPPT;

product of the SLC44A4 gene). Little is known about the effect of exogenous factors (includ-

ing enteric pathogens) on the colonic TPP uptake process. Our aim in this study was to

investigate the effect of Enterohemorrhagic Escherichia coli (EHEC) infection on colonic

uptake of TPP. We used human-derived colonic epithelial NCM460 cells and mice in our

investigation. The results showed that infecting NCM460 cells with live EHEC (but not with

heat-killed EHEC, EHEC culture supernatant, or with non-pathogenic E. Coli) to lead to a

significant inhibition in carrier-mediated TPP uptake, as well as in level of expression of the

TPPT protein and mRNA. Similarly, infecting mice with EHEC led to a significant inhibition in

colonic TPP uptake and in level of expression of TPPT protein and mRNA. The inhibitory

effect of EHEC on TPP uptake by NCM460 was found to be associated with reduction in the

rate of transcription of the SLC44A4 gene as indicated by the significant reduction in the

activity of the SLC44A4 promoter transfected into EHEC infected cells. The latter was also

associated with a marked reduction in the level of expression of the transcription factors

CREB-1 and ELF3, which are known to drive the activity of the SLC44A4 promoter. Finally,

blocking the ERK1/2 and NF-kB signaling pathways in NCM460 cells significantly reversed

the level of EHEC inhibition in TPP uptake and TPPT expression. Collectively, these find-

ings show, for the first time, that EHEC infection significantly inhibit colonic uptake of TPP,

and that this effect appears to be exerted at the level of SLC44A4 transcription and involves

the ERK1/2 and NF-kB signaling pathways.
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Introduction

Thiamin pyrophosphate (TPP; also called thiamin di-phosphate), is a biologically active form

of vitamin B1 that acts as a cofactor for multiple enzymes (pyruvate dehydrogenase, α-ketoglu-

tarate dehydrogenase, branched-chain α-ketoacid dehydrogenase, transketolase) that are

involved in critical metabolic reactions (e. g., energy metabolism, reduction of cellular oxida-

tive stress) [1, 2, 3]. The vitamin also plays a role in maintaining normal mitochondrial func-

tion and structure [4], and in cellular pro-inflammatory responses [5, 6]. Deficiency of

thiamin in humans leads to serious clinical abnormalities (that include cardiovascular and

neurological disorders), and occurs in chronic alcoholism and diabetes mellitus among other

conditions [7, 8, 9].

Human/other mammals lack the ability to synthesize thiamin endogenously; therefore, they

must obtain the micronutrient from exogenous sources via intestinal absorption. The intestine

encounters two sources of thiamin: dietary and bacterial sources (the latter is in reference to

the vitamin that is generated by the gut microbiota). With regards to the dietary source, the

vitamin exists mainly in the phosphorylated form; this form is hydrolyzed to free thiamin

prior to absorption by the action of the abundant small intestinal phosphatases [10, 11, 12].

The liberated free thiamin is then absorbed via a specific carrier-mediated process that

involves both the SLC19A2 (THTR-1) and SLC19A3 (THTR-2) transport systems [10–17]. As

to the microbiota-generated vitamin B1, this source provides thiamin in both the free and the

phosphorylated (i. e., TPP) forms [12, 18]. Studies from our laboratory have shown that the

human/mammalian colonocytes are capable of absorbing both of these forms of the vitamin

and that this occurs via distinct and specific carrier-mediated mechanisms [19–21]. Large

intestinal absorption of free thiamin involves the SLC19A2 and SLC19A3 uptake systems [12,

19, 22], while that of TPP involves the recently identified TPPT system (product of the

SLC44A4 gene) [20, 21]. Other studies from our laboratory have shown that expression of the

SLC44A4 system in the gastrointestinal tract is restricted to the large intestine [21], and that

this site-specific expression is determined by epigenetic mechanisms [23]. In addition, we have

characterized different regulatory aspects of the TPPT system, identified a role for the cis-regu-

latory elements CREB-1 and ETS/ELF3 in basal activity of the SLC44A4 promoter [24], and

showed that the colonic TPP uptake process is adaptively-regulated by the prevailing extracel-

lular substrate level [20, 25]. Very little, however, is known about the effect of external factors

(including that of enteric pathogens) on the colonic TPP uptake process. In this study, we

examined the effect of one such factor, i. e., infection with Enterohemorrhagic E. coli (EHEC),

on colonic uptake of TPP. EHEC causes foodborne diarrhea in humans, and it mainly colo-

nizes the colon and exert its effect via toxin -dependent and toxin-independent mechanisms

[26, 27, 28]. We used the human-derived colonic epithelial NCM460 cells and mice for in vitro
and in vivo models of infection, respectively. Our results showed that EHEC infection causes a

significant inhibition in colonic TPP uptake and that this inhibition is exerted at the level of

transcription of the SLC44A4 gene and involves the ERK1/2 and NF-kB signaling pathways.

Materials and methods

Materials

NCM460 cells were from INCELL (San Antonio, TX), and [3H]-TPP (specific activity 1.3 Ci/

mmol; radiochemical purity 97%) was from Moravek Biochemicals (Brea, CA); qPCR primers

were from Sigma Genosys (Woodlands, TX); Other chemicals/reagents were from commercial

vendors and were of analytical/molecular biology grade. Human and mouse specific anti-

SLC44A4 polyclonal antibodies were generated for us by Alpha Diagnostics International (San
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Antonio, TX) and by Thermofisher (Rockford, IL), respectively. Human anti-ELF3 (AV31639)

antibody was from Sigma-Aldrich (Saint Louis, MO); anti-CREB-1 (#9197), anti-ERK1/2

(#9102S), anti-Phospho ERK1/2 (#9101S) and anti-Phospho NF-κB (#3033S) were from Cell

Signaling Technology (Danvers, MA); anti-NF-κB (ab16502) antibody from Abcam (Cam-

bridge, MA); anti-β-actin (sc-47778) and anti-Lamin B (sc-6216) antibodies were from Santa

Cruz Biotechnology (Santa Cruz, CA). The secondary antibodies, anti-rabbit IRDye-800 and

anti-mouse IRDye-680, were purchased from LI-COR Bioscience (Lincoln, NE).

Cell culture

The human-derived colonic non-transformed NCM460 epithelial cells were routinely main-

tained in Ham’s F-12 culture medium supplemented with 20% (vol/vol) FBS and antibiotics at

37˚ C in a 5% CO2 environment. Confluent NCM460 cell monolayers were used in the physio-

logical and molecular investigations.

Bacterial culture and infection of NCM460 cells

Wild-type EHEC (EDL933), as well as the EHEC mutants EHEC Δtir, EHEC ΔespF and EHEC

ΔescN (all were kindly provided to us by Dr. G Hecht, of Loyola University Chicago, IL), and

the non-pathogenic E. coli HS4 strain were used in this study. Overnight bacterial cultures

were diluted to 1:50 in Luria-Bertani (LB) broth (EHEC ΔespF and EHEC ΔescN were grown

in presence of 50 μg/ml kanamycin) and allowed to grow for 3 h to reach the exponential

phase. Bacteria were resuspended in serum free media at the specified multiplicity of infection

(MOI). Confluent NCM460 cells maintained in serum free media were infected with 200 MOI

of wild-type EHEC and their mutants for 5 h [29, 30], then treated with gentamycin (50 μg/ml)

for 60 min (to remove adherent EHEC), followed by utilization in the different studies. To

study the effect of heat-killed (boiled) EHEC (200 MOI) on NCM460 cells, the bacteria was

boiled for 30 min at 100˚ C.

Bacterial culture supernatants

To collect bacterial culture supernatant, the overnight grown EHEC culture was centrifuged

for 15 mins at 3000 rpm, followed by filtration (utilizing 0.22 μm sterile syringe filters) as

described previously [31, 32].

[3H]-TPP uptake studies in vitro and in vivo
Initial rate of carrier-mediated uptake (3 min at 37˚ C) of TPP [3H]-TPP (0.3 μCi/ml) [20, 21]

was assayed in EHEC infected NCM460 cells (in vitro) using Krebs-Ringer (KR) buffer con-

taining (in mM): 123 NaCl, 4.93 KCl, 1.23 MgSO4, 0.85 CaCl2, 5 glucose, 5 glutamine, 10

HEPES, and 10 MES (pH 7.4). Uptake reaction was terminated by the addition of ice-cold KR

buffer followed by cell lysis (with 1 ml of 1 N NaOH), neutralization with 10 N HCl and radio-

active counting in a liquid scintillation counter. Protein content of cell digests was measured

using the Dc protein assay kit (Bio-Rad, Hercules, CA). For in vivo TPP uptake, eight-weeks-

old C57BL/6J mice (~ 25 g) were given water containing streptomycin (5 g/L) for 24 h to elimi-

nate the commensal microflora. The water was then replaced with regular water for another 24

h before bacterial infection. Mice were gavaged with 2x108 CFU/mice (in 200 μl) [33] using

20-gauge gavage needle. Control (uninfected) mice were gavaged with same volume of PBS.

After 72 h of infection, mice were euthanized and the colon sheet (~ 1 cm) were incubated in
vitro in KR buffer containing [3H]-TPP in the presence or absence of unlabeled 1mM TPP for

10 minutes and then processed for radioactivity measurement. The animal protocol used in
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this study was approved by the Institutional Animal Care and Use Committee (IACUC), Uni-

versity of California, Irvine, CA.

Quantitative real-time PCR analysis (RT-qPCR)

Total RNA isolated from NCM460 cells, and mouse colon infected with EHEC, were reverse

transcribed (using iScript cDNA synthesis kit from Bio-Rad; Hercules, CA). Human and

mouse gene specific primers (Table 1) were used to amplify the appropriate genes and PCR

conditions were used as described previously [34]. Data was normalized to β-actin were quan-

tified using a relative relationship method supplied by the iCycler manufacturer (Bio-Rad).

Transfection and firefly luciferase assay

SLC44A4 wild-type (WT) promoter construct (3 μg/ml), along with 100 ng of Renilla lucifer-

ase-thymidine kinase (pRL-TK) plasmid (Promega, Madison, WI), were transiently trans-

fected in NCM460 cells using Lipofectamine 2000 reagent (Life Technologies) for 24 h. Cells

were subsequently infected with EHEC, then (5 h later) washed with gentamycin then lysed.

The Renilla-normalized firefly luciferase activity was determined using a dual-luciferase assay

system (Promega).

Isolation of protein and western blot analysis

EHEC infected and uninfected NCM460 cells and mouse colon tissues were lysed in radio

immunoprecipitation assay buffer (RIPA buffer; Sigma) containing complete protease inhibi-

tor cocktail (Roche, NJ). The soluble protein fraction was collected followed by centrifugation

(12,000 rpm, 20 min). Concentrations of proteins were determined using Dc protein assay kit

(Bio-Rad). To determine the level of TPP transporter and transcription factors protein expres-

sion, an equal amount of protein (40 μg) was loaded onto 4–12% Bis-Tris gradient minigels

(Invitrogen) and transferred in to Immobilon polyvinylidene difluoride membrane (Fisher

Scientific). Subsequently, the blots were probed with anti-TPPT (1:200), anti-CREB-1 (1:200),

anti-ELF3 (1: 200), anti-ERK1/2 (1:1000), anti-Phospho ERK1/2 (1:1000), anti-Phospho NF-

κB (1:1000), anti-NF-κB (1:1000), anti-β-actin (1:3000), and anti-Lamin B (1: 1000) antibodies.

The membranes were probed with anti-mTPPT antibody and anti-mTPPT antibody pre-

treated with antigenic peptide to show the specificity of the mTPPT antibody. Anti-rabbit

IRDye-800 and anti-mouse IRDye-680 (both at 1:30,000 dilutions) were used as the secondary

antibodies in this study. The specific immunoreactive bands were detected using the Odyssey

infrared imaging system (LI-COR Bioscience, Lincoln, NE), and their densities were measured

using the LI-COR software.

Table 1. Primers used for real-time PCR analysis.

Gene Name Forward and Reverse Primers (50– 30)

hSLC44A4 TGCTGATGCTCATCTTCCTGCG; GGACAAAGGTGACCAGTGGGTA

hCREB-1 TTAACCATGACCAATGCAGCA; TGGTATGTTTGTACGTCTCCAGA

hELF3 TCTTCCCCAGCGATGGTTTTC; TCCCGGATGAACTCCCACA

h-β-actin CATCCTGCGTCTGGACCT; TAATGTCACGCACGATTTCC

mSlc44a4 TGCCTACCAGAGTGTGAAGGAG; TGGCTTCCTTCAGCAGAGCGAT

m-β-actin ATCCTCTTCCTCCCTGGA; TTCATGGATGCCACAGGA

https://doi.org/10.1371/journal.pone.0224234.t001
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Treatment of NCM460 cells with inhibitors

The ERK1/2 pathway specific inhibitor PD98059 (Peprotech, Rocky Hill, NJ) and the NF-kB

pathway specific inhibitor Celastrol (Invivogen, San Diego, CA) were stored at -20˚ C. Prior to

EHEC infection, the NCM460 cells were incubated with either PD98059 (50 μM) or Celastrol

(100 nM) for 1h. The inhibitors were kept during the 5 h of infection.

Statistical analysis

Uptake data presented in this study represent mean ± SE of 3 independent experiments (done

on different occasions) and are expressed as percentage relative to simultaneously performed

controls. The RT-qPCR, western blotting, and firefly luciferase assays were determined from

three independent samples preparations. For statistical analysis, we used the Student’s t-test

and P< 0.05 was considered to be statistically significant.

Results

Effect of EHEC on physiological/molecular parameters of the colonic TPP

uptake process

In vitro studies using human-derived colonic epithelial NCM460 cells. We examined

the effect of EHEC infection (using different multiplicity of infection, MOI), as well as that of

the non-pathogenic E. coli HS4 (200 MOI), of colonic epithelial NCM460 cells on TPP uptake.

For this, cells were exposed to EHEC for 5 h [29, 30], followed by evaluation of initial rate of

carrier-mediated [3H]-TPP (0.23 μM) uptake [20]. The result showed a significant (P < 0.05

for 100 MOI, and P< 0.01 for 200 MOI) inhibition in TPP uptake by NCM460 cells infected

with EHEC (but not with non-pathogenic E. coli HS4) compared with simultaneously pro-

cessed uninfected controls (Fig 1A). A 200 MOI was used for all subsequent experiments. In

another study, we investigated the effect of treating NCM460 cells with boiled EHEC (heat-

killed bacteria) on TPP uptake with the results showing lack of effect on the vitamin uptake

(Fig 1B). To assess whether the inhibition in TPP uptake caused by live EHEC is mediated via

a secreted factor (toxin), we exposed the NCM460 cells to supernatant of culture EHEC (see

“Methods”), then examined [3H]-TPP uptake. The result showed lack of inhibition of such a

treatment on TPP uptake (Fig 1B).

EHEC causes attaching and effacing lesion via type III secretion system (T3SS), the molecu-

lar syringe that injects effector proteins into host cells. Thus, we examined functional involve-

ment of EHEC effector proteins in the EHEC-induced inhibition in TPP uptake by NCM460

cells. For this, we used 200 MOI of EHEC Δtir (the translocated Intimin receptor facilitates the

intestinal colonization), EHEC ΔespF (a multifunctional protein mainly involved in EHEC

colonization) and EHEC ΔescN (putative ATPase component involved in the formation of

T3SS and intestinal colonization) [29, 35] to infect NCM460 cells. Results showed a significant

inhibition in TPP uptake by NCM460 cells infected with wild-type EHEC and their mutants,

suggesting that these effector proteins are not required for the EHEC induced inhibition TPP

uptake inhibition (Fig 1C).

In another study, we examined the effect of infecting NCM460 cells with EHEC (200 MOI;

5 h exposure) on level of TPPT protein expression. This was done by means of western blotting

using specific polyclonal antibodies against the TPP transporter [25]. The result showed a sig-

nificant (P< 0.01) reduction in the level of expression of the TPPT protein in cells infected

with EHEC compared to uninfected controls (Fig 1D). We also examined (by mean RT-

qPCR) the effect of infecting the NCM460 cells with EHEC on level of SLC44A4 mRNA
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expression. The result showed a significant (P < 0.01) reduction in the level of expression of

SLC44A4 mRNA in cells infected with EHEC compared to uninfected cells (Fig 1E).

In vivo studies in mice. In these studies, we investigated the effect of EHEC infection of

mice in vivo on physiological/molecular parameters of the colonic TPP uptake process. For

this, we gavaged C57BL/6J mice with EHEC (2x108 CFU/mice; [33]), then examined TPP

uptake 72 h following infection. The result showed a significant (P < 0.01) inhibition in

colonic carrier-mediated TPP uptake (Fig 2A). We also examined (by western blot analysis)

the level of TPPT protein expression in colonic cells of the infected mice and observed a signif-

icant (P < 0.01) reduction in mice infected with EHEC compared to uninfected controls (Fig

2B). Similarly, level of Slc44a4 mRNA expression (determined by RT-qPCR) was found to be

significantly (P < 0.05) reduced in EHEC infected mice compared to uninfected control (Fig

2C).

Fig 1. Effect of EHEC infection of human colonic epithelial NCM460 cells in vitro on carrier-mediated TPP uptake and on level of expression of TPP transporter

(TPPT). [A] Carrier-mediated [3H]-TPP uptake was examined in NCM460 cells infected with EHEC at 100 and 200 MOI for 5 h. [B] Carrier-mediated TPP uptake was

examined in NCM460 cells exposed to boiled (heat-killed) EHEC or bacterial culture supernatant. [C] Effect of infection with EHEC mutants (Δtir-EHEC,

ΔespF-EHEC and ΔescN-EHEC) on [3H]-TPP uptake by NCM460 cells. [D] Levels of TPPT protein expression was examined in NCM460 cells infected with EHEC at

200 MOI for 5 h (by western blotting). Data were normalized with β-actin. [E] Levels of SLC44A4 mRNA expression was examined in NCM460 cells infected with

EHEC at 200 MOI for 5h (by RT-qPCR). Data are mean ± SE of 3–4 sets of independent experiments. ��P< 0.01; � P< 0.05; NS-not significant.

https://doi.org/10.1371/journal.pone.0224234.g001
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Involvement of transcriptional mechanism in the effect of EHEC on

colonic TPP uptake process

A change in level of expression of a given mRNA could be induced via multiple mechanisms

including changes in the rate of transcription of the involved gene. To determine possible

involvement of the latter mechanism in the observed effect of EHEC infection on expression

of the colonic SLC44A4 mRNA, we examined the effect of EHEC infecting of NCM460 cells

expressing the full-length (and minimal-length) SLC44A4 promoters (fused to the luciferase

reporter) on activity of these promoters. The results showed that a significant inhibition in the

activity of the SLC44A4 full-length (P< 0.05) as well as the minimal (P< 0.01) promoters con-

structs in cells infected with EHEC compared to uninfected controls (Fig 3A & 3B). These

results demonstrated that the effect of EHEC infection on SLC44A4 expression is, at least in

part, mediated at the level of transcription of the SLC44A4 gene.

Fig 2. Effect of EHEC infection of mice in vivo on colonic carrier-mediated TPP uptake and on level of expression of TPPT. [A] Carrier-mediated

[3H]-TPP uptake was examined in colonic sheet of C57BL/6J male mice (8–10 week-old) infected with EHEC for 72 h. [B] Levels of TPPT protein

expression was examined in EHEC infected mouse colonic tissue. The membranes were incubated with custom made anti-TPPT antibodies [i] and anti-

TPPT antibodies pretreated with antigenic peptide [ii]. The antigenic peptide was used to show the specificity of the TPPT. [C] Levels of Slc44a4 mRNA

expression was examined in EHEC infected colonic tissue. Data are mean ± SE of 3–4 pairs of mice. ��P< 0.01; �P< 0.05.

https://doi.org/10.1371/journal.pone.0224234.g002
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Previous findings from our laboratory have shown that the nuclear factors CREB-1 and

ELF3 play important roles in driving basal promoter activity of the SLC44A4 gene [24]. Thus,

we also examined whether EHEC infection of NCM460 cells affects the expression of the

CREB-1 and ELF3 transcription factors. The results showed that infecting NCM460 cells with

EHEC leads to a significant (P < 0.01 for both) suppression in level of CREB-1 and ELF3 pro-

tein (Fig 4A & 4B), and mRNA (Fig 4C & 4D) expression.

Role of ERK1/2 and NF-κB signaling pathways in mediating the inhibitory

effect of EHEC on TPP uptake

It has been shown previously that EHEC infection of intestinal epithelial cells leads to a signifi-

cant activation of the ERK 1/2 and NF-κB intracellular signaling pathways [36–38]. Thus, we

first examined whether EHEC infection can activate ERK 1/2 and NF-κB signaling pathways

in colonic NCM460 cells. The results showed that the phosphorylation of ERK1/2 and NF-κB

was increased in EHEC-infected cells compared to uninfected control as well as to cells treated

with ERK1/2 and NF-κB pathway inhibitors prior to EHEC infection (Fig 5A). These results

indicate that EHEC infection in NCM460 cells activates these two pathways. Next, to deter-

mine whether these signaling pathways are involved in mediating the inhibition caused by

EHEC in colonic TPP uptake and in level of expression of the TPPT, we used specific pharma-

cological inhibitors to block these pathways and examined the effect of such blocking on the

inhibitory effect of EHEC on these parameters. We used the ERK 1/2 specific inhibitor

PD98059 and the NF-κB specific inhibitor celastrol in our investigations [36–38]. The result

showed that treatment of cells with PD98059 and celastrol to lead to significant (P< 0.01)

abrogation in the inhibitory effect of EHEC on TPP uptake (Fig 5B) as well as on the level of

expression of TPPT protein (Fig 5C & 5D). These findings suggest that ERK 1/2 and NF-kB

Fig 3. Effect of EHEC infection of NCM460 cells on activity of the SLC44A4 promoter. The relative promoter activity of human

SLC44A4 full-length [A] and minimal promoter [B] constructs in pGL3 basic was examined in NCM460 cells infected with EHEC (200

MOI for 5 h) by luciferase assay. The relative values of promoter activity are expressed as fold change over pGL3 basic vector and data are

presented as mean ± SE of 4 sets of independent experiments. ��P< 0.01; �P< 0.05.

https://doi.org/10.1371/journal.pone.0224234.g003
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signaling pathways are involved in mediating the effect of EHEC on the physiology and molec-

ular biology of colonic TPP uptake process.

Discussion

As mentioned earlier, studies from our laboratory have recently shown that the SLC44A4
transport system is involved in the uptake of the microbiota-generated TPP and that expres-

sion of this transporter along the GI tract is restricted to the large intestine [21, 23]. We also

shown that this uptake system is specific for TPP and does not transport the free form of vita-

min B1, i. e., free thiamin. In addition, we have characterized different cell biology and regula-

tory aspects of this colonic TPPT system [20, 24, 25]. Currently, there is little known about the

Fig 4. Effect of EHEC infection of NCM460 cells on level of expression of CREB-1 and ELF3 proteins and mRNAs. Levels of CREB-1 [A] and ELF3 [B] proteins

expression were determined in NCM460 cells infected with EHEC (200 MOI for 5 h) by western blotting. Normalization of both the proteins expression was done

relative to Lamin B. Levels of CREB-1 [C] and ELF3 [D] mRNA expression was determined in NCM460 cells infected with EHEC by RT-qPCR. Normalization of

both the mRNAs expression was done by β-actin. Data are mean ± SE of 3 sets of independent experiments. ��P< 0.01.

https://doi.org/10.1371/journal.pone.0224234.g004
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effect of external/ environmental factors on the function of this newly identified uptake system.

In this study, we examined the effect of infection with the enteric pathogen EHEC on physiol-

ogy/molecular biology of the colonic TPP uptake process. EHEC is a major enteric pathogen

that causes foodborne diarrheal disease in the US; it affects approximately 75,000 individuals

annually [39, 40]. Severe infection with this pathogen causes intestinal inflammation, hemor-

rhagic colitis, which could be followed by life-threatening hemolytic uremic syndrome [36,

37]. EHEC infection mainly impacts the colon and its effect is mediated via toxin-dependent

and toxin-independent mechanisms [26, 27, 28]. Although EHEC has been shown to affect the

physiology of ion transport in the colon [27, 40–43], its effect on uptake of micro-nutrients

like water-soluble vitamins (including TPP) has not been examined. In this study, we

employed as models: a well-established human-derived colonic epithelial NCM460 cells (for in

Fig 5. Role of ERK 1/2 and NF-κB signaling pathways in mediating the effect of EHEC infection of NCM460 cells on TPP uptake and on level of expression of

TPPT. [A] Activation of ERK1/2 (i) and NF-κB (ii) in EHEC infected NCM460 cells. Cells were treated with EHEC and pretreated with 50 μM PD98059 (an ERK1/2

inhibitor) and 100 nM celastrol (an inhibitor of NF-kB). [B] Carrier-mediated [3H]-TPP uptake was examined in NCM460 cells that were pre-treated with PD98059 and

celastrol for 1 h prior to EHEC (200 MOI for 5 h) infection. [C and D] Levels of TPPT protein expression in NCM460 cells that were pre-treated with PD98059 and

celastrol prior to EHEC infection, respectively (western blotting). Data are mean ± SE of 4–6 different sets of independent experiments. ��P< 0.01; �P< 0.05; NS-not

significant; PD-PD98059 (inhibitor of ERK1/2) and celastrol (inhibitor of NF-κB).

https://doi.org/10.1371/journal.pone.0224234.g005
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vitro infection) and mice for (in vivo infection) to examine the effect of EHEC on colonic

uptake of TPP. The results demonstrated that infection of NCM460 cells with live EHEC (but

not heat-killed/boiled EHEC or with non-pathogenic E. coli) causes a marked inhibition in

TPP uptake; no such inhibition in the substrate uptake was observed in cells treated with bac-

terial culture supernatant suggesting that the effect is not mediated via a secreted factor(s)

(toxin) but rather it requires a direct contact of the bacterial with the colonic epithelial cells.

Non-toxin mediated effect of EHEC infection on intestinal physiology has also been seen by

others [33]. In addition, EHEC mutants with mutations in specific components of the T3SS

system (Δtir-EHEC, ΔespF-EHEC and ΔescN-EHEC) also showed significant inhibition in

TPP uptake, suggesting that these effector proteins are not involved in the EHEC mediated

inhibition in TPP uptake. Similarly, in vivo infection of mice with EHEC led to a significant

inhibition in colonic uptake of TPP. The inhibitory effect of EHEC on TPP uptake by human

and mouse colonocytes was associated with a marked suppression in level of expression of

TPPT protein and mRNA; the latter suggests that the effect is, at least in part, mediated at the

level of transcription of the SLC44A4 gene. This indeed appeared to be the case as activity of

the full-length (as well as the minimal) SLC44A4 promoter (transfected into NCM460 cells)

were significantly reduced following infection with EHEC. Since the CREB-1 and ELF3

nuclear factors participate in driving promoter activity of the SLC44A4 gene [24], we also

examined whether EHEC infection of NCM460 cells affects expression of these factors. The

results indeed showed that EHEC infection leads to a significant inhibition in the expression

of both of these nuclear factors raising the possibility that they may be involved in mediating

the inhibitory effect of EHEC on SLC44A4 promoter activity.

Previous investigations have reported that the intracellular ERK 1/2 and NF-κB signaling

pathways mediate the effects of EHEC on intestinal epithelial cells physiology [36–38]. Thus, we

investigated whether these signaling pathways are also involved in mediating the inhibitory effect

of EHEC on the physiology/molecular biology of the colonic TPP uptake process. For this, we

used specific pharmacological inhibitors to suppress these pathways [36–38] and examined the

effect of such treatment on the inhibitory effect of EHEC on TPP uptake and on expression of

the TPPT protein in NCM460 cells. The results showed that inhibiting these signaling pathways

to significantly reverse the inhibitory effect of EHEC on colonic TPP uptake and on level of

TPPT protein expression. These findings suggest a role for these signaling pathways in mediating

the inhibitory effect of EHEC on colonic TPP uptake and on level of expression of the TPPT.

Conclusion

Results of these investigations show, for the first time, that EHEC infection inhibits colonic

TPP uptake as well as level of expression of the involved transporter (i. e., TPPT), and that this

inhibition is mediated, at least in part, at the level of SLC44A4 transcription and may involve

the ERK 1/2 and NF-κB signaling pathways.

Supporting information

S1 File. Relevant raw data and full western blot pictures. See the supplemental S1 File for

uncropped full western gel and raw data for all the figures presented in this manuscript.

(PDF)

Acknowledgments

This study was supported by grants from the NIH (DK56061, AA 018071, and DK58057) and

the DVA (Merit I01BX001142).

EHEC inhibits colonic TPP uptake

PLOS ONE | https://doi.org/10.1371/journal.pone.0224234 October 22, 2019 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224234.s001
https://doi.org/10.1371/journal.pone.0224234


Author Contributions

Conceptualization: Kasin Yadunandam Anandam, Subrata Sabui, Hamid M. Said.

Formal analysis: Hamid M. Said.

Funding acquisition: Hamid M. Said.

Investigation: Kasin Yadunandam Anandam, Subrata Sabui, Morgan M. Thompson, Sreya

Subramanian, Hamid M. Said.

Methodology: Kasin Yadunandam Anandam, Subrata Sabui, Morgan M. Thompson, Sreya

Subramanian.

Project administration: Hamid M. Said.

Resources: Hamid M. Said.

Supervision: Hamid M. Said.

Validation: Kasin Yadunandam Anandam, Subrata Sabui, Hamid M. Said.

Writing – original draft: Kasin Yadunandam Anandam, Subrata Sabui, Sreya Subramanian,

Hamid M. Said.

Writing – review & editing: Kasin Yadunandam Anandam, Subrata Sabui, Hamid M. Said.

References

1. Berdanier CD. Advanced Nutrition: Micronutrients. Boca Raton, FL: CRC, 1998, p. 80–88.

2. Bettendorff L, Wins P. Thiamin diphosphate in biological chemistry: new aspects of thiamin metabolism,

especially triphosphate derivatives acting other than as cofactors. FEBS J. 2009; 276: 2917–2925.

https://doi.org/10.1111/j.1742-4658.2009.07019.x PMID: 19490098

3. Calingasan NY, Chun WJ, Park LC, Uchida K, Gibson GE. Oxidative stress is associated with region-

specific neuronal death during thiamine deficiency. J Neuropathol Exp Neurol. 1999; 58: 946–958.

https://doi.org/10.1097/00005072-199909000-00005 PMID: 10499437

4. Bettendorff L, Goessens G, Sluse F, Wins P, Bureau M, Laschet J, et al. Thiamine deficiency in cultured

neuroblastoma cells: effect on mitochondrial function and peripheral benzodiazepine receptors. J Neu-

rochem 1995; 64: 2013–2021. https://doi.org/10.1046/j.1471-4159.1995.64052013.x PMID: 7722487

5. Karuppagounder SS, Shi Q, Xu H, Gibson GE. Changes in inflammatory processes associated with

selective vulnerability following mild impairment of oxidative metabolism. Neurobiol Dis. 2007; 26: 353–

362. https://doi.org/10.1016/j.nbd.2007.01.011 PMID: 17398105

6. Vemuganti R, Kalluri H, Yi JH, Bowen KK, Hazell AS. Gene expression changes in thalamus and inferior

colliculus associated with inflammation, cellular stress, metabolism and structural damage in thiamine

deficiency. Eur J Neurosci. 2006; 23: 1172–1188. https://doi.org/10.1111/j.1460-9568.2006.04651.x

PMID: 16553781

7. Tanphaichirt V. Modern Nutrition in Health and Disease. New York: Lea and Febiger, 1994, p. 359–

375.

8. Victor M, Adams RD, Collins GH. The Wernicke-Korsakoff Syndrome and Related Neurological Disor-

ders Due to Alcoholism and Malnutrition. Philadelphia, PA: Davis, 1989.

9. Saito N, Kimura M, Kuchiba A, Itokawa Y. Blood thiamine levels in outpatients with diabetes mellitus. J

Nutr Sci Vitaminol. (Tokyo). 1987; 33: 421–430. https://doi.org/10.3177/jnsv.33.421 PMID: 3451944

10. Rindi G, Laforenza U. Thiamine intestinal transport and related issues: recent aspects. Proc Soc Exp

Biol Med. 2000; 224: 246–255. https://doi.org/10.1046/j.1525-1373.2000.22428.x PMID: 10964259

11. Said HM. Intestinal absorption of water-soluble vitamins in health and disease. Biochem J. 2011; 437:

357–372. https://doi.org/10.1042/BJ20110326 PMID: 21749321

12. Said HM. Recent advances in transport of water-soluble vitamins in organs of the digestive system: a

focus on the colon and the pancreas. Am J Physiol Gastrointest Liver Physiol. 2013; 305: G601–G610.

https://doi.org/10.1152/ajpgi.00231.2013 PMID: 23989008

EHEC inhibits colonic TPP uptake

PLOS ONE | https://doi.org/10.1371/journal.pone.0224234 October 22, 2019 12 / 14

https://doi.org/10.1111/j.1742-4658.2009.07019.x
http://www.ncbi.nlm.nih.gov/pubmed/19490098
https://doi.org/10.1097/00005072-199909000-00005
http://www.ncbi.nlm.nih.gov/pubmed/10499437
https://doi.org/10.1046/j.1471-4159.1995.64052013.x
http://www.ncbi.nlm.nih.gov/pubmed/7722487
https://doi.org/10.1016/j.nbd.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17398105
https://doi.org/10.1111/j.1460-9568.2006.04651.x
http://www.ncbi.nlm.nih.gov/pubmed/16553781
https://doi.org/10.3177/jnsv.33.421
http://www.ncbi.nlm.nih.gov/pubmed/3451944
https://doi.org/10.1046/j.1525-1373.2000.22428.x
http://www.ncbi.nlm.nih.gov/pubmed/10964259
https://doi.org/10.1042/BJ20110326
http://www.ncbi.nlm.nih.gov/pubmed/21749321
https://doi.org/10.1152/ajpgi.00231.2013
http://www.ncbi.nlm.nih.gov/pubmed/23989008
https://doi.org/10.1371/journal.pone.0224234


13. Fleming JC, Tartaglini E, Steinkamp MP, Schorderet DF, Cohen N, Neufeld EJ. The gene mutated in

thiamine-responsive anaemia with diabetes and deafness (TRMA) encodes a functional thiamine trans-

porter. Nat Genet. 1999; 22: 305–308. https://doi.org/10.1038/10379 PMID: 10391222

14. Rajgopal A, Edmondson A, Goldman ID, Zhao R. SLC19A3 encodes a second thiamine transporter

ThTr2. Biochim Biophys Acta. 2001; 1537: 175–178. https://doi.org/10.1016/s0925-4439(01)00073-4

PMID: 11731220

15. Reidling JC, Lambrecht N, Kassir M, Said HM. Impaired intestinal vitamin B1 (thiamin) uptake in thiamin

transporter-2-deficient mice. Gastroenterol. 2010; 138: 1802–1809.

16. Said HM, Balamurugan K, Subramanian VS, Marchant JS. Expression and functional contribution of

hTHTR-2 in thiamin absorption in human intestine. Am J Physiol Gastrointest Liver Physiol. 2004; 286:

G491–G498. https://doi.org/10.1152/ajpgi.00361.2003 PMID: 14615284

17. Subramanya SB, Subramanian VS, Said HM. Chronic alcohol consumption and intestinal thiamin

absorption: effects on physiological and molecular parameters of the uptake process. Am J Physiol

Gastrointest Liver Physiol. 2010; 299: G23–G31. https://doi.org/10.1152/ajpgi.00132.2010 PMID:

20448146

18. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. MetaHIT Consortium.

Enterotypes of the human gut microbiome. Nature 2011; 473: 174–180. https://doi.org/10.1038/

nature09944 PMID: 21508958

19. Said HM, Ortiz A, Subramanian VS, Neufeld EJ, Moyer MP, Dudeja PK. Mechanism of thiamine uptake

by human colonocytes: studies with cultured colonic epithelial cell line NCM460. Am J Physiol Gastroint-

est Liver Physiol. 2001; 281: G144–G150. https://doi.org/10.1152/ajpgi.2001.281.1.G144 PMID:

11408266

20. Nabokina SM, Said HM. A high-affinity and specific carrier-mediated mechanism for uptake of thiamine

pyrophosphate by human colonic epithelial cells. Am J Physiol Gastrointest Liver Physiol. 2012; 303:

G389–G395. https://doi.org/10.1152/ajpgi.00151.2012 PMID: 22628036

21. Nabokina SM, Inoue K, Subramanian VS, Valle JE, Yuasa H, Said HM. Molecular identification and

functional characterization of the human colonic thiamine pyrophosphate transporter. J Biol Chem.

2014; 289: 4405–4416. https://doi.org/10.1074/jbc.M113.528257 PMID: 24379411

22. Said HM, Seetharam B. Intestinal absorption of water-soluble vitamins. In: Physiology of the Gastroin-

testinal Tract ( 4th ed.), edited by Johnson LR. San Diego, CA: Elsevier, 2006, p. 1791–1825.

23. Nabokina SM, Ramos MB, Said HM. Mechanism(s) involved in the colon-specific expression of the thia-

mine pyrophosphate (TPP) transporter. PLoS One 2016; 11: e0149255. https://doi.org/10.1371/

journal.pone.0149255 PMID: 26901654

24. Nabokina SM, Ramos MB, Valle JE, Said HM. Regulation of basal promoter activity of the human thia-

mine pyrophosphate transporter SLC44A4 in human intestinal epithelial cells. Am J Physiol Cell Physiol.

2015; 308: C750–C757. https://doi.org/10.1152/ajpcell.00381.2014 PMID: 25715703

25. Anandam KY, Srinivasan P, Subramanian VS, Said HM. Molecular mechanisms involved in the adap-

tive regulation of the colonic thiamin pyrophosphate uptake process. Am J Physiol Cell Physiol. 2017;

313: C655–C663. https://doi.org/10.1152/ajpcell.00169.2017 PMID: 28931541

26. Sears CL and Kaper JB. Enteric bacterial toxins: mechanisms of action and linkage to intestinal secre-

tion. Microbiol Rev. 1996; 60: 167–215. PMID: 8852900

27. Hecht G, Marrero JA, Danilkovich A, Matkowskyj KA, Savkovic SD, Koutsouris A, et al. Pathogenic

Escherichia coli increase Cl- secretion from intestinal epithelia by upregulating galanin-1 receptor

expression. J Clin Invest. 1999; 104: 253–262. https://doi.org/10.1172/JCI6373 PMID: 10430606

28. Croxen MA, Finlay BB. Molecular mechanisms of Escherichia coli pathogenicity. Nat Rev Microbiol.

2010; 8: 26–38. https://doi.org/10.1038/nrmicro2265 PMID: 19966814

29. Battle SE, Brady MJ, Vanaja SK, Leong JM, Hecht GA. Actin pedestal formation by enterohemorrhagic

Escherichia coli enhances bacterial host cell attachment and concomitant type III translocation. Infect

Immun. 2014; 82: 3713–3722. https://doi.org/10.1128/IAI.01523-13 PMID: 24958711

30. Lewis SB, Cook V, Tighe R, Schüller S. Enterohemorrhagic Escherichia coli colonization of human

colonic epithelium in vitro and ex vivo. Infect Immun. 2015; 83: 942–949. https://doi.org/10.1128/IAI.

02928-14 PMID: 25534942

31. Ho NK, Ossa JC, Silphaduang U, Johnson R, Johnson-Henry KC, Sherman PM. Enterohemorrhagic

Escherichia coli O157:H7 shiga toxins inhibit gamma interferon-mediated cellular activation. Infect

Immun. 2012; 80: 2307–2315. https://doi.org/10.1128/IAI.00255-12 PMID: 22526675

32. Shimizu T, Ohta Y, Noda M. Shiga toxin 2 is specifically released from bacterial cells by two different

mechanisms. Infect Immun. 2009; 77: 2813–2823. https://doi.org/10.1128/IAI.00060-09 PMID:

19380474

EHEC inhibits colonic TPP uptake

PLOS ONE | https://doi.org/10.1371/journal.pone.0224234 October 22, 2019 13 / 14

https://doi.org/10.1038/10379
http://www.ncbi.nlm.nih.gov/pubmed/10391222
https://doi.org/10.1016/s0925-4439(01)00073-4
http://www.ncbi.nlm.nih.gov/pubmed/11731220
https://doi.org/10.1152/ajpgi.00361.2003
http://www.ncbi.nlm.nih.gov/pubmed/14615284
https://doi.org/10.1152/ajpgi.00132.2010
http://www.ncbi.nlm.nih.gov/pubmed/20448146
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.1152/ajpgi.2001.281.1.G144
http://www.ncbi.nlm.nih.gov/pubmed/11408266
https://doi.org/10.1152/ajpgi.00151.2012
http://www.ncbi.nlm.nih.gov/pubmed/22628036
https://doi.org/10.1074/jbc.M113.528257
http://www.ncbi.nlm.nih.gov/pubmed/24379411
https://doi.org/10.1371/journal.pone.0149255
https://doi.org/10.1371/journal.pone.0149255
http://www.ncbi.nlm.nih.gov/pubmed/26901654
https://doi.org/10.1152/ajpcell.00381.2014
http://www.ncbi.nlm.nih.gov/pubmed/25715703
https://doi.org/10.1152/ajpcell.00169.2017
http://www.ncbi.nlm.nih.gov/pubmed/28931541
http://www.ncbi.nlm.nih.gov/pubmed/8852900
https://doi.org/10.1172/JCI6373
http://www.ncbi.nlm.nih.gov/pubmed/10430606
https://doi.org/10.1038/nrmicro2265
http://www.ncbi.nlm.nih.gov/pubmed/19966814
https://doi.org/10.1128/IAI.01523-13
http://www.ncbi.nlm.nih.gov/pubmed/24958711
https://doi.org/10.1128/IAI.02928-14
https://doi.org/10.1128/IAI.02928-14
http://www.ncbi.nlm.nih.gov/pubmed/25534942
https://doi.org/10.1128/IAI.00255-12
http://www.ncbi.nlm.nih.gov/pubmed/22526675
https://doi.org/10.1128/IAI.00060-09
http://www.ncbi.nlm.nih.gov/pubmed/19380474
https://doi.org/10.1371/journal.pone.0224234


33. Roxas JL, Koutsouris A, Bellmeyer A, Tesfay S, Royan S, Falzari K, et al. Enterohemorrhagic E. coli

alters murine intestinal epithelial tight junction protein expression and barrier function in a shiga toxin

independent manner. Lab Invest. 2010; 90: 1152–1168. https://doi.org/10.1038/labinvest.2010.91

PMID: 20479715

34. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(delta delta C(T)) method. Methods 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.

1262 PMID: 11846609

35. Golan L, Gonen E, Yagel S, Rosenshine I, Shpigel NY. Enterohemorrhagic Escherichia coli induce

attaching and effacing lesions and hemorrhagic colitis in human and bovine intestinal xenograft models.

Dis Model Mech. 2011; 4: 86–94. https://doi.org/10.1242/dmm.005777 PMID: 20959635

36. Dahan S, Busuttil V, Imbert V, Peyron JF, Rampal P, Czerucka1 D. Enterohemorrhagic Escherichia coli

infection induces interleukin-8 production via activation of mitogen-activated protein kinases and the

transcription factors NF-κB and AP-1 in T84 cells. Infect Immun. 2002; 70: 2304–2310. https://doi.org/

10.1128/IAI.70.5.2304-2310.2002 PMID: 11953364

37. Berin MC, Darfeuille-Michaud A, Egan LJ, Miyamoto Y, Kagnoff MF. Role of EHEC O157:H7 virulence

factors in the activation of intestinal epithelial cell NF-κB and MAP kinase pathways and the upregulated

expression of interleukin 8. Cell Microbiol. 2002; 4: 635–648. PMID: 12366401

38. Sanchez-Villamil J, Tapia-Pastrana G, and Navarro-Garcia F. Pathogenic lifestyles of E. coli pathotypes

in a standardized epithelial cell model influence inflammatory signaling pathways and cytokines secre-

tion. Front Cell Infect Microbiol. 2016; 6: 120. https://doi.org/10.3389/fcimb.2016.00120 PMID:

27774437

39. Center for Disease Control and Prevention. Ongoing multistate outbreak of Escherichia coli serotype

O157:H7 infections associated with consumption of fresh spinach—United States, September 2006.

Morb Mortal Wkly Rep. 2006; 55: 1045–1046.

40. Laiko M, Murtazina R, Malyukova I, Zhu C, Boedeker EC, Gutsal O, et al. Shiga toxin 1 interaction with

enterocytes causes apical protein mistargeting through the depletion of intracellular galectin-3. Exp Cell

Res. 2010 Feb 15; 316: 657–66. https://doi.org/10.1016/j.yexcr.2009.09.002 PMID: 19744479

41. Li Z, Bell C, Buret A, Robins-Browne R, Stiel D, O’Loughlin E. The effect of enterohemorrhagic Escheri-

chia coli O157:H7 on intestinal structure and solute transport in rabbits. Gastroenterol. 1993; 104: 467–

474.

42. Elliott E, Li Z, Bell C, Stiel D, Buret A, Wallace J, et al. Modulation of host response to Escherichia coli

o157:H7 infection by anti-CD18 antibody in rabbits. Gastroenterol. 1994; 106: 1554–1561.

43. Bell CJ, Elliott EJ, Wallace JL, Redmond DM, Payne J, Li Z, et al. Do eicosanoids cause colonic dys-

function in experimental E coli O157:H7 (EHEC) infection? Gut. 2000; 46: 806–812. https://doi.org/10.

1136/gut.46.6.806 PMID: 10807892

EHEC inhibits colonic TPP uptake

PLOS ONE | https://doi.org/10.1371/journal.pone.0224234 October 22, 2019 14 / 14

https://doi.org/10.1038/labinvest.2010.91
http://www.ncbi.nlm.nih.gov/pubmed/20479715
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1242/dmm.005777
http://www.ncbi.nlm.nih.gov/pubmed/20959635
https://doi.org/10.1128/IAI.70.5.2304-2310.2002
https://doi.org/10.1128/IAI.70.5.2304-2310.2002
http://www.ncbi.nlm.nih.gov/pubmed/11953364
http://www.ncbi.nlm.nih.gov/pubmed/12366401
https://doi.org/10.3389/fcimb.2016.00120
http://www.ncbi.nlm.nih.gov/pubmed/27774437
https://doi.org/10.1016/j.yexcr.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19744479
https://doi.org/10.1136/gut.46.6.806
https://doi.org/10.1136/gut.46.6.806
http://www.ncbi.nlm.nih.gov/pubmed/10807892
https://doi.org/10.1371/journal.pone.0224234

