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Abstract
BACKGROUND & AIMS—Enterococcus faecalis is a human intestinal commensal that
produces extracellular superoxide and promotes chromosome instability via macrophage-induced
bystander effects. We investigated the ability of 4-hydroxy-2-nonenal (4-HNE)—a diffusible
breakdown product of ω-6 polyunsaturated fatty acids—to mediate these effects.

METHODS—4-HNE was purified from E faecalis-infected macrophages; its genotoxicity was
assessed in human colon cancer (HCT116) and primary murine colon epithelial (YAMC) cell
lines.

RESULTS—4-HNE induced G2M cell cycle arrest, led to formation γH2AX foci, and disrupted
the mitotic spindle in both cell lines. Binucleate tetraploid cells that formed following incubation
with 4-HNE were associated with the activation of stathmin and microtubule catastrophe.
Silencing glutathione S-transferase α-4, a scavenger of 4-HNE, increased susceptibility of
epithelial cells to 4-HNE-induced genotoxicity. Interleukin-10 knockout mice colonized with
superoxide-producing E faecalis developed inflammation and colorectal cancer, whereas
colonization with a superoxide-deficient strain resulted in inflammation but not cancer. 4-HNE-
protein adducts were found in the lamina propria and macrophages in areas of colorectal
inflammation.
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CONCLUSIONS—4-HNE can act as an autochthonous mitotic spindle poison in normal colonic
epithelial and colon cancer cells. This finding links the macrophage-induced bystander effects to
colorectal carcinogenesis.
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Introduction
The intestinal microbiota are necessary to many transgenic models of colorectal cancer
(CRC).1–5 Considerable evidence implicates interactions between commensals and the
innate immune system in carcinogenesis6 with macrophages acting as key effectors in
cancer initiation and progression.7 As specialized cells of the monophagocytic lineage,
macrophages are the most abundant antigen-presenting cell in the intestinal lamina propria
and an essential component of defense against exogenous pathogens and induction of
tolerance to commensals.8, 9 However, mechanisms by which intestinal microbiota and
macrophages elicit transforming events in CRC remain to be defined.

Bystander effects are a feature of macrophage biology that potentially link innate immunity
to carcinogenesis.10, 11 This phenomenon was originally described for cells that were
activated by irradiation to generate chromosomal instability (CIN) in neighboring non-
irradiated cells. We recently showed that Enterococcus faecalis, a human intestinal
commensal that causes intestinal inflammation and cancer in interleukin (IL)-10 knockout
mice,1, 2 can activate macrophages through the production of extraceulluar superoxide to
generate bystander effects and CIN in adjacent cells.12, 13 Cyclooxygenase-2 (COX-2)
appears integral to both E. faecalis- and radiation-induced models of bystander effects,12, 14

and help link intestinal commensals to inflammation and CRC. The diffusible clastogens
that mediate these effects, however, remain to be characterized.

The ability of E. faecalis to generate bystander effects derive in part from a unique bacterial
phenotype—extracellular superoxide production.12, 13, 15 E. faecalis produces this anionic
radical as a byproduct of electron transport through a rudimentary respiratory chain. In the
presence of transition metals, superoxide causes lipid peroxidation and can form highly
reactive electrophiles such as 4-hydroxy-2-nonenal (4-HNE), malondialdehyde, and 4-
oxo-2-nonenal.16 These α, β-unsaturated aldehydes are diffusible, can covalently modify
proteins, and are known to form mutagenic DNA adducts.17–19 Among these, 4-HNE has
been the most intensively studied and may additionally contribute to carcinogenesis by
inhibiting DNA repair, inducing COX-2, and modulating MAPK and NF-κB signaling.20–23

Mammalian cells are protected from toxic aldehydes by glutathione S-transferases (GSTs),
aldehyde dehydrogenases, and alcohol dehydrogenases.18 Among these, glutathione S-
transferase alpha-4 (Gsta4) is a primary inactivating enzyme for 4-HNE. Gsta4 null mice
have increased levels of 4-HNE-protein adducts and show enhanced susceptibility to
oxidative stress.24 In a dual-chamber model for bystander effects, we found depletion of
cellular glutathione increased CIN in target cells.13

To further investigate 4-HNE as a potential mediator of bystander effects, we measured, and
then purified, this electrophile from activated macrophages and tested the ability of 4-HNE
to cause DNA damage, promote CIN, and accumulate in the colons of IL-10−/− mice
colonized with E. faecalis. We found that colonic epithelial cells exposed to this purified
aldehyde developed γH2AX foci and cell cycle arrest. In addition, 4-HNE treatment
damaged the mitotic spindle and caused a failure of cytokinesis that led to tetraploidy.
Silencing Gsta4 exacerbated 4-HNE-induced DNA damage and promoted tetraploidy.
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Finally, in IL-10−/− mice colonized with E. faecalis 4-HNE-protein adducts accumulated in
colon macrophages. These findings provide evidence for 4-HNE as an autochthonous
spindle poison that links macrophage-induced bystander effects to CRC.

Materials and Methods
Cell lines and bacteria

The near-diploid HCT116 human colon cancer cell (ATCC), YAMC primary mouse colon
epithelial cell (Ludwig Institute for Cancer Research, New York), and RAW264.7 murine
macrophage cell (ATCC) lines were grown as previously described.12, 25 E. faecalis strain
OG1RFSS was spontaneously derived from OG1RF—a Gram-positive human commensal—
and expressed high-level resistance to spectinomycin and streptomycin.26 menB was deleted
in E. faecalis OG1RF and an isogenic derivative WY84SS selected for spontaneous
resistance to spectinomycin and streptomycin (see Supplementary Materials and Methods).
menB encodes 1,4-dihydroxy-2-naphthoic acid synthase. Its inactivation leads to loss of
membrane associated demethylmenaquinones and attenuation of extracellular superoxide
production by E. faecalis.26 A dual-chamber co-culture system was used to expose colonic
epithelial cells to uninfected or E. faecalis-infected macrophages as previously described.12

Purification and analysis of 4-HNE
RAW264.7 cells were infected with OG1RF at a multiplicity of infection (MOI) of 1,000
colony-forming units (cfu) per macrophage at 37°C for 2 hrs. Supernatants were extracted
using a modified Folch procedure and 4-HNE separated by high performance liquid
chromatography and analyzed using a 4-cell CoulArray detector (ESA) with voltages set at
100, 150, 200, and 400 mV. 4-HNE purity, concentration, and structure were analyzed by 1-
D and 2-D 1H and 13C nuclear magnetic resonance using benzene as an internal control as
described in the Supplementary Materials and Methods (Figure S1).

Gsta4 knockdown
Gsta4 expression in YAMC cells was silenced using the BLOCK-iT™ Pol II miR RNAi
Expression System (Invitrogen). YAMC cells were transfected with Gsta4 specific RNAi-
expressing (pcDNA™6.2-GW/miR) and negative control plasmids according to the
manufacturer’s instructions.

Colonization of IL-10−/− and IL-10+/+ mice
Specific pathogen- and viral-free IL-10−/− knockout and IL-10+/+ mice (129S6/SvEv,
Jackson Laboratory) were colonized with E. faecalis OG1RFSS, WY84SS, or sham as
previously described.26 Colonization was maintained using spectinomycin and streptomycin
in drinking water. Mice were housed using a biosafety level 3 facility to assure contact and
airborne isolation and minimize potential cross-contamination. The genotype of mice was
confirmed by PCR as previously described.27 Biopsies of the rectum, distal, mid, and
proximal colon along with ileum, jejunum, and duodenum were obtained at necropsy after
colonization for 3 and 9 months. Protocols were approved by the University of Oklahoma
Health Sciences Center IACUC and Oklahoma City Department of Veterans Affairs Animal
Studies Committee.

Statistical analysis
Data were expressed as means with the standard deviation. Student’s t test was used for
comparison between experimental groups and controls. Analysis of variance was used for
multiple comparisons across time for 4-HNE production by macrophages. P values < 0.05
were considered significant.
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Results
E. faecalis-infected macrophages produce 4-HNE

We initially assayed E. faecalis-infected RAW264.7 cells for 4-HNE production and
confirmed its structure by 2-D NMR. 1H and 13C shifts were consistent with trans-4-
hydroxy-2-nonenal (Figure 1A). Compared to uninfected controls, RAW264.7 cells infected
with OG1RF at an MOI of 1,000 had a 2-fold increase in 4-HNE concentration in
supernatants at 24 to 72 hrs post-infection (P < 0.01) (Figure 1B). No significant increase
was noted for supernatants from RAW264.7 cells infected with OG1RF at lower MOIs (100
and 10) or superoxide-deficient strain WY84 at an MOI of 1,000. Of note, 4-HNE
concentration was also increased in the supernatants of RAW264.7 cells infected with E.
coli DH5α at an MOI of 100 (P < 0.01) indicating that this effect was not specific for E.
faecalis (Figure 1B), and is consistent with the colitogenic properties of E. coli.1 It was not
feasible to measure 4-HNE in RAW264.7 cells at an E. coli DH5α MOI of 1,000 as this
concentration of bacteria led to cell death. Immunocytochemical staining for 4-HNE-protein
adducts showed increased intensity and number of positively stained RAW264.7 cells
following infection by OG1RF and WY84 at an MOI of 1,000 compared to controls (Figure
1C). This showed that 4-HNE strongly reacted with intracellular protein targets in addition
to diffusing out of cells.

4-HNE damages DNA
To investigate mechanisms by which macrophages induce bystander effects, we purified 4-
HNE from macrophages and used that in all subsequent experiments. The LD50 for 4-HNE
for HCT116 and YAMC cells was 5 μM and 2 μM, respectively (Figure S2). Greater than
90% of cells survived exposure to 2.5 μM and 1 μM, respectively, and these lower doses
were used in the following experiments.

We initially measured the effect of 4-HNE on cell cycle for HCT116 and YAMC cells
synchronized in G1. FACS analysis showed a G2M cell cycle arrest in both cell lines 48 hrs
post-exposure (Figure 2A and B). These observations mirrored the G2M arrest noted by us
previously for HCT116 cells exposed to E. faecalis-infected macrophages.13 DNA damage
in cells was assessed by measuring γH2AX foci, a marker for DNA double-strand breaks,
following 4-HNE treatment. A dose response was observed for HCT116 cells compared to
untreated controls (49.2 ± 7.7 percent vs. 8.1 ± 0.3 percent, respectively; P = 0.02; Figure
2C and D). Similar findings were noted for YAMC cells (13.9 ± 1.3 percent treated vs. 7.3 ±
0.2 percent untreated, P = 0.02; Figure 2E and F). These data show that, at non-cytotoxic
doses, 4-HNE induces cell cycle arrest and acts as a diffusible clastogen to damage DNA.

4-HNE generates tetraploidy
Previous work by us showed that E. faecalis-infected macrophages can generate aneuploidy
and tetraploidy in colonic epithelial cells.13 To investigate whether 4-HNE could mediate
these effects, we exposed HCT116 and YAMC cells to non-toxic doses of this aldehyde and
found no change in the percentage of cells with aneuploidy. Both cell lines, however,
showed increased numbers of tetraploid cells containing two nuclei (Figure 3A and 3B). For
HCT116 cells, tetraploidy increased from 0.21 ± 0.08 percent for untreated controls to 9.90
± 0.09 percent following 4-HNE treatment (P<0.001; Figure 3A, upper and 3C, left).
Similarly, for YAMC cells tetraploidy increased from 0.12 ± 0.06 for untreated controls to
0.68 ± 0.10 percent for 4-HNE-treated cells (P<0.001; Figure 3A, lower and 3C, right).

To confirm the specificity of 4-HNE, we substituted it with trans-2-nonenal, an aldehyde of
identical length but lacking the C4 hydroxyl moiety required for reactivity.18 No cytotoxicity
was observed at concentrations below 40 μM (Figure S3). Compared to controls, there was
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no change in the percent of tetraploid HCT116 and YAMC cells after treatment with
trans-2- nonenal at 2.5 μM and 1 μM, respectively (Figure 3A, middle and 3C). This led us
to conclude that the C4 hydroxyl group of 4-HNE was essential to the tetraploid-inducing
effect of this electrophile.

4-HNE activates stathmin
4-HNE readily reacts with many proteins to modify function and DNA to cause
mutations.18, 28 Following 4-HNE treatment, HCT116 cells showed global modification of
cellular proteins using anti-4-HNE-protein adduct antibody (Figure S4A). Based on recent
reports that 4-HNE can modify tubulins and inhibit microtubule polymerization,29, 30 we
determined whether 4-HNE potentially generates tetraploidy through this mechanism. To
evaluate this we treated HCT116 cells with 4-HNE or supernatants from E. faecalis-infected
macrophages. Laser-scanning confocal microscopy showed marked damage to mitotic
spindles of cells that were treated with 4-HNE or supernatants. We also observed lagging
chromosomes (Figure 4A, ii and v), anaphase bridging (Figure 4A, iii and vi), and
multipolar spindles (Figure 4A, iv). To determine whether 4-HNE reacted with tubulin to
form protein adducts, we isolated these proteins from HCT116 and YAMC cells treated with
4-HNE using α/β-tubulin antibody. Western blots showed tubulin monomers but no dimers
(Figure S4B). Interestingly, no bands were detected using antibody to 4-HNE-protein
adducts, suggesting that, at the non-cytotoxic doses used in these experiments, 4-HNE failed
to form 4-HNE-tubulin adducts (Figure S4C). These findings led us to reconsider the
mechanism by which 4-HNE caused mitotic spindle damage.

We next investigated the potential dysregulation of microtubule dynamics as an explanation
for 4-HNE-induced mitotic spindle damage. Stathmin is an important regulatory protein that
controls microtubule dynamics during mitosis. The dephosphorylated form of stathmin
inhibits microtubule formation by sequestering α/β-tubulin heterodimers as stable ternary
complexes and thereby decreases the pool of heterodimers available for polymerization.31

As cells enter mitosis stathmin is inactivated by phosphorylation at Ser16, Ser25, Ser38, and/
or Ser63.32, 33 The result is release of tubulin heterodimers and increased microtubule
formation. Upon completion of mitosis, stathmin is reactivated by dephosphorylation to
trigger spindle disassembly (or microtubule catastrophe).34 When HCT116 and YAMC cells
were treated with 4-HNE, the 19 kDa Ser16-phosphorylated form of stathmin decreased
substantially at 30 min post-treatment and persisted for 24 hrs (Figure 4B, C, and S5). In
comparison, nocodazole, a prototypical spindle poison, showed small inconsistent changes
in this phosphorylated isoform (Figure 4B, C, and S5). In contrast, the 20 kDa isoform of
Ser16-phosphorylated stathmin, one of several multi-phosphorylated isoforms of stathmin,32

increased in HCT116 cells after exposure to 4-HNE or nocodazole (Figure 4B and D).
Reductions in the 19 and 20 kDa Ser16-phosphorylated forms of stathmin were also evident
in YAMC cells at early and late time points following exposure to nocodazole and 4-HNE
(Figure S5). The final effect of these changes, i.e., decreases in the key 19 kDa Ser16-
phosphorylated isoform of stathmin, was loss of spindle morphology in dividing cells
(Figure 4A).

In summary, E. faecalis-infected macrophages produce increased quantities of 4-HNE,
induce G2M arrest, generate γH2AX foci, and cause tetraploidy in transformed and non-
transformed colonic epithelial cells. Spindle dysfunction, tetraploidy, and DNA damage
were associated with dephosphorylation of p-stathmin at Ser16. These findings are consistent
with 4-HNE acting as a spindle poison to mediate macrophage-induced bystander effects.
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Gsta4 enhances 4-HNE catabolism
We next considered whether decreased cellular detoxification of 4-HNE would lead to
increased genotoxicity in target cells. Gsta4 is a phase II glutathione S-transferase (GST)
that detoxifies 4-HNE. We silenced this enzyme in YAMC cells using constitutively
expressed RNAi and confirmed a greater than 80% reduction in Gsta4 protein (Figure 5A).
Gsta4-silenced cells showed attenuated 4-HNE decay compared to cells transfected with a
negative control plasmid encoding non-targeting miRNA (Figure S6). Gsta4-silenced cells
showed increased cytotoxicity at 2 and 4 μM 4-HNE compared to controls, confirming the
importance of this enzyme in protection against 4-HNE-mediated cytotoxicity. There were
no significant changes in cytotoxicity at 1 μM 4-HNE (Figure 5B).

Gsta4 decreases 4-HNE genotoxicity
To determine the role of Gsta4 in clastogenesis, we examined Gsta4-silenced YAMC cells
for γH2AX foci using the dual-chamber co-culture system.12 No change in γH2AX-
positivity was noted by FACS for wild-type cells exposed to E. faecalis-infected
macrophages (Figure 5C), suggesting that adequate defenses against macrophage-generated
clastogenesis existed in this primary cell line. γH2AX-positivity increased, however, when
Gsta4-silenced cells were exposed to E. faecalis-infected macrophages compared to non-
infected controls (12.7 ± 1.6 percent vs. 8.9 ± 0.6 percent, respectively; P = 0.02) (Figure
5D).

Next, we exposed Gsta4-silenced YAMC cells to purified 4-HNE and found increased
γH2AX-positivity compared to wild-type cells (41.8 ± 1.3 percent vs. 24.6 ± 6.5 percent; P
= 0.01). No increase in γH2AX-positivity was found for cells transfected with a negative
control plasmid (Figure 5E). Of note, the proportion of γH2AX-positivity in untreated
silenced cells was substantially increased compared to untreated wild-type cells (Figure 5E),
suggesting that knockdown of Gsta4 increased the susceptibility of YAMC cells to
endogenously generated DNA damage.

Finally, the proportion of tetraploid cells significantly increased following 4-HNE treatment
in Gsta4-silenced YAMC cells compared to wild-type controls (0.96 ± 0.18 percent vs. 0.65
± 0.11 percent, respectively; P = 0.03). The percentage of tetraploid cells transfected with
the negative control plasmid was 0.70 ± 0.08 and similar to wild-type cells (P = 0.98)
(Figure 5F). These data indicate that silencing Gsta4 in YAMC cells attenuates 4-HNE
decay, exacerbates 4-HNE-induced DNA damage, and promotes tetraploidy. Together, these
findings are consistent with 4-HNE acting as a mediator for macrophage-induced bystander
effects.

E. faecalis generates 4-HNE-protein adducts
IL-10−/− mice were colonized with a superoxide-producing E. faecalis strain OG1RFSS, a
superoxide-deficient strain WY84SS, or administered sham. IL-10+/+ control mice were
colonized with OG1RFSS. Throughout the study, colonization of mice by OG1RFSS and
WY84SS remained between 0.5 and 1.0 × 109 colony-forming units per gram feces with no
differences between these groups. Histopathological findings in the large intestine were
limited to the distal colon and rectum. Although inflammation was evident after 3 months of
colonization, there was no significant difference in inflammation scores or evidence of
severe dysplasia or cancer (Figure 6A). However, after 9 months of colonization, 4 of 7
IL-10−/− OG1RFSS mice had developed cancer compared to 0 of 11 IL-10−/− WY84SS
mice (Figure 6A and B; P = 0.01). Sham-treated IL-10−/− mice, and wild-type mice
colonized with OG1RFSS, did not develop inflammation or cancer. Immunohistochemical
analyses using anti-4-HNE-protein adduct antibody showed staining of colonic macrophages
and myofibroblasts in IL-10−/− mice colonized with OG1RFSS (Figure 6C). 4-HNE-protein
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adducts staining was minimal or not visible in colonic macrophages for knockout mice
colonized with WY84SS or administered sham or for wild-type mice colonized with
OG1RFSS (Figure 6D and E).

Discussion
We previously reported that E. faecalis-infected macrophages generate bystander effects that
cause G2M cell cycle arrest and CIN in epithelial cells.12, 13 In this study we demonstrate
that bystander effects induced by E. faecalis are associated with increased production of 4-
HNE by infected macrophages. This aldehyde is a breakdown product of lipid
peroxidation16 and acts as a diffusible clastogen19 that causes γH2AX deposition due to
DNA double-strand breaks. It also induces G2M cell cycle arrest and damages the mitotic
spindle. One additional consequence of 4-HNE exposure was the development of tetraploidy
in both transformed and primary colon epithelial cells. γH2AX deposition noted in this
study most likely represented DNA double-strand breaks since we previously found E.
faecalis-induced DNA damage in colonic epithelial cells using the comet assay.26 Finally,
colonization of IL-10−/− mice with wild-type E. faecalis that produces extracellular
superoxide, compared to a demethylmenaquinone-deficient and superoxide-attenuated
ΔmenB strain, confirmed the role of this radical anion in promoting colorectal
carcinogenesis. These observations are also concordant with increased rates of CIN due to
superoxide producing E. faecalis that we previously noted using the dual-chamber model of
macrophage-induced bystander effects.12, 13

Since publication of Boveri’s treatise on abnormal chromosome number and the origin of
malignant tumors,35 chromosomal missegregation has remained a leading hypothesis for
somatic tumorigenesis, in part because numerous observations show both tetraploid and
aneuploid cells as common features in most tumors. The mechanisms leading to aneuploidy,
however, are likely multiple with tetraploidy recognized as a distinct pathway to
aneugenesis.36 We found that exposure of cells to purified 4-HNE produced binucleate
daughter cells. We suspect that this occurred through a failure of cytokinesis and not mitotic
slippage since examination of the mitotic spindle by immunoflorescence showed extensive
damage.36 Microtubules are essential to normal cytokinesis and defects in the spindle
apparatus have been associated with CIN in oral and gastrointestinal cancers.37, 38 4-HNE is
a reactive electrophile that, at high concentrations, can directly damage tubulins and
microtubules.29, 30 In this study, 4-HNE treatment of purified tubulins spontaneously
generated tubulin dimers (Figure S7). However, we were unable to detect 4-HNE-tubulin
adducts in cells exposed to non-cytotoxic doses of 4-HNE.

We therefore considered other mechanisms to explain the failure of cytokinesis and
generation of tetraploid cells we observed in vitro. What we discovered was the
dephosphorylation of stathmin, or oncoprotein 18 (Op18), a key regulator of microtubule
dynamics, in cells exposed to 4-HNE. Stathmin activation during mitosis promotes
microtubular depolymerization and can lead to anaphase bridging, lagging chromosomes,
cytokinesis failure, and aneuploidy or tetraploidy. Each of these abnormalities has been
noted for macrophage-induced bystander effects.12, 13

In our experiments, a single dose of purified 4-HNE generated tetraploid cells. In contrast, in
a prior study by us using epithelial cells exposed to E. faecalis-infected macrophages, we
found that the bystander effect led to tetraploidy and aneuploidy,13 something not observed
following 4-HNE treatment. Perhaps other, as yet uncharacterized, aneugenic factors are
produced by activated macrophages that promote aneuploidy. Alternately, aneugenesis
might require continuous exposure to 4-HNE, and might not be seen following a single dose
as was used in these experiments. In any event, purified 4-HNE caused tetraploidization.

Wang et al. Page 7

Gastroenterology. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This change alone is an important step toward oncogenic transformation since tetraploid
cells can become aneuploid and express CIN.36

Stathmin is phosphorylated during mitosis by CaMKIV or cAMP-dependent kinases at Ser16

or Ser63 with a subsequent reduction in tubulin sequestering activity.31, 39 Although we did
not assess the phosphorylation of stathmin at Ser25 or Ser38, we note that Cdk1, a kinase
responsible for stathmin phosphorylation at these sites,39, 40 is down-regulated by E.
faecalis-infected macrophages.13 Reduction in Cdk1 would lead to the activation of stathmin
and potentially contribute to a G2M cell cycle arrest. Our findings might be due to the
modulation of kinases by 4-HNE, but this will require further investigation. In summary, our
results indicate that non-cytotoxic doses of 4-HNE can act as a spindle poison and generate
tetraploidy through the failure of cytokinesis.

The role of glutathione S-transferases in protecting against intestinal inflammation and
carcinogenesis is not well defined. Gsta4 null mice accumulate 4-HNE-protein adducts and
show greater susceptibility to bacterial infection and oxidative stress, suggesting a pivotal
role for this enzyme in detoxifying peroxidation products.24 Selective overexpression of
Gsta4 led to decreased inflammation in conventional and germfree mice with dextran sulfate
sodium-induced colitis.41 A recent study using Gstp null ApcMin/+ mice showed
significantly decreased survival, a 6-fold increase in the incidence of colon adenomas, and a
50-fold increase in adenoma multiplicity compared to Gstp wild-type ApcMin/+ mice.42

However, there are no reports that associate GSTA4 with an altered risk for cancer in
humans. Considering the genotoxic potential of endogenously produced 4-HNE, additional
study into the role of GSTA4 in cancer is needed.

In summary, our findings show that E. faecalis-infected macrophages produce 4-HNE. This
electrophile, when purified, mediated bystander effects in colonic epithelial cells by
generating γH2AX foci and inducing G2M cell cycle arrest. 4-HNE was also associated
with mitotic spindle damage, activation of stathmin, cytokinesis failure, and the
development of tetraploidy. Silencing Gsta4 led to increased 4-HNE genotoxicity in target
cells. Finally, wild-type E. faecalis triggered carcinogenic events in IL-10−/− mice. 4-HNE-
protein adducts were predominant in colon macrophages in these mice. Mice colonized with
an isogenic demethylmenaquinone-deficient and superoxide-attenuated strain of E. faecalis
developed colitis but not cancer. In aggregate, these results show that 4-HNE can act as an
autochthonous spindle poison and link macrophage-induced bystander effects to CRC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

4-HNE 4-hydroxy-2-nonenal

CRC colorectal cancer

MOI multiplicity of infection
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cfu colony-forming units

IL-10 interleukin-10

Gsta4 glutathione S-transferase alpha 4

CIN chromosomal instability

COX-2 Cyclooxygenase-2
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Figure 1. E. faecalis-infected macrophages produce 4-HNE
A, 2-D NMR shows 4-HNE from E. faecalis-infected macrophages was pure with predicted
structure. 1H chemical shifts (upper) and 13C chemical shifts (lower). B, 4-HNE in
supernatants of RAW264.7 cells treated with OG1RF at an MOI of 1,000 (checkered)
significantly increases from 24–72 hrs post-treatment compared to untreated control
(P<0.01, white). No significant changes are seen for cells treated with OG1RF at MOIs of
10 (P=0.6, stippled), 100 (P=0.1, hashed), and WY84 at an MOI of 1,000 (P=0.08, gray). Of
note, 4-HNE significantly increases in supernatants from RAW264.7 cells treated with E.
coli DH5α at an MOI of 100 (P<0.01, solid). C, Immunocytochemical staining for 4-HNE-
protein adducts qualitatively shows intracellular accumulation at 48 hrs for RAW264.7 cells
treated with OG1RF and WY84 at an MOI of 1,000. No increased staining is noted for cells
treated with DH5α at an MOI of 100 compared to an untreated control.
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Figure 2. 4-HNE damages DNA
A and B, HCT116 (A) and YAMC (B) cells were synchronized to G1 and treated with 4-
HNE. FACS analysis shows G2M arrest 48 hrs post-treatment for both cell lines. C–F,
Exposure of HCT116 (C) and YAMC (E) cells to 4-HNE generates γH2AX foci in dose-
dependent manner. FACS analyses show γH2AX positivity in HCT116 (D) and YAMC (F)
cells following 4-HNE treatment. Filled trace, untreated control; open trace, 4-HNE
treatment.
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Figure 3. 4-HNE generates tetraploidy
A, FACS analyses for ploidy of HCT116 (Upper panels) and YAMC (Lower panels) cells
following exposure to control (left), trans-2-nonenal (middle), and 4-HNE (right). R1,
phospho-histone H3-positive cells with 4N DNA content (mitotic diploid cells); R2,
phospho-histone H3-positive cells with 8N DNA content (mitotic tetraploid cells). B,
Exposure of cells to 4-HNE produces double nuclei in HCT116 (left) and YAMC (right)
cells. C, 4-HNE-treated HCT116 (left) and YAMC (right) cells develop tetraploidy (***P <
0.001); trans-2-nonenal without effect.
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Figure 4. 4-HNE activates stathmin
A, Laser scanning confocal microscopy shows normal microtubules (red) in untreated
HCT116 cells (i) and degraded microtubules in cells treated with supernatants from E.
faecalis-infected macrophages (ii–iv) or purified 4-HNE (v and vi); blue represents DNA
stain. Treated cells contain lagging chromosomes (ii), anaphase bridging (iii and vi),
multipolar spindle (iv), and spindle failure at metaphase (v). B, Western blots show changes
in two isoforms (19 and 20 kDa) of p-stathmin (Ser16) in HCT116 cells treated with 4-HNE
and nocodazole. C, By normalizing to β-actin, the 19 kDa isoform significantly decreases
0.5–6 hrs following 4-HNE treatment (red) compared to untreated control (blue). This
decrease occurs 24 hrs after nocodazole treatment (green). D, The 20 kDa isoform increases
in cells treated with 4-HNE or nocodazole.
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Figure 5. Silencing Gsta4 increases cell susceptibility to 4-HNE induced genotoxicity
A, Western blot shows >80% reduction in Gsta4 in silenced YAMC cells (KO) compared
with wild-type (WT) cells or cells transfected with a negative control plasmid (NC). B,
Decreased survival for KO cells (triangle) exposed to 4-HNE compared with WT cells (open
circle) or NC cells (closed square). C, Wild-type YAMC cells exposed to E. faecalis-
infected RAW264.7 cells for 48 hrs in a dual-chamber co-culture system show no effect on
γH2AX-positivity. Filled trace, cells exposed to uninfected RAW264.7 cells (MOI = 0);
open trace, cells exposed to E. faecalis-infected macrophages (MOI = 1000). D, Increased
γH2AX-positivity is noted for Gsta4-silenced YAMC cells (P = 0.02, MOI of 1,000 vs. 0).
E, The percentage of γH2AX-positive cells increases for Gsta4-silenced YAMC cells
exposed to 4-HNE compared to wild-type YAMC cells (P = 0.01). No change was noted for
cells transfected with a negative control plasmid (NC) compared to WT (P = 0.7). F, The
percent tetraploid cells increases for KO cells treated with 4-HNE compared to WT cells (P
= 0.03). No significant change for NC cells (P = 0.98). White bar: untreated control; black
bar: cells treated with 4-HNE.
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Figure 6. 4-HNE-protein adducts in colon biopsies of IL-10−/− mice colonized with E. faecalis
A, Histopathological examination and inflammation scores for colorectal biopsies from
IL-10−/− mice colonized with E. faecalis OG1RFSS (closed squares), WY84SS (open
squares), or sham (triangles), and IL-10+/+ mice colonized with OG1RFSS (circles).
Biopsies were collected after 3 and 9 months of colonization. Crossed symbols indicate
biopsies showing cancer. Biopsies were scored from 0 (low) to 4 (high) on total number of
inflammatory cells, decrease in goblet cells, crypt lengthening, reactive atypia, and
dysplasia; values were summed for total colitis scores with means shown (bars). *P > 0.05;
**P < 0.05; ***P < 0.001. B, H&E staining showing cancer in a colon section from an
IL-10−/− mouse colonized with OG1RFSS. C, Immunohistochemical staining of colon
biopsy for 4-HNE-protein adducts from IL-10−/− mice colonized with OG1FRSS (red arrow,
tissue macrophage; green arrow, myofibroblast). D and E, Minimal or negative staining for
4-HNE-protein adducts in lamina propria of colon biopsies from WY84SS (D) or sham-
treated IL-10−/− mice (E).
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