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Abstract

Glutathione S-transferase alpha 4 (GSTA4) is a phase II detoxifying enzyme that metabolizes 

electrophiles and carcinogens including 4-hydroxynonenal (4-HNE), an endogenous carcinogen 

that contributes to colorectal carcinogenesis. In this study, we investigated GSTA4 expression 

and regulation in murine primary colonic epithelial cells, microbiome-driven murine colitis, 

and human carcinomas. Exposure of YAMC cells to 4-HNE induced Gsta4 expression. Using 

an inflammation-associated model of colorectal cancer (CRC), Gsta4 expression increased 

in vivo in colon macrophages and serum after 2 weeks of colonization of IL-10 deficient 

(Il10−/−) mice with Enterococcus faecalis. Increased expression was noted after 9 months of 

colonization in colon macrophages and epithelia in areas of inflammation. In human colon 

biopsies immunohistochemistry showed no GSTA4 expression in normal epithelial cells whereas 

GSTA4 was strongly expressed in the neoplastic epithelia of invasive carcinomas. For tubular 

adenomas increased expression was primarily noted in stromal macrophages. Increased GSTA4 

was confirmed in established human CRC cell lines and associated with 4-HNE-protein adducts 

in human colon adenomas and CRC. Next, we showed that 4-HNE induced activation of c-Jun 

and Nrf2, two components of the oncogenic transcription factor AP-1. AP-1 inhibitors and gene 

specific small interfering RNAs partially suppressed GSTA4 expression. Co-immunoprecipitation 

confirmed interactions between c-Jun and Nrf2 supporting a role for AP-1 in regulating 4-HNE-

induced GSTA4 expression. These findings demonstrate GSTA4 activation during 4-HNE-induced 

neoplastic transformation in colorectal carcinogenesis. GSTA4 is a potential surrogate biomarker 

for CRC screening and should provide novel approaches for chemoprevention.
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INTRODUCTION

Glutathione S-transferases (GSTs) are phase II enzymes that metabolize a range of 

electrophilic toxic xenobiotics and carcinogens.1 The mammalian GST family comprises 

seven major classes based on primary structure and metabolized substrates. Polymorphisms 

and mutations in GSTs are associated with an increased susceptibility to human cancer 

including lung,2 bladder,3 breast,4 and colon.5,6 Animal models show that mutations in 

GSTs can increase susceptibility to cancer. For example, deleting glutathione S-transferase 

Pi (Gstp) in ApcMin/+ mice significantly increases colon adenoma multiplicity and decreases 

survival compared to controls.7 Several GSTs are overexpressed in cancer cells compared 

to corresponding normal tissues.8–10 This phenotype is also associated with increased 

resistance to cisplatin.11 Finally, in selected human cancers, GST expression is associated 

with oncogene activation and may aid in early diagnosis or prognosis.8,12

Glutathione S-transferase alpha 4 (GSTA4) catalyzes the conjugation of glutathione with 

trans-4-hydroxy-2-nonenal (4-HNE) and thereby detoxifies 4-HNE.13 4-HNE is a highly 

reactive breakdown product of ω-6 polyunsaturated fatty acids that forms mutagenic adducts 

with DNA14 and generates Michael adducts with proteins that adversely affect function.15 

This aldehyde plays a diverse role in carcinogenesis by inhibiting DNA repair,16 regulating 

the cell cycle,17,18 modulating p53-mediated apoptosis, and activating mitogen-activated 

protein kinases, nuclear factor κB, cyclooxygenase-2, and stress response genes.19–22

Limited data shows that GSTA4 is normally expressed in human liver, testis, skin, and 

colon.23,24 In conventionally housed mice, Gsta4 expression has been observed in colon 

epithelial cells.25 Expression of this GST along with other alpha class GSTs has been 

noted during inflammation and in selected human cancers.8,25 Notably, in a rat model 

of chemically induced hepatocarcinogenesis Gsta4, but not Gstp, correlated with nuclear 

factor-erythroid 2-related factor 2 (Nrf2) activation.9 This transcription factor regulates 

multiple antioxidant and cellular protective genes involved in oxidative stress including 

GSTs. Nonetheless, mechanisms for GSTA4 regulation during inflammation and cancer 

initiation remain unclear.

Recent studies have shown that 4-HNE is a potent endogenous mutagen that causes double-

strand DNA breaks, spindle dysfunction, tetraploidy, and chromosomal instability.26,27 

Furthermore, repeated in vitro exposure to sublethal doses of 4-HNE can transform primary 

colonic epithelial cells into poorly differentiated carcinomas.27 4-HNE is a mediator for 

microbiome-driven bystander effects.26,27 This mechanism for cancer initiation occurs 

through endogenous mutagenesis via COX-2-dependent production of 4-HNE by polarized 

macrophages.28 These findings strongly implicate 4-HNE in malignant transformation and 

suggest GSTA4, as a primary detoxifying enzyme for 4-HNE, is an important defense 

against cancer initiation in inflammation-associated CRC. Using a dual-chamber system 

that mimics cancer-inducing bystander effects, we previously showed that silencing Gsta4 
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in murine colonic epithelial cells significantly increased the susceptibility of cells to 4-HNE-

induced genotoxicity.26 Other studies using Gsta4 null mice have shown an accumulation 

of 4-HNE-protein adducts in multiple organs. These mice are more susceptible to bacterial 

infection but not cancer.29,30 In contrast, Gsta4 was recently demonstrated to be a tumor 

suppressor for skin cancer in mice.31 Polymorphisms in a corresponding human gene have 

been shown to significantly affect the risk for nonmelanoma skin cancer.

In this study we investigated the expression of Gsta4 in human colon cancer cell lines 

and human adenoma and carcinoma biopsies as well as in microbiome-driven CRC 

using E. faecalis colonized interleukin-10 knockout mice (Il10−/−). GSTA4 was noted 

in premalignant human adenomas with maximal staining found in epithelial cells from 

CRC biopsies. We found that Gsta4 was strongly expressed by macrophages during the 

early stages of colon inflammation and later in colon epithelial cells as CRC developed. 

Furthermore, we demonstrated that oncogenic transcription factor activator protein 1 (AP-1) 

regulated GSTA4 induction by 4-HNE. c-Jun, a critical component of AP-1, was rapidly 

activated in primary murine colonic epithelial cells after exposure to 4-HNE. Finally, we 

linked Nrf2 to GSTA4 expression and confirmed its interaction with c-Jun. These results 

demonstrate that GSTA4 is activated during the initiation phase of colorectal carcinogenesis 

and has the potential to serve as a novel biomarker in CRC screening.

RESULTS

4-HNE induces Gsta4

We initially determined expression of Gsta4 in YAMC murine primary colonic epithelial 

cells following exposure to purified 4-HNE. Untreated YAMC cells expressed Gsta4 but 

that expression was further increased upon 4-HNE treatment (Figures 1a and b), suggesting 

an adaptive response to this aldehyde. The total Gst activity significantly increased 24 h 

following 4-HNE treatment and reverted back to control levels by 48 h (Figure 1c). This 

may reflect 4-HNE-induced gene suppression of other Gst sub-classes such as Gstp1 and 

Gstk1.27,32 To investigate Gsta4 expression in vivo, we stained for Gsta4 in colon biopsies 

from Il10−/− mice colonized with E. faecalis that had developed colitis and colon cancer 

and from sham-colonized control mice.26 After 2 weeks of colonization with E. faecalis, 

Gsta4-positive cells were found scattered in the colon mucosal stroma of Il10−/− mice 

compared to sham-colonized mice (Figures 2a and b). In addition, Gsta4 increased in serum 

of these mice at 2 weeks compared to controls. Increased serum Gsta4 was not noted in 

wild-type mice (Figure 2c). After 9 months colonization of Il10−/− mice with E. faecalis 
Gsta4 increased in areas of inflammation compared to sham-colonized mice (Figures 2d 

and e). Colonic epithelial cells stained for Gsta4 in areas of inflammation when compared 

to normal crypts (Figures 2d and e). Finally, Gsta4 induction was largely localized to 

macrophages by immunofluorescent imaging (Figures 2f–i), suggesting increased expression 

in these myeloid cells.

GSTA4 in human colon adenomas and carcinomas

To confirm whether GSTA4 expression was upregulated during human colorectal 

carcinogenesis, we analyzed expression in established CRC cell lines compared to a fetal 
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human colon epithelial cell line. All human CRC cell lines strongly expressed GSTA4 

compared with a fetal human colon epithelial cell line (Figure 3a). For human colon 

biopsies, no GSTA4 expression was found in epithelial cells for tumor-adjacent normal 

colon (TANC) biopsies, except for one sample, or in hyperplastic polyps (Table 1). In the 

stroma, moderate staining was noted in 17 of 45 (38%) biopsies for TANCs and in 11 

of 30 (37%) biopsies for hyperplastic polyps (Table 1, Figures 3b, c, and d). GSTA4 was 

more strongly expressed in the stroma of tubular adenomas than in colon epithelial cells 

(P < 0.001; Table 1 and Figures 3b and e). In contrast, for invasive CRCs, GSTA4 was 

more strongly expressed in epithelial cells than the stroma (P < 0.001; Table 1 and Figures 

3b and f). In addition, immunofluorescent imaging showed that most GSTA4-positive 

cells in the stroma stained for F4/80 indicating the cells were macrophages (Figures 3g–

j). Finally, increased GSTA4 expression was associated with an accumulation of 4-HNE-

protein adducts in tubular adenomas and invasive CRCs compared to rare positive cells 

in biopsies from TANCs or hyperplastic polyps (Figures 4a–d). These findings indicate 

increased GSTA4 expression in premalignant human adenomas with maximal staining in 

colon epithelial cells from CRC.

4-HNE activates AP-1 transcription factor

GSTA4 consists of 7 exons in both human and mouse genomes, but upstream gene structures 

vary between these species (Figure 5a). In the human genome, upstream GSTA4 is a 239 bp 

non-coding sequence followed by the RN7SK gene. In the mouse genome, however, there 

are >13,000 bp of non-coding sequence and a non-coding RNA gene (C920006O11Rik) 

between Gsta4 and Rn7sk (Figure 5a). To investigate the regulation of GSTA4 during CRC 

development, we performed an in silico analysis for potential transcription factors that might 

induce GSTA4. We found several potential binding sites for proto-oncogene activator protein 

1 (AP-1) within RN7SK (Figure 5b, red boxes). For Gsta4, two sites with this motif were 

identified approximately −500 bp upstream of Gsta4 (Supplementary Figure 1). To test the 

binding capacity of these motifs, we performed electrophoretic mobility shift assay (EMSA) 

using 3 probes (Figure 5b). EMSA indicated that Probe 3, but not others, bound nuclear 

extracts from HCT116 and YAMC cells (Figure 5c), confirming an AP-1 binding site for 

GSTA4 induction.

AP-1 is a transcription factor that activates target genes through homo- or heterodimers 

of proteins belonging to JUN, FOS, ATF, and MAF families.33 Of these, c-Jun regulates 

proliferation, apoptosis, inflammation, and tumorigenesis.33 To test AP-1 induction by 4-

HNE, we treated YAMC cells with 1 μM 4-HNE for 1 h and assayed for phosphorylated 

(active) c-Jun (Ser73). p-c-Jun (Ser73) immediately increased and persisted following 4-HNE 

treatment (Figure 5d). As c-Fos protein may interact with c-Jun to form AP-1,33 we found 

that phosphorylated c-Fos (Ser32) only transiently increased following 4-HNE treatment at 

48 h (Figure 5d and Supplementary Figure 2), suggesting it may not be associated with 

p-c-Jun for induction of Gsta4 following 4-HNE treatment. Immunofluorescent imaging 

confirmed nuclear translocation of p-c-Jun immediately following 4-HNE treatment (Figure 

5e).
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GSTA4 is induced by c-Jun

To determine whether c-Jun contributes to GSTA4 gene expression, we examined the effect 

of SR11302, an AP-1 inhibitor,34 on GSTA4 expression in macrophages, primary epithelial 

cells, and CRC cells. Treatment of RAW264.7 macrophages with 10 μM SR11302 reduced 

Gsta4 gene product by 44% and 52% after 24 and 48 h, respectively, compared to untreated 

controls (Figure 6a). We next exposed HCT116 cells to 20 μM SR11302 and found no 

cellular toxicity. After 24 h, no significantly reduced GSTA4 gene product was seen for cells 

treated with SR11302 compared to untreated control. By 48 h post-treatment GSTA4 was 

reduced by 30% compared to untreated controls (Figure 6b). Similarly, treatment of YAMC 

cells (10 μM) showed no effect on Gsta4 at 24 h but decreased expression by 30% after 

48 h compared to untreated controls (Figure 6c). The induction of Gsta4 in these cells by 

4-HNE was inhibited at 24 and 48 h (Figure 6d). Finally, to eliminate potential off-target 

effects of SR11302, c-Jun was silenced in HCT116 cells using human c-Jun-specific siRNA 

and GSTA4 expression measured. A 30% reduction was noted in c-Jun and GSTA4 mRNA 

24 h post-transfection compared to cells treated with non-targeting siRNA (Figures 6e). A 

30% reduction in GSTA4 protein was observed after 72 h for cells treated with c-Jun siRNA 

compared to controls (Figure 6f). These results suggest GSTA4 activation through c-Jun.

Nrf2 activates GSTA4

Nrf2 is a transcription factor that regulates gene response and detoxification to oxidative 

stress.35 Nrf2 interacts with c-Jun to form the AP-1 complex and binds to antioxidant-

response elements in promoter or enhancer sequences leading to gene activation.33,35 To 

assess the role of Nrf2 in 4-HNE-induced Gsta4 activation, YAMC cells were treated 

with 4-HNE for 1 h and Nrf2 expression measured. Nrf2 gene product increased 48 h 

in 4-HNE-treated cells compared to untreated controls (Figure 7a). Immunofluorescent 

imaging showed nuclear translocation of Nrf2 following 4-HNE treatment (Figure 7b, lower) 

compared to untreated controls (Figure 7b, upper). In addition, Nrf2 expression increased 

in 6 CRC cell lines compared to fetal human colon cells (Figure 7c). Furthermore, we 

treated HCT116 cells with trigonelline, an Nrf2 inhibitor,36 and measured Nrf2 and GSTA4 

gene products. We found Nrf2 and GSTA4 slightly increased at 10 μM, but was inhibited 

at 50 μM compared to untreated controls (Figure 7d). To eliminate off-target effects of 

trigonelline, Nrf2 was silenced using Nrf2-specific siRNA. Nrf2 mRNA was decreased 85% 

by siRNA-mediated knockdown (Figure 7e) that resulted in a 44% and 35% reduction 

of Nrf2 and GSTA4 gene products, respectively (Figure 7f). These results suggest that 

induction of GSTA4 is regulated, in part, through Nrf2.

Gsta4 induction by c-Jun and Nrf2

To determine whether Nrf2 interacts with c-Jun to induce Gsta4, YAMC cell lysates 

were co-immunoprecipitated following 4-HNE treatment. p-c-Jun was pulled down by 

anti-Nrf2 antibody and Nrf2 by anti-phospho-c-Jun antibody (Figure 8a and Supplementary 

Figure 3). In complexes recovered by anti-Nrf2 antibody, Nrf2 increased following 4-HNE 

treatment compared to untreated controls (Figure 8a, left). Similarly, anti-phospho-c-Jun 

antibody pulled down nuclear-localized Nrf2/p-c-Jun complexes and both Nrf2 and p-c-Jun 

increased for cells treated with 4-HNE compared to controls (Figure 8a, middle). Finally, 
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immunofluorescent imaging confirmed co-localization of p-c-Jun and Nrf2 in nuclei of cells 

treated with 4-HNE (Figure 8b), supporting activation of the c-Jun/Nrf2 complex by 4-HNE 

and thereby increasing expression of Gsta4.

Discussion

In this study we report that GSTA4, a detoxifying enzyme for 4-HNE,13 is strongly 

expressed in macrophages and epithelial cells in microbiome-driven murine colitis as well 

as in biopsies from human colon adenomas and carcinomas. These findings add support 

for a bystander model of inflammation-associated CRC.26,27 Furthermore, we showed 

that oncogenic transcription factor AP-1 containing c-Jun/Nrf2 regulated 4-HNE-induced 

GSTA4 during colorectal carcinogenesis.

Previous studies have identified GSTs in multiple human cancers.12,37 Several transcription 

factors can regulate GST expression although those that control GSTA4 expression in 

colon epithelial cells are unclear.1,38 One recent study found that the GSTA family of 

genes in steroidogenic cells were controlled by steroidogenic factor 1 (SF-1), a key 

regulator of steroidogenesis.39 However, SF-1 did not appear to effectively bind the 

promoter of GSTA4.39 In another report KRAS-induced AP-1 activation was linked to 

GSTP1 expression in colorectal adenomas and carcinomas.12 We similarly found that AP-1 

regulated the induction of GSTA4 by 4-HNE during colorectal carcinogenesis. These results 

are consistent with observations made using human bronchial epithelial and hepatoma cells 

wherein 4-HNE induces phase II detoxifying genes through c-Jun.38

c-Jun, a component of AP-1 transcription factors, regulates cellular proliferation, apoptosis, 

inflammation, and tumorigenesis through homodimerization or by forming heterodimers 

with other AP-1 components.33 Phosphorylation of c-Jun at positive regulatory sites within 

the N-terminal transactivation domain (Ser63 and Ser73) activates c-Jun.40 In colorectal 

carcinogenesis c-Jun is activated through β-catenin signaling and forms a ternary complex 

that contains c-Jun, TCF4, and β-catenin.41,42 β-catenin can activate GSTs in mouse liver.37 

Although macrophage-induced bystander effects lead to the activation of β-catenin in colon 

epithelial cells,43 silencing β-catenin in HCT116 cells had no effect on GSTA4 expression 

(data not shown). This suggests that 4-HNE does not induce GSTA4 through β-catenin. In 

contrast, the induction of GSTA4 by 4-HNE through c-Jun positively links bystander effects 

to AP-1 activation and likely represents an adaptive response to 4-HNE overloading.26 Data 

from human colon adenomas and CRC confirm a causal link between 4-HNE and increased 

GSTA4 expression as was previously reported by us in a model of microbiome-driven 

murine colitis.26

Several studies have shown that 4-HNE can activate c-Jun N-terminal kinase (JNK) 

and mitogen-activated protein (MAP) kinases.19 JNK (but not MAP kinases) specifically 

phosphorylates c-Jun N-terminal amino acids, including Ser63 and Ser73, and is required for 

Gsta4 activation in mouse liver following oxidative stress.40,44 Based on these observations, 

we postulated that 4-HNE-induced c-Jun phosphorylation in colonic epithelial cells was 

driven by JNK (Figure 8c). Indeed c-Jun was immediately activated after 4-HNE treatment. 

In contrast, p-c-Fos (Ser32), an active form of c-Fos, was noted only at 48 h following 
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4-HNE treatment. This time gap suggested that p-c-Fos was unlikely to bind with p-c-Jun 

to induce Gsta4 following 4-HNE exposure. As an alternate mechanism, we considered 

binding of c-Jun to transcription factor Nrf2 in the regulation of phase II detoxifying genes 

such as GSAT4.33,35 Notably, Nrf2 promotes tumorigenesis when activated by oncogenes 

including KRAS, BRAF, and MYC.45,46 Using co-immunoprecipitation, we confirmed 

interactions between p-c-Jun and Nrf2 following 4-HNE exposure. Interestingly, using 

anti-Nrf2 antibody, p-c-Jun was unchanged for 4-HNE-treated cells compared to controls, 

suggesting binding of Nrf2 at basal levels and during induced states.46 This binding has 

not been observed following 4-HNE treatment in human bronchial epithelial and hepatoma 

cells and may reflect tissue specific responses.38 In colonic epithelial cells, however, 4-HNE 

appears to activate Nrf2. This likely results in diverse cellular effects that can modulate 

colorectal carcinogenesis. Furthermore, we noted that 50 μM of trigonelline, a dose similar 

to that used for reducing reactive oxygen species in HT29 and Caco2 CRC cells (≥ 30 μM)47 

but >50-fold for other cell types,36,48 was required to effectively inhibit expression of Nrf2 

and GSTA4 in HCT116 cells. This might be due to the strong expression of Nrf2 at basal 

levels in these CRC cells (Figure 7c). Although trigonelline-induced reduction of GSTA4 

may occur through other Nrf2-independent pathways, silencing of Nrf2 by Nrf2-specific 

siRNA confirmed Nrf2 as an important regulator of GSTA4 expression.

The induction of GSTA4 occurs soon after macrophage polarization and is consistent with 

our previous findings showing increased production of 4-HNE by microbiome-polarized 

macrophages.26,28 Although AP-1 can regulate Gsta4 in macrophages, as supported by 

our data using AP-1 inhibitor, it remains unclear whether Nrf2 binds p-c-Jun to regulate 

Gsta4 expression. One study showed JUNB was an important regulator for macrophage 

activation.49 Further investigation, however, is needed to clarify the role of other AP-1 

components such as ATF, JUNB, and MAF in GSTA4 activation.

Searching for human GSTA4 promoters using several promoter databases including Ensembl 

(http://uswest.ensembl.org/index.html), Eukaryotic Promoter Database (http://epd.vital-

it.ch/), and Mammalian Promoter/Enhancer Database (http://promoter.cdb.riken.jp/) resulted 

in putative promoter sequences contain RN7SK. This gene is located 239 bp upstream 

of GSTA4 and encodes an abundant small nuclear RNA that negatively regulates gene 

expression by binding the positive transcription elongation factor b.50 Several potential AP-1 

binding sites were identified within the murine Rn7sk gene, but because this gene was 

far upstream of Gsta4, an AP-1 binding site within Rn7sk may not effectively regulate 

Gsta4. However, 2 motifs were identified 586 and 506 bp upstream Gsta4 and may serve 

as binding sites for AP-1-mediated Gsta4 expression. Interestingly, in the murine genome 

C920006O11Rik was located between Rn7sk and Gsta4 and represented a large intergenic 

non-coding RNA (lincRNA) that may act over long distances to activate transcription at 

distal promoters.51 Whether these closely adjacent genes regulate GSTA4 (or Gsta4) is 

unclear. Investigation of these genes using promoter bashing and luciferase reporter assays 

would help elucidate their roles in GSTA4 expression but was beyond the scope of the 

current study.

Prior reports show that GSTP1 is highly expressed in colorectal carcinomas and 

ovarian tumors, associated with multidrug resistance, and confers a worsened clinical 
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prognosis.12,52,53 Deletion of GSTP1 in HCT116 CRC cells results in decreased 

proliferation under growth-limiting conditions, increases apoptosis, and abrogates formation 

of xenografts in immunodeficient mice.10 Similarly, we speculate that GSTA4 induction 

by c-Jun/Nrf2 in CRC cells may contribute to cancer cell survival in otherwise oxidative 

microenvironments and help generate resistance to anti-cancer agents. Because many 

anti-cancer agents, including radiation therapy, produce tumor cell killing by generating 

cytotoxic reactive oxygen species, overexpression of antioxidant enzymes such as GSTA4 

may contribute to cellular resistance to therapeutic agents. Thus, inhibition of GSTA4 

could conceivably sensitize tumor cells to oxidative stress and/or apoptosis and enhance the 

efficacy of cancer treatments. The role of GSTA4 in protecting CRC cells against anti-cancer 

agents is an area of active investigation in our laboratory.

Previous studies found GSTA4 expression in a small number of normal human colon 

tissues (4 biopsies) using a home-made polyclonal antibody.24 In the current study we 

investigated GSTA4 expression in a relatively large number of human colon biopsies 

using tissue microarray. We found that all TANC biopsies, except for one sample, and all 

hyperplastic polyp biopsies, were negative for GSTA4 staining in epithelial cells. In contrast, 

GSTA4 stained strongly in epithelial cells for biopsies of adenomas and carcinomas. These 

observations are consistent with reports of increased total GST activity in the plasma from 

CRC patients compared to cancer negative controls.54 Further investigation of GSTA4 levels 

in blood for human subjects with a normal colonoscopy, or who have biopsy confirmed 

adenomas or CRC, will help clarify whether this particular GST is a potential biomarker for 

CRC screening.

In conclusion, GSTA4, a detoxifying enzyme for 4-HNE, was induced in macrophages 

during the early stages of inflammation and strongly expressed in neoplastic epithelial 

cells in early and advanced human CRC. Activation of the oncogenic transcription factor 

c-Jun/Nrf2 complex was associated with 4-HNE-induced GSTA4 expression. These results 

provide new insights into mechanisms by which GSTA4 is expressed during colorectal 

carcinogenesis. Finally, these results suggest that GSTA4 may be a potential biomarker for 

CRC screening and lead to novel strategies for CRC chemoprevention.

MATERIALS AND METHODS

Cell culture

YAMC murine primary colonic epithelial cells (Ludwig Institute for Cancer Research, 

New York, NY, USA), murine macrophage RAW264.7 cells, and human colon cancer cell 

lines (American Type Culture Collection, Manassas, VA, USA) were grown as previously 

described.55 SR11302 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) 

and trigonelline hydrochloride from Sigma (St. Louis, MO, USA).

Animal model and human tissues

Murine studies were approved by the University of Oklahoma Health Sciences Center and 

Oklahoma City VA Health Care System animal care and use committees. Specific pathogen-

free Il10−/− mice (The Jackson Laboratory, Bar Harbor, ME, USA) were colonized with E. 
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faecalis OG1RFSS or phosphate buffered saline (PBS) sham as previously described (n = 10 

per group).26 Mice were necropsied after 2 weeks and 9 months of colonization and colons 

fixed in 10% formalin. Human colon tissue arrays including tumor-adjacent normal colon 

(TANC, 45 cores) and invasive colorectal carcinoma (35 cores) were purchased from US 

Biomax, Inc. (Rockville, MD, USA). Tissue arrays for hyperplastic colons (30 cores) and 

tubular adenomas (30 cores) were made by de-identified tissue blocks collected from the 

Oklahoma City VA Health Care System under a study approved by the Institutional Review 

Board at the University of Oklahoma Health Sciences Center.

Immunohistochemistry

Epitope retrieval and immunohistochemical (IHC) staining were performed as previously 

described.26 A polyclonal rabbit antibody against full-length human GSTA4 with cross-

reactivity to murine Gsta4 (Abnova, Walnut, CA, USA; H00002941-D01P, 1:100) and 

anti-4-HNE serum (Alpha Diagnostic International Inc, San Antonio, TX, USA; HNE11-

S, 1:1,000) were used as primary antibodies. Goat anti-rabbit IgG-HRP conjugate (Life 

Technologies, Grand Island, NY, USA) was used as secondary antibody. Chromogenic color 

development was performed using 3,3′-diaminobenzidine enhanced liquid substrate (Sigma) 

and nuclei counterstained by Mayer’s hematoxylin (Sigma). IHC staining for GSTA4 in 

human tissues was scored using a combination of stain intensity (0, negative; 1, weak; 2, 

moderate; 3, strong) and overall number of positive cells per 20X field (0, none; 1, < 10%; 2, 

10 – 50%; 3, >50% positive cells).

Immunofluorescence

For YAMC staining, cells were fixed with 4% paraformaldehyde for 10 min and 

permeabilized with pre-cold methanol for 10 min at −20 °C. Slides were blocked using 

Image-iT® FX Signal Enhancer (Life Technologies) for 30 min and then 5% normal goat 

serum for 1 h at room temperature. Mouse anti-GSTA4 (Abnova; H00002941-B01P, 1:100) 

and rabbit anti-Nrf2 (Santa Cruz Biotechnology; sc-722, 1:400) polyclonal antibodies, rabbit 

anti-F4/80 (Thermo Scientific, Waltham, MA, USA; MA5-16363, 1:100) and mouse anti-

phospho-c-Jun (Ser73) (Santa Cruz Biotechnology; sc-822, 1:400) monoclonal antibodies 

were incubated at 4 °C overnight. Goat anti-mouse IgG-Alexa Fluor® 488 conjugate 

and goat anti-rabbit IgG-Alexa Fluor® 647 conjugate (Life technologies; A11029 and 

A21244, 1:1,000) were used as secondary antibodies. DNA was counterstained with 4’,6-

diamidino-2-phenylindole (DAPI). To stain F4/80 and GSTA4 in formalin-fixed, paraffin-

embedded tissues, epitope retrieval was conducted as described in the IHC staining followed 

by blocking and staining protocols as for YAMC staining. Images were analyzed by laser 

scanning confocal microscopy (Leica Microsystems, Buffalo Grove, IL, USA).

Gsta4

Gsta4 in mouse serum was quantified by enzyme-linked immunosorbent assay (ELISA) 

using a commercial kit (Cloud-Clone Corp, Houston, TX, USA). Serum was diluted in 

1:10 in PBS and 100 μl used per manufacturer’s instructions. Absorbance was measured at 

450nm on a microplate reader (BioTek, Winooski, VT, USA).
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Gst activity

Gst activity was analyzed using Glutathione S-transferase Assay kit (Sigma) per 

manufacturer’s instructions with minor modification. YAMC cells treated with 4-HNE or 

sham were harvested in PBS and sonicated using a Sonic Dismembrator (Fisher Scientific, 

Pittsburgh, PA, USA). Cell lysates were centrifuged at 10,000 × g for 5 min and supernatants 

used for analysis. The reaction solution consisted of 490 μl Dulbecco’s PBS, 5 μl of 200 mM 

L-glutathione reduced, 5 μl of 100 mM 1-chloro-2,4-dinitrobenzene as substrate, and 1 μl of 

cell lysate. Absorbance was measured at 340 nm at 37 °C for 5 min using a Cary 300 Bio 

spectrometer (Varian, Santa Clara, CA, USA). Gst activity was normalized to milligram total 

protein.

EMSA

Nuclear protein was extracted from HCT116 and YAMC cells using NE-PER™ Nuclear 

and Cytoplasmic Extraction Reagents (Life Technologies). Single strand probes were 

synthesized by Integrated DNA Technologies (Coralville, IA, USA) and labeled using a 

Pierce™ Biotin 3’ End DNA Labeling Kit (Life Technologies). After labeling, single strand 

probes were annealed at 60 °C for 30 min followed by 30 min at room temperature. EMSA 

was performed using a LightShift™ Chemiluminescent EMSA Kit (Life Technologies) per 

manufacturer’s instructions.

c-Jun and Nrf2 silencing

Silencing of c-Jun and Nrf2 in HCT116 cells was carried out using gene specific small 

interfering RNA (siRNA) for c-Jun (Cell Signaling Technology, Danvers, MA, USA) and 

Nrf2 (Santa Cruz Biotechnology) as per instructions. HCT116 cells were seeded at 5 × 

105 in 6-well plates and incubated at 37 °C overnight. Transfection was performed using 

DharmaFECT 4 transfection reagent (GE Healthcare, Pittsburgh, PA, USA) as previously 

described.28 Cells were lysed 24–72 h after transfection for RNA and protein extraction.

Real-time quantitative reverse transcriptase PCR (qRT-PCR)

Total RNA was isolated from YAMC and HCT116 cells using the NucleoSpin RNA II 

kit (Clontech Laboratories, Mountain View, CA, USA). PrimeTime® qPCR primers for 

murine Gsta4, human GSTA4, JUN, Nrf2, and β-actin were purchased from Integrated DNA 

Technologies. qRT-PCR was performed using iTaq™ universal SYBR® Green one-step kit 

(Bio-Rad, Hercules, CA, USA) per manufacturer’s instruction. cDNA synthesis and target 

gene amplification were carried out on the CFX96 Real-Time System (Bio-Rad) at 50 °C for 

10 min followed by 40 cycles of at 95 °C for 10 sec and 60 °C for 30 sec.

Western blot

Whole-cell extracts were prepared using lysis buffer (Cell Signaling Technology). Cell 

lysates (20 μg) were separated by SDS-PAGE, and blotting performed as previously 

described.26 Rabbit anti-GSTA4 (Abnova; H00002941-D01P, 1:2,000), anti-Nrf2 (Cell 

Signaling Technology; #12721, 1:1,000), anti-phospho-c-Jun (Ser73) (Cell Signaling 

Technology; #3270, 1:1,000), and anti-phospho-c-Fos (Ser32) (Cell Signaling Technology; 

#5348, 1:1,000) were used as primary antibodies. Murine anti-β-actin loading control 
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was purchased from Santa Cruz Biotechnology (sc-81178, 1:2,000). Goat anti-rabbit IgG-

horseradish peroxidase (HRP) conjugate (Life Technologies; #65–6120, 1:10,000) and horse 

anti-mouse IgG-HRP conjugate (Cell Signaling Technology; #7076, 1:5,000) were used 

as secondary antibodies. Signals were generated by Clarity™ Western ECL Substrate (Bio-

Rad). Images were captured by ChemiDoc XRS+ system and analyzed using Image Lab 

software (Bio-Rad).

Co-immunoprecipitation

Co-immunoprecipitation was carried out using Catch & Release v2.0 Reversible 

Immunoprecipitation System (EMD Millipore, Billerica, MA, USA) according to the 

manufacturer’s instructions. In brief, 250 μg of cell lysate was incubated with 2 μg of 

antibody to Nrf2 or p-c-Jun (Santa Cruz Biotechnology) in a resin column at 4 °C overnight. 

Nrf2/p-c-Jun complexes were eluted with denaturing elution buffer for Western blotting 

using rabbit anti-Nrf2 and anti-phospho-c-Jun (Cell Signaling Technology) antibodies as 

previously described.

Statistical analysis

Data are expressed as means with standard deviations. Nonparametric t tests (Mann Whitney 

test) were used for comparisons between groups of human colon tissues. Student t tests were 

used for all other comparisons. P values < 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
4-HNE induces Gsta4 expression. (a) qRT-PCR shows significantly increased Gsta4 
expression in YAMC cells 24 to 48 h following 4-HNE treatment (***P < 0.001; ctrl, 

untreated YAMC cells). (b) Western blot shows increased Gsta4 in YAMC cells 24 and 

48 h following 1 h treatment with purified 4-HNE (upper). Bar graph shows ratios of 

Gsta4/β-actin after being normalized to untreated control (lower). NS, not significant, *P 
< 0.05, and **P < 0.01 compared to ctrl. (c) Gst activity increases 24 h following 4-HNE 

treatment (*P < 0.05; ctrl, untreated YAMC cells). All data represent mean ± s.d. for three 

independent experiments.
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Figure 2. 
Gsta4 is produced in microbiome-driven colitis and cancer. (a) Immunohistochemical 

staining shows Gsta4 expression in the lamina propria of colon biopsies from Il10−/− mice 

colonized with E. faecalis for 2 weeks. (b) No Gsta4 staining is seen in biopsies from 

sham-colonized mice. (c) Gsta4 significantly increases in serum from Il10−/− mice (n = 5, 

red bars) compared to wild-type mice (n = 5, blue bars) after 2 weeks colonization with 

E. faecalis. ZT, zero time prior to colonization. (d) Intense staining for Gsta4 is seen in 

lamina propria and epithelial cells in areas of inflammation and neoplasia in colon sections 

from Il10−/− mice colonized with E. faecalis after 9 months. (e) No positive staining for 

Gsta4 is noted in colon sections from sham-colonized Il10−/− mice. (f-i), Immunofluorescent 

staining for Gsta4 (f, green) and F4/80 (g, red) confirms Gsta4 expression in macrophages (i, 
yellow). Nuclei are counterstained using 4’,6-diamidino-2-phenylindole (h and i, blue).
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Figure 3. 
GSTA4 is expressed in human colon adenomas and carcinomas. (a) Western blots show 

increased expression of GSTA4 in colon cancer cell lines compared to a fetal human colonic 

epithelial cell line (FHC). (b) Immunohistochemical staining scores for GSTA4 in human 

colon tissues (NS, not significant, ***P < 0.001 compared to TANC biopsies; ##P < 0.01 

and ###P < 0.001 compared to tubular adenomas; †††P < 0.001 compared to epithelia). (c-f) 
Representative immunohistochemical staining of colon biopsies for GSTA4 in TANCs (c), 

hyperplastic polyps (d), tubular adenomas (e), and invasive carcinomas (f); intense staining 

is evident for GSTA4 in tubular adenomas and invasive carcinomas compared to normal 

tissue and hyperplastic polyps. (g-j) Immunofluorescent staining for F4/80 (g, red) and 

GSTA4 (h, green) shows co-localization of GSTA4 and macrophages (j, yellow) in a tubular 

adenoma. Nuclei are counterstained with DAPI (i and j, blue).
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Figure 4. 
4-HNE-protein adducts in human colon adenomas and colorectal cancer. (a and b) 

Immunohistochemical staining for 4-HNE-protein adducts shows rare 4-HNE-positive cells 

in lamina propria of biopsies from normal human colon (a) or hyperplastic polyps (b). (c 
and d) 4-HNE-protein adducts are increased in the lamina propria and epithelia for biopsies 

from tubular adenomas (c) and invasive CRCs (d).
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Figure 5. 
Proto-oncogene AP-1 regulates GSTA4 expression. (a) GSTA4 and upstream genes for 

human (upper) and mouse (lower). (b) Sequence alignments of putative promoter for human 

GSTA4 and murine Rn7sk. Non-matching bases are highlighted in yellow. Probes for EMSA 

assay are underlined by squiggled blue lines. Predicted AP-1 binding sites are shown in 

red boxes. The transcription start site for GSTA4 is highlighted in green box. (c) EMSA 

assay shows mobility shift of biotin-labeled probe after incubating with nuclear extracts 

from HCT116 and YAMC cells. This shift is eliminated by adding 100-fold excess unlabeled 
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competitors. (d) Phospho-c-Jun (Ser73) increases in YAMC cells following 1 h treatment 

with 1 μM 4-HNE and persists throughout the experimental period. Phospho-c-Fos (Ser32) 

only transiently increases at 48 h post-treatment. (e) Immunofluorescent imaging shows 

nuclear translocation of phospho-c-Jun (Ser73) following 1 h treatment with 4-HNE (lower 

panels) compared to negative staining for untreated controls (upper panels).
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Figure 6. 
4-HNE induces Gsta4 via AP-1 activation. (a) Western blots (upper) show decreases in 

Gsta4 gene product in RAW264.7 murine macrophages at 24 and 48 h post-treatment using 

AP-1 inhibitor SR11302 (10 μM) after normalized to controls (lower). (b) In HCT116 

colon cancer cells, GSTA4 gene product decreases after 48 h using 20 μM SR11302. (c) In 

YAMC murine colonic epithelial cells, Gsta4 gene product decreases after 48 h treatment 

with 10 μM SR11302. (d) Gsta4 gene product increases in YAMC cells following 1 h 

treatment with 4-HNE (upper left) after normalized to zero time (lower). This effect is 
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diminished by 10 μM SR11302 (upper right and lower). (e) qRT-PCR shows decreased c-Jun 

and GSTA4 expression for HCT116 cells transfected with c-Jun-specific siRNA 24 h after 

transfection. (f) Western blots show decreased c-Jun and GSTA4 gene products at 48 and 72 

h, respectively. All data represent mean ± s.d. for three independent experiments.
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Figure 7. 
Nrf2 is involved in Gsta4 activation. (a) Western blots (upper) show increased Nrf2 in 

YAMC cells 48 h following 1 h treatment with 4-HNE after normalized to β-actin (lower). 

(b) Immunofluorescent imaging shows cytoplasmic localization of Nrf2 (red) in untreated 

YAMC cells (upper) and nuclear translocation at 5 h following 4-HNE-treatment (lower). 

(c) Nrf2 is strongly expressed in colon cancer cell lines compared to a fetal human colonic 

epithelial cell line (FHC; upper). Bar graph shows relative intensity of Nrf2 by normalizing 

to β-actin (lower). P < 0.01 for all CRC cell lines compared to FHC cells. (d) Western 
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blots (upper) show slightly increased Nrf2 and GSTA4 in HCT116 cells treated with 10 

μM of Nrf2 inhibitor trigonelline compared to untreated control after normalized to β-actin 

(lower). However, Nrf2 and GSTA4 gene products are suppressed by trigonelline at 50 

μM. NS, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 compared to untreated 

controls. (e) qRT-PCR shows significantly decreased Nrf2 expression for HCT116 cells 24 

h transfected with Nrf2-specific siRNA compared with controls (***P < 0.001). (f) Western 

blots (left) show decreased Nrf2 and GSTA4 gene products 48 and 72 h, respectively, 

following transfection with Nrf2-specific siRNA after normalized to β-actin (right). NS, not 

significant, **P < 0.01, and ***P < 0.001 compared to ctrl; ##P < 0.01 and ###P < 0.001 

compared to cells transfected with non-targeting siRNA (si-ctrl). All data represent mean ± 

s.d. for three independent experiments.
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Figure 8. 
Interaction of c-Jun and Nrf2 regulates Gsta4 expression. (a) For 4-HNE-treated YAMC 

cells, and compared to untreated controls, Western blots show increased Nrf2 (upper 

left) in complexes co-immunoprecipitated using anti-Nrf2 antibody. An increase is not 

apparent for p-c-Jun (lower left). In contrast, when using an anti-phospho-c-Jun antibody 

for co-immunoprecipitation (middle panels), both Nrf2 (upper middle) and p-c-Jun (lower 

middle) were increased for 4-HNE-treated YAMC cells compared to untreated controls. 

Input controls show increased Nrf2 and p-c-Jun in 4-HNE-treated YAMC cells compared 

with untreated controls (right panels). (b) Immunofluorescent staining for Nrf2 (red) 

and p-c-Jun (green) confirms co-localization of p-c-Jun and Nrf2 to nuclei (yellow) 

following 4-HNE treatment. (c) A proposed model for GSTA4 activation during colorectal 

carcinogenesis: 4-HNE induces phosphorylation of c-Jun and releases Nrf2 from Kelch-like 

ECH-associated protein 1 (Keap1); both translocate into nuclei to form AP-1 complexes that 

bind antioxidant-response elements and activate GSTA4.
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Table 1.

Summary of IHC staining for GSTA4 in human colon biopsies

Tissue type
Score

a
Total

0 2 3 4 5 6

Epithelia

 TANC
44

b 1 0 0 0 0 45

 Hyperplastic colon 30 0 0 0 0 0 30

 Tubular adenoma 0 1 3 14 10 2 30

 Invasive carcinoma 0 1 3 5 13 13 35

Stroma

 TANC 28 5 8 4 0 0 45

 Hyperplastic colon 19 9 2 0 0 0 30

 Tubular adenoma 0 0 0 0 5 25 30

 Invasive carcinoma 7 11 4 6 5 2 35

Abbreviations: ICH, immunohistochemistry; TANC, tumor-adjacent normal colon.

a
Score was determined by the combination of overall number of GSTA4-positive cells and IHC intensity (see Materials and Methods section for 

detailed categories).

b
No. of samples with the score listed above the numbers.
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