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Inhibition of colon cancer growth by docosahexaenoic acid
involves autocrine production of TNFα
A Fluckiger1,2, A Dumont1,2, V Derangère1,3, C Rébé1,4, C de Rosny1,2, S Causse1,3, C Thomas1,2, L Apetoh1,3,4, A Hichami1,2,
F Ghiringhelli1,3,4 and M Rialland1,2

The omega-3 polyunsaturated fatty acid docosahexaenoic acid (DHA) has anti-inflammatory and anti-cancer properties. Among
pro-inflammatory mediators, tumor necrosis factor α (TNFα) plays a paradoxical role in cancer biology with induction of cancer cell
death or survival depending on the cellular context. The objective of the study was to evaluate the role of TNFα in DHA-mediated
tumor growth inhibition and colon cancer cell death. The treatment of human colorectal cancer cells, HCT-116 and HCT-8 cells, with
DHA triggered apoptosis in autocrine TNFα-dependent manner. We demonstrated that DHA-induced increased content of TNFα
mRNA occurred through a post-transcriptional regulation via the down-regulation of microRNA-21 (miR-21) expression. Treatment
with DHA led to nuclear accumulation of Foxo3a that bounds to the miR-21 promoter triggering its transcriptional repression.
Moreover, inhibition of RIP1 kinase and AMP-activated protein kinase α reduced Foxo3a nuclear-cytoplasmic shuttling and
subsequent increase of TNFα expression through a decrease of miR-21 expression in DHA-treated colon cancer cells. Finally, we
were able to show in HCT-116 xenograft tumor-bearing nude mice that a DHA-enriched diet induced a decrease of human miR-21
expression and an increase of human TNFα mRNA expression limiting tumor growth in a cancer cell-derived TNFα dependent
manner. Altogether, the present work highlights a novel mechanism for anti-cancer action of DHA involving colon cancer cell death
mediated through autocrine action of TNFα.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and the
fourth leading cause of cancer death worldwide. The etiology of
CRC is linked to hereditary component and to environmental
factors (diet, lifestyle and chronic inflammation). The inherited CRC
account for about 20% of CRC including hereditary nonpolyposis
colorectal cancer and familial adenomatous polyposis.1 Therefore,
the vast majority of CRC are sporadic without any identified
genetic predispositions. The chronic inflammation observed in
ulcerative-colitis and Crohn’s disease increases the risk of CRC
evidencing the connection between a pro-inflammatory context
and colorectal carcinogenesis.2,3 Actually a pro-inflammatory
context promotes virtually all steps of colon carcinogenesis and
patients with CRC present increased content of circulating pro-
inflammatory mediators (that is, IL-6, IL-1β, IL-8 and TNFα).4,5

Epidemiological and clinical studies suggest beneficial effects of
anti-inflammatory omega-3 polyunsaturated fatty acid intake on
the risk or treatment of CRC.6–9 In addition, in vitro and in vivo
preclinical models evidence anti-proliferative and anti-neoplastic
functions of both omega-3 polyunsaturated fatty acids predomi-
nantly found in fish oil, eicosapentaenoic acid (C22:5) and
docosahexaenoic acid (DHA, C22:6).9 Therefore, fish oil- or
individual omega-3 polyunsaturated fatty acids-enriched diets
are able to reduce the risk of CRC and to limit tumor growth from
colon cancer cells transplanted in mice.10,11 The anticancer effect
of DHA might be a consequence of its ability to regulate the
production of pro-inflammatory mediators (that is, TNFα, IL-17 and

PGE2) in cancer cells and/or host cells changing the systemic or
tumor microenvironment inflammatory status.11–15

Among pro-inflammatory mediators, TNFα is a paradoxical
cytokine in cancer biology mainly detected in tumor infiltrating
leukocytes in colitis-associated cancer and sporadic CRC.16,17 In
addition to leukocytes, colon cancer cells are also able to produce
TNFα sustaining their own proliferation by autocrine action.
Furthermore, neutralization of TNFα in a colitis-associated cancer
model reduces tumor formation.17,18 Although most studies
underline a tumor promoting role for TNFα, its function remains
elusive, since administration of exogenous TNFα might induce
cancer cell death and inhibit tumor growth.19–21 Moreover,
activation of TNFα signaling by malignant cell-derived TNFα
production may be sufficient to trigger cancer cell death
process.22,23 Therefore, TNFα-mediated cell fate (cell death or
survival) depends on cellular context and is controlled by the
formation of different complexes following activation of death
receptor TNFα-receptor I (TNFR-I). TNFα-mediated cell death relies
on the formation of a cytosolic complex II composed of caspase 8,
FADD, RIP1 kinase and the long form of cellular FLICE-like
inhibitory protein.24

In the present study, we aimed to evaluate the regulation of
TNFα expression by DHA in colon cancer cells and its potential role
in DHA-mediated apoptosis. We confirmed that DHA treatment
induced inhibition of tumor growth and activation of apoptosis in
colon cancer cells. However, surprisingly, we found, that these
effects originated from autocrine production of TNFα. Further-
more, we documented the molecular regulation of TNFα synthesis

1Institut National de la Santé et de la Recherche Médicale (INSERM) UMR 866, Dijon, France; 2UFR Sciences de la Vie, Terre et Environnement, Université de Bourgogne, Dijon,
France; 3UFR des sciences de santé, Université de Bourgogne, Dijon, France and 4Centre Georges François Leclerc, Dijon, France. Correspondence: Dr M Rialland, Université de
Bourgogne, INSERM UMR 866, 6 bd Gabriel, Dijon 21000, Bourgogne, France.
E-mail: mickael.rialland@u-bourgogne.fr
Received 1 July 2015; revised 2 December 2015; accepted 11 December 2015; published online 8 February 2016

Oncogene (2016) 35, 4611–4622
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 0950-9232/16

www.nature.com/onc

http://dx.doi.org/10.1038/onc.2015.523
mailto:mickael.rialland@u-bourgogne.fr
http://www.nature.com/onc


involving the decrease of microRNA-21 (miR-21) expression under
the control of Foxo3a nuclear accumulation dictated by RIP1
kinase and AMP-activated protein kinase α (AMPKα).

RESULTS
DHA induces TNFα-mediated cell death in human colon
cancer cells
We evaluated the effect of DHA on growth of human colon cancer
cells (HCT-116 and HCT-8 cells) using Cyquant assay and
compared with ω-9 oleic (OA), ω-6 linoleic (LA) and arachidonic
(AA) acids. We found that DHA treatment (50, 75 and 100 μM) for
48 h reduced cancer cell number in a dose-dependent manner
while OA, AA acid and LA treatment did not in comparison with
the control (CTRL) treatment (Figures 1a and b). In order to
determine the cell death rate, we carried out analysis of Annexin
V-7AAD staining. Addition of DHA for 48 h at indicated
concentrations induced a dose-dependent increase of cell death
in both colon cancer cells reaching 40.7% of HCT-116 and 26.1% of
HCT-8 cells positive for cell death staining at 100 μM of DHA
treatment (Figures 1c and d). Moreover, a treatment with the
caspase inhibitor zVAD-FMK abolished DHA-mediated cell death,
indicating that DHA at 100 μM for 48 h induced caspase-
dependent apoptosis (Supplementary Figures S1A and B). We
then evaluated the expression of pro-inflammatory cytokines in
DHA-treated colon cancer cells. Expression of TNFα mRNA
increased in HCT-116 and HCT-8 cells treated with DHA (50 and
100 μM) for 6 h, whereas, IL-6 and IL-8 expression decreased
(Figures 1e and f). We quantified TNFα secretion in colon cancer
cell culture medium treated by DHA using ELISA and we found
that DHA administration for 14 h induced increase of TNFα in
HCT-116 and HCT-8 supernatants (Figure 1g). A Trypan blue
exclusion assay revealed that DHA did not trigger cell death at
14 h of treatment (data not shown) highlighting that the increased
production of TNFα arrived before cell death. Because TNFα has
ambivalent properties,17–21 we analysed the effect of TNFα
neutralization on DHA-mediated cell death. We found that pre-
treatment with blocking anti-human TNFα (anti-TNFα) (0.5 μg/ml)
reduced the DHA-induced cell death in HCT-116 and HCT-8, while
the co-treatment with CTRL IgG and DHA showed cell death level
similar than administration of DHA alone (Figures 1h and i). The
data here suggest that DHA inhibits cell growth by inducing
autocrine TNFα-dependent cell death.

RIP1 regulates TNFα mRNA expression in colon cancer cells
TNFα-mediated apoptosis involves the processing of pro-caspase-
8 to active caspase-8 and depends on RIP1.24 In agreement with a
previous study,25 we showed induction of active caspase 8 in
DHA-treated cancer cells (Figure 2a). To determine the role of RIP1
in DHA effect, we investigated cell death level in colon cancer cells
treated with DHA in RIP1-depleted cells using siRNA
(Supplementary Figures S2A and B) or in presence of the RIP1
inhibitor necrostatin-1 (Nec-1). We found that silencing of RIP1
expression in HCT-116 and HCT-8 cells reduced DHA-mediated cell
death analysed 48 h post-transfection (Figures 2b and c). Similarly,
inhibition of RIP1 kinase activity with Nec-1 treatment attenuated
DHA-induced cell death in colon cancer cells (Figures 2d and e).
Altogether these results evidenced the role of RIP1 in the pro-
cytotoxic effect of DHA. In addition to its downstream action after
activation of TNFα signaling, RIP1 is able to induce TNFα
expression in a feedforward manner.26 Hence, we analysed the
regulation of TNFα expression by RIP1 in HCT-116 cells. Silencing
of RIP1 expression and activity abolished DHA-mediated TNFα
upregulation in colon cancer cells (Figures 2f and g).

DHA increases TNFα expression through downregulation
of miR-21
Recently, microRNAs appeared as novel regulators of cell functions
(for example, proliferation and differentiation) by controlling gene
expression through post-transcriptional action.27 Moreover, DHA is
able to modify the profile of microRNA expression targeting cell
death program in cancer cells.28,29 Thus, in order to investigate the
molecular pathway involved in TNFα-induced cell death in DHA-
treated colon cancer cells, we evaluated the role of miR-21, which
is a possible regulator of TNFα mRNA content.30 We observed that
DHA (50 and 100 μM) repressed the expression of miR-21 in
HCT-116 and HCT-8 cells (Figures 3a and b). We provided evidence
that DHA might regulate the increase of TNFα mRNA through
regulation of miR-21 expression. Indeed, transfection of pre-
miR-21 (miR-21 mimic) in colon cancer cells decreased TNFα
mRNA expression and abolished the DHA-induced upregulation of
TNFαmRNA expression (Figures 3c and d). To validate the fact that
DHA upregulated level of TNFα mRNA via miR-21 action, we used
3’-UTR of TNFα containing the miR-21 binding site cloned in a
luciferase reporter vector. A significant increase of luciferase
activity has been observed in colon cell lines treated with DHA
(Figure 3e). Such data suggest that DHA-mediated inhibition of
miR-21 expression alleviated post-transcriptional repression
exerted on TNFα mRNA. Next, we wondered whether RIP1
participated in the regulation of miR-21 expression in DHA-
treated colon cancer cells. We found that downregulation of
miR-21 expression was lost in DHA-treated cancer cells lacking
RIP1 expression or activity (Figures 3f and g). Furthermore,
overexpression of miR-21 mimic counteracted DHA-induced cell
death in both colon cancer cell lines (Figures 3h and i).

DHA-mediated nuclear translocation of Foxo3a regulates miR-21
and TNFα expression
The transcription factor Foxo3a has been described as a repressor
of miR-21 expression through direct binding on miR-21 promoter,
which has two Foxo3a response elements (BS1 and BS2).31

Expression of Foxo3a protein in HCT-8 and HCT-116 cells treated
for 4 h with DHA was analysed and we observed an increase of
Foxo3a expression in HCT-8, while remaining unchanged in
HCT-116 (Supplementary Figures S3A and B). Then, we investi-
gated the nuclear-cytoplasmic shuttling in both DHA-treated
colon cancer cells. Immunofluorescence analysis evidenced an
increase of nuclear translocation of endogenous Foxo3a in DHA-
treated HCT-116 and HCT-8 cells using a rabbit polyclonal anti-
Foxo3a (Figures 4a and b). Similar results were obtained with a
goat polyclonal anti-Foxo3a and with overexpressed Flag-Foxo3a
in HCT-116 cells (Supplementary Figures S3C and D). To gain
further insight into the control of miR-21 expression by DHA, we
analysed the DNA-binding of Foxo3a on miR-21 promoter using the
CHIP assay. DHA led to a statistically significant increase of Foxo3a
binding on BS1 (2.7 fold) and a trend increase on BS2 (1.3 fold),
whereas no amplification after immunoprecipitation with CTRL IgG of
BS1 and BS2 was detected (data not shown) (Figure 4c). We then
studied the involvement of Foxo3a in the control of miR-21
expression in HCT-116 and HCT-8 cancer cells treated with DHA.
For such experiment, we silenced Foxo3a expression using small-
interfering RNA against Foxo3a (siRNA Foxo3a; Supplementary
Figures S3E and F) and analysed miR-21 expression in CTRL and
DHA-treated cells. Colon cancer cells transfected with siRNA CTRL
and exposed to DHA had a decreased expression of miR-21
compared with untreated cells and to siRNA Foxo3a-transfected
cells which were unable to induce the DHA-mediated down-
regulation of miR-21 expression (Figure 4d). This result indicates
that Foxo3a is essential for repression of miR-21 expression in DHA-
treated cancer cells. In the same way, the inhibition of Foxo3a
expression with siRNA Foxo3a alleviated the DHA-induced TNFα
mRNA expression in HCT-116 and HCT-8 cells (Figure 4e). We next
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Figure 1. DHA induces TNFα-dependent cell death in colon cancer cells. (a) and (b) Proliferation analysis with Cyquant assay for HCT-116 and
HCT-8 treated for 48 h with indicated concentrations of DHA, OA and LA. (c) and (d) Cell death analysis by Annexin V-7AAD staining in
HCT-116 and HCT-8 cells treated with DHA for 48 h. (e) and (f) Relative expression of TNFα, IL-6 and IL-8 mRNA in HCT-116 and HCT-8 cells
treated with DHA for 6 h. (g) TNFα secretion measured by ELISA in HCT-116 and HCT-8 cells after 14 h of treatment with DHA. (h) and (i) Cell
death analysis as (c) and (d) for HCT-116 and HCT-8 co-treated with DHA (100 μM) and blocking anti-TNFα or CTRL IgG (0.5 μg/ml). Data are
expressed as the mean± s.d. of three independent experiments and compared with CTRL unless otherwise indicated. *Po0.05; **Po0.01;
***Po0.001; ****Po0.0001.
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evaluated the role of Foxo3a in cell death induced by DHA with
analysis of Annexin V and 7AAD staining in siRNA Foxo3a- and
siRNA CTRL-transfected colon cancer cells. The treatment with
DHA induced cell death in HCT-116 and HCT-8 transfected with
siRNA CTRL, whereas the knockdown of Foxo3a (siRNA Foxo3a)
significantly reduced the DHA-mediated cell death (Figures 4f and g).

AMPKα controls nuclear localization of Foxo3a and TNFα
expression in DHA-treated cancer cells
From the above results, we evidenced that the effect of DHA on
miR-21 and TNFα mRNA expression involved RIP1 kinase and

Foxo3a. Thereby, we evaluated the ability of DHA to
regulate Foxo3a nuclear-cytoplasmic shuttling in a RIP1
kinase activity dependent manner. Subcellular distribution of
Foxo3a was analysed in both colon cancer cell lines co-treated
with DHA and Nec-1. Although treatment with Nec-1 impaired
Foxo3a nuclear localization in DHA-treated HCT-116 cells
for 4 h, Foxo3a distribution was not affected in HCT-8 cells
demonstrating that RIP1-mediated regulation of Foxo3a
nuclear translocation was not a common mechanism in colon
cancer cells (Supplementary Figures S4A and B). Since AMP-
activated protein kinase α (AMPKα)-Foxo3a axis does exist in
stressed cells through phosphorylation of Foxo3a at Ser413
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Figure 2. RIP1 regulates TNFα production in colon cancer cells. (a) Caspase-8 activity in HCT-116 treated with DHA for 48 h. (b) and (c) Cell
death analysis by Annexin V-7AAD staining of HCT-116 and HCT-8 transfected with siRNA CTRL or RIP1 (siRNA RIP1) and treated with DHA
(100 μM) for 48 h. (d) and (e) Cell death analysis as (b) and (c) after co-treatment with Nec-1; 2.5 and 10 μM) and DHA. (f) and (g) Relative
expression of TNFαmRNA in DHA-treated HCT-116 cells for 6 h transfected with siRNA CTRL and RIP1 (siRNA RIP1) (f) or treated with Nec-1 (g).
Data are expressed as the mean± s.d. of three independent experiments and compared with CTRL unless otherwise indicated. *Po0.05;
**Po0.01; ***Po0.001; ns, non-significant.
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(p-Foxo3a S413) by AMPKα, we determined the p-Foxo3a S413
level in DHA-treated colon cancer cells.32 Administration
of DHA increased p-Foxo3a S413 content in HCT-116
and HCT-8 cells in association with increase of AMPKα
phosphorylation (p-AMPK T172) analyzed at 4 and 6 h,
respectively (Figures 5a and b). In addition, immunofluorescence
analysis of Foxo3a subcellular distribution showed that treat-
ment of cells with AMPK activator induced nuclear Foxo3a
accumulation (Supplementary Figure S4C). To precise the
potential function of AMPKα activation in regulation of
Foxo3a localization in DHA-treated cells, we inhibited AMPKα
expression with siRNA AMPKα (Supplementary Figure S4D) and

AMPK activity with compound C (0.5 μM). The loss of AMPK
activity as well as inhibition of AMPKα expression reduced
Foxo3a nuclear distribution in HCT-116 and HCT-8 exposed to
DHA treatment (Figures 5c and d). Next, we evaluated the role of
DHA-mediated AMPKα activation in regulation of miR-21 and
TNFα expression. The DHA treatment in HCT-116 cells trans-
fected with siRNA CTRL showed as expected a decrease of
miR-21 expression and increase of TNFα mRNA content while
abolition of AMPKα expression counteracted the DHA effect on
miR-21 and TNFα mRNA (Figures 5e and f). We confirmed using
compound C that prevention of DHA-induced AMPKα activation
did not trigger the change of miR-21 and TNFα expression
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(Supplementary Figures S4E and F). Finally, we showed that
AMPKα activation pathway is involved in DHA-induced colon
cancer cell death. Indeed, we observed that extinction of AMPKα

expression and inactivation of AMPKα pathway by compound C
reduced cell death in HCT-116 and HCT-8 treated with DHA
(Figure 5g, Supplementary Figures S4G and H).
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DHA inhibits HCT-116 xenograft tumor growth through TNFα
production
Activity of DHA has been evaluated in nude mice fed either a CTRL
or a DHA-enriched diet after HCT-116 tumor xenografts were
established. The monitoring of colon tumor growth showed that
DHA diet limited the growth of implanted HCT-116 cells into nude
mice compared with CTRL diet (Figure 6a). The in vitro studies
underlined the contribution of TNFα and miR-21 in the cytotoxic
effects of DHA. Therefore, we analysed the expression of TNFα and
miR-21 in tumors of mice treated with CTRL or DHA-enriched diet.
In order to discriminate between TNFα production from human
malignant cells and mouse tumor microenvironment cells, we
designed specific primers for analysis of human or mouse TNFα
mRNA expression by RT-qPCR. In tumors from nude mice fed DHA
diet, we observed an increase of human TNFα mRNA expression
and a decrease of human miR-21 expression compared with
tumors from mice-fed control diet confirming in vitro data (Figures
6b and c). Moreover, mouse TNFα mRNA content evaluated from
tumor microenvironment cells did not significantly change with
the DHA-enriched diet in comparison with the control diet,
although a decreased trend has been observed (Figure 6d). To test

the role of human TNFα produced by HCT-116 in DHA-mediated
tumor growth inhibition, we administered neutralizing anti-TNFα
or CTRL IgG in tumor-bearing mice fed a DHA diet. The CTRL IgG
injection in mice fed DHA-enriched diet reduced tumor growth as
well as mice fed DHA-enriched diet, whereas blocking anti-human
TNFα administration abolished the anti-tumor action of DHA-
enriched diet (Figure 6e). It is noteworthy that anti-TNFα alleviated
the anti-tumoral effect of DHA diet as long as anti-TNFα has been
daily injected. Altogether these observations clearly demonstrated
that DHA exerted anti-cancer activity through colon cancer cell-
derived TNFα production.

DISCUSSION
A large body of evidence sustains the fact that inflammation is
associated with carcinogenesis and cancer progression, especially
in colorectal cancer.2–5,33 However, the contribution of TNFα to the
physiopathology of the disease remains unclear and conflicting.
Indeed, TNFα is a multifunctional cytokine acting on immune cells,
vasculature and cancer cells and is a major mediator of
inflammation with pro- and anti-tumor properties. Literature
reports an increase of circulating TNFα in colitis-associated cancer
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and the global neutralization of TNFα reduces colon tumor
formation in the chronic inflammatory mouse model.17 However,
TNFα production by tumor-associated myeloid cells activated with
polyI:C or local TNFα administration suppress tumor growth.34,35

We showed here that DHA-induced TNFα production and
secretion by malignant cells that might generate both an
unfavorable tumor microenvironment affecting infiltrated cell
properties and triggering the autocrine TNFα production-
mediated colon cancer cell death (Figures 1h and i and
Figure 6e). Functional TNFα signaling in HCT-116 and HCT-8 colon
cancer cells allowed a cytotoxic action through cancer cell-derived
TNFα production that might be amplified by increased expression
of TNFR-I previously described in DHA-treated colon cancer
cells.21,25,36,37 Therefore, a role of RIP1 in DHA-mediated cell
death through autocrine TNFα action was not surprising. However,
we found that the increase of TNFα mRNA content in DHA-treated
colon cancer cells occurred via RIP1 activation suggesting a
feedforward loop. A transcriptional regulation of TNFα in a RIP1
dependent manner but independent of the canonical NF-κB
pathway has been demonstrated in cancer cells treated with a
compound isolated from fungus (neoalbaconol) or with a pan-
caspase inhibitor both activating necroptosis.38,39 In our study, we
evidenced that DHA treatment induced caspase-dependent
apoptosis instead of necroptosis since zVAD-FMK addition
prevented DHA-mediated cell death (Supplementary Figures S1A
and B). DHA treatment triggered caspase 8 activation, which
induced apoptosis commitment and likely blocked necroptosis
through cleavage of key substrates involved in the necroptosis
program.24,40,41 Moreover, we were interested in the role of
peroxisome proliferator-activated receptors (PPARs) in DHA-
mediated apoptosis. PPARs exist under three isoforms (PPARγ,
PPARα and PPARβ/δ), which are DHA-activated nuclear receptors42

and their expression could be controlled by DHA.43,44 In A549
lung and MCF-7 breast cancer cells, the inactivation of PPARγ
counteracted the pro-apoptotic program induced by DHA.45,46

Nevertheless, we confirmed a previous study evidencing that
PPARγ is not involved in DHA-mediated colon cancer cell death.25

Similarly, PPARα and PPARβ/δ did not seem to be involved in pro-
apoptotic effect of DHA in colon cancer cells (Supplementary
Figure S5). Therefore, DHA-induced apoptosis in colon cancer cells
would be independent of PPARs.
The anti-proliferative effect of DHA is not a common feature of

unsaturated fatty acids. Indeed, OA belonging to ω-9 family or LA
and AA belonging to ω-6 family did not exert any anti-proliferative
action in colon cancer cells in the present study. It is noteworthy
that previous studies already reported the effects of ω-3 and ω-6
polyunsaturated fatty acids (PUFA) on proliferation of cancer cells.
They observed anti-proliferative action of fatty acids of both families
on the colon, breast, lung and prostate cancer cells, which would
depend on cell types and concentration of fatty acids.47–51 Studies
on regulation of CRC by dietary fats showed that ω-3 and ω-6 PUFA-
enriched diets exerted different action on tumor growth. Indeed,
ω-6 PUFA-enriched diet promoted colon cancer development,
whereas OA or DHA reduced colon cancer growth.52

The opposite effect of ω-3 and ω-6 PUFA on CRC would involve
a different regulation of inflammatory status. PUFA of ω-3 family,
especially DHA, have anti-inflammatory properties associated
with anti-cancer action.11,12,53 Here, we found that administration
of DHA on colon cancer cells led to a decreased expression
of inflammatory cytokines (IL-6 and IL-8). However, the induction
of TNFα expression highlighted a discrepancy in the regulation of
the inflammatory status in DHA-treated colon cancer cells. Indeed,
we found that regulation of TNFα bypassed the DHA-activated
anti-inflammatory program through a post-transcriptional regula-
tion dependent on miR-21 expression (Figures 1e and f and
Figures 2f and g).
Such microRNA binds to the 3'-untranslated region of the target

mRNA and triggers a repression of translation or degradation of

the mRNA.27 Zhang X. et al.30 showed that the oncomiR miR-21
targets TNFα mRNA limiting the production of TNFα protein and
promoting transformation of genotoxic-damaged cells underlying
a pro-tumoral action of miR-21 and a subsequent loss of anti-
tumoral action of TNFα. Thereby, aberrant increase in expression
of miR-21 has been found in CRC tissues from two different
cohorts and a positive association between expression of miR-21
and pro-inflammatory cytokines (IL-6 and IL-8) has been
observed.54 Unlike IL-6 and IL-8, TNFα expression has been shown
to be decreased in CRC tissues from the same cohorts, while
miR-21 expression increased without significant negative associa-
tion with TNFα expression.54 Although consistent data reported
increase expression of miR-21, it is noteworthy that there are
inconsistent results for TNFα expression in CRC tissues since
increase of TNFα expression has also been reported.17,55 There-
fore, miR-21 appears as a good candidate target for anticancer
action and the essential role of miR-21 in colon cancer cell
proliferation has been already described with miR-21 inhibitor
reducing xenograft tumor growth what we were able to mimic in
athymic nude mice bearing tumors fed a DHA-enriched diet.56

Although NF-κB plays a central role in the transcriptional
activation of pro-inflammatory program and miR-21 expression,
we focused our study on Foxo3a-dependent regulation of miR-21
expression.57 We observed that DHA treatment led to Foxo3a
nuclear translocation allowing transcriptional repression of miR-21
expression (Figures 4a and d). The suppression of Foxo3a expression
with siRNA abolished the DHA-mediated down-regulation of miR-21
expression confirming a previous study that described the negative
regulation of miR-21 promoter activity with increased binding of
Foxo3a on its response elements in doxorubicin-treated lung cancer
cells.31 However, we were not able to show that an enforced
Foxo3a-TM (a mutated nuclear-targeted Foxo3a) expression regu-
lated miR-21 expression in HCT-116 (Supplementary Figure S6A)
suggesting that DHA would coordinate different pathways in order
to repress miR-21 expression. The transcriptional function of Foxo3a
depends on its nuclear translocation and activation controlled by
kinases inducing phosphorylation on different residues.58 Since we
showed that RIP1 is involved in miR-21 regulation by DHA and that
Foxo3a participated to such regulation, we postulated that RIP1
could control the Foxo3a nuclear translocation. Although RIP1
partially contributed to the regulation of Foxo3a nuclear transloca-
tion in HCT-116, a RIP1-dependent mechanism was not observed in
HCT-8 (Supplementary Figures S4A and B). Instead, we found that
AMPKα is activated by DHA treatment and induced AMPKα-
dependent Foxo3a nuclear translocation, which contributes to
inhibition of miR-21 transcription and increase of TNFα mRNA
expression. The role of AMPKα in Foxo3a regulation has been first
described as a transcriptional regulation activity through phosphor-
ylation on Ser413 of Foxo3a under nutrient deprivation without
affecting subcellular distribution.32 However, recent data confirmed
our observation that AMPKα controls Foxo3a subcellular localization.
Indeed, Chou et al.59 showed that AMPKα activation by OSU53
induced Foxo3a nuclear distribution and suggested that this event
depended on AKT regulation. The literature reported that DHA
inhibits AKT signaling by regulation of its phosphorylation status
and by change of its subcellular localization.60,61 Therefore,
Foxo3a nuclear translocation dependent on DHA-activated
AMPKα might be through regulation of AKT and the regulation
of the transcriptional activity through a direct action of AMPKα
on Foxo3a. Activation of the AMPKα pathway in DHA-treated
cells might originate from reactive oxygen species (ROS)
overproduction as already described.62,63 We analysed genera-
tion of ROS with chloromethyl 2ʹ,7ʹ-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA) and dihydroethidium at early time
points and did not found ROS overproduction in DHA-treated
cells (Supplementary Figures S7A and D) excluding a role of ROS
in activation of AMPKα triggering production of TNFα through
Foxo3a and miR-21 regulation. Although ROS overproduction
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were not detected in cells exposed to DHA for 30 min to 5 h,
we observed lipid peroxide accumulation at 3 h of treatment
(Supplementary Figure S7E). DHA has a great number of double
bonds that would increase its susceptibility to endogenous
peroxidation64 probably via ROS generated by basal metabolism
of cancer cells. Lipid peroxidation has been observed in cancer
cells treated by DHA50 and could result from anti-oxidant response
alteration such as inhibition of phospholipid hydroperoxide
glutathione peroxidase (GPX4),65 which has been shown to trigger
lipid peroxidation before ROS detection.66 We showed that abolition
of lipid peroxidation with α-tocopherol in DHA-treated cells did not
prevent either AMPKα activation or increase of TNFα expression
(Supplementary Figures S7F and G) indicating that activation of
AMPKα pathway leading to TNFα induction was independent of
lipid peroxide generation. Further investigations are needed to
determine the mechanism that initiates activation of AMPKα
pathway in DHA-treated colon cancer cells.
In summary, our work describes for the first time a regulation of

Foxo3a-miR-21 signaling pathway by RIP1 and AMPKα controlling
the production of TNFα in DHA-treated colon cancer cells leading
to apoptosis and inhibition of tumor growth.

MATERIALS AND METHODS
Cell culture conditions
Human colorectal carcinoma HCT-116 and HCT-8 cells were obtained from
the American Type Culture Collection and maintained in DMEM or RPMI
supplemented with 6% and 10% heat inactivated fetal bovine serum,
respectively. Cell lines were authenticated by examination of morphology
and growth characteristics and confirmed to be mycoplasma free. Cells
were treated with fatty acids bound to fatty acid free-bovine serum
albumin (ratio 4:1) (BSA, Sigma-Aldrich, Lyon, France). Docosahexaenoic
acid (DHA, C22:6 n-3), OA (C18:1 n-9), LA (C18:2 n-6) and AA (C20:4 n-6)
were purchased from Sigma-Aldrich (USA). Nec-1 and compound C (Comp
C) applied at 10 μM and 0.5 μM respectively were from Sigma-Aldrich (USA).

Cell proliferation assay
Cell proliferation analysis was carried out using CyQuant NF cell proliferation
assay (Invitrogen, Courtaboeuf, France) as previously described.67

Cell death analysis
Cell death was determined by APC-Annexin V and 7-amino-actinomycin D
(7AAD) staining with BioLegend's APC-Annexin V Apoptosis Detection Kit
and analysed by flow cytometry (FACSCalibur, Becton Dickinson, Villebon
sur Yvette, France). Cells with APC-AnnexinV+-7AAD− staining were
considered as cells in early-stage apoptosis whereas cells with Annexin
V+-7AAD+ or Annexin V−-7AAD+ staining were identified as cells in late-
stage apoptosis or necrosis.

Caspase 8 activity
Colon cancer cells treated for 48 h with indicated concentrations of DHA
were collected and analysed with FAM-FLICA Caspase 8 Assay Kit
(Immunochemistry Technologies, Courtaboeuf, France).

siRNA and pre-miR transfection
Cells were transfected with siRNA against human Foxo3a (siRNA Foxo3a),
human RIP1 (siRNA RIP1), human AMPKα (siRNA AMPK) and negative
control siRNA (siRNA CTRL) purchased from Ambion (Life Technologies,
Villebon sur Yvette, France) and Santa Cruz Biotechnology (Heidelberg,
Germany) using Oligofectamine (Invitrogen). Human pre-miR-21 (miR-21
mimic) and pre-miR control (CTRL mimic) obtained from Ambion (Life
Technologies) were transfected using Oligofectamine (Invitrogen). Treat-
ment with fatty acid was performed 24 h post-transfection.

RNA purification and RT-qPCR
Total RNA was extracted with Trizol (Invitrogen) and reverse transcribed
with M-MLV reverse transcriptase (Invitrogen) for analysis of mRNA
expression or with TaqMan MicroRNA Reverse Transcription Kit (Invitrogen)

for analysis of microRNA expression. Real-time RT-qPCR was performed
with iQSYBR Green supermix (Bio-Rad, Marnes-la-Coquette, France) for
mRNA expression analysis and TaqMan Universal PCR Master Mix II for
microRNA expression analysis using a StepOnePlus Real-Time PCR System
(Applied Biosystems, Villebon sur Yvette, France). The sequence of primers
is indicated in Supplementary Table S1. Expression was normalized to β-
actin for mRNA or RNU48 for microRNA. Relative expression of RNA targets
was determined using the comparative ΔΔCt method.

Immunoblotting analysis
Immunoblotting was carried out as previously described.67 In brief, total
protein extracts were resolved by SDS-PAGE and analysed by western-
blotting with the following antibodies: anti-Foxo3a (H-144) from Santa Cruz
Biotechnologies, anti-RIP1 from BD Biosciences (Villebon sur Yvette, France),
anti-β-actin from Sigma-Aldrich, anti-phospho-AMPKα (Thr172), anti-AMPKα,
anti-phospho-Foxo3a (Ser413), HRP-conjugated anti-mouse and anti-rabbit
from Cell Signaling Technology (Saint Quentin Yvelines, France).

Chromatin immunoprecipitation (ChIP) analysis
Cells were fixed with 1% formaldehyde at room temperature for 10 min
and quenched with 0.125 M glycine. Chromatin was isolated and sonicated
into chromatin fragments with an average length of 100–500 bp. DNA was
immunoprecipitated with anti-Foxo3a (Santa Cruz Biotechnology). After
chromatin elution, crosslinking was reversed and PCR was performed to
amplify Foxo3a binding sites (BS1 and BS2) of the human miR-21
promoter. PCR amplification with inputs was used for normalization. Data
were expressed in fold change occupancy for DHA treatment relative to
CTRL treatment. Primers are listed in Supplementary Table S1.

Dual-luciferase reporter assay
Cells were transfected with the 3’-UTR sequence of TNFα into psiCheck
luciferase vector (generously provided by Dr Wang) and with Renilla
luciferase vector using Lipofectamine 2000 (Invitrogen) and treated 24 h
post-transfection with DHA for 6 h. Cells were harvested and luciferase
activities were analysed with the Dual Glo Luciferase Reporter Assay kit
(Promega, Charbonnières-les-Bains, France) using a Perkin Elmer Victor 3
Model 1420 Multi-label Microplate Reader.

Immunofluorescence staining
The cells were fixed with 4% paraformaldehyde solution for 10 min
at 4 °C. Samples were incubated overnight at 4 °C with rabbit polyclonal
anti-Foxo3a (H-144) followed with incubation with Alexa568-coupled
anti-rabbit antibody. Cell nuclei were stained with DAPI (Duo82040,
Sigma-Aldrich). Microscopy images were taken on an Axio Imager 2
(Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with an
Apotome.2 module (Carl Zeiss GmbH). Images were acquired using an
AxioCam MRm monochrome CCD camera (Carl Zeiss GmbH) with filter sets
43 HE (Rhodamine/Alexa568) and 49 (DAPI). Quantitative Foxo3a nuclear
staining was analysed with Image J software (NIH, Bethesda, MD, USA).
Image masks were created for Foxo3a and DAPI positive staining to
determine regions of interest (ROI). Nuclear ROI was defined by DAPI staining
mask. With the image calculator, we quantified Foxo3a immunofluorescence
intensity in nuclear ROI and obtained a percentage of nuclear Foxo3a
staining over total cellular Foxo3a staining in a cell. Unless otherwise
specified, three independent experiments were used to calculate the mean
% of nuclear Foxo3a staining with at least 100 cells per experiment.

TNFα secretion analysis
Cell culture supernatants of colon cancer cells treated for 14 h with
indicated concentrations of DHA were collected and analysed with Human
TNF-α ELISA MAX Standard kit (Biolegend, Saint Quentin Yvelines, France)
according to the manufacturer's protocol.

Xenograft tumor growth experiments
Mice were bred and maintained according to both the Federation of
Laboratory Animal Science Associations and the Animal Experimental
Ethics Committee Guidelines (University of Burgundy, Dijon, France). In
order to induce tumor formation, 106 HCT-116 colon cancer cells were
subcutaneously injected into male athymic nude mice (Charles River
Laboratories, Saint-Germain sur l'Abresle, France). Once tumors were
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measurable, tumor-bearing mice were randomly assigned to either a
group of mice fed a control diet containing sunflower oil or a group of
mice fed a DHA-enriched diet containing Omegavie DHA90 TG (Polaris
Nutritional Lipids).12 The tumor volume was calculated as follows: larger
diameter × (smaller diameter)2/2. Human TNFα neutralization was achieved
by daily intraperitoneal injection of 100 μg of CTRL IgG or anti-human
TNFα (#1825; R&D systems, Lille, France) from day 0 to 5 after assignment
of mice to CTRL or DHA-enriched diet group and then every two days.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism software (GraphPad
Software, Inc., CA, USA). Results were presented as mean± s.d. As applicable,
Student’s t-test or the Mann–Whitney U-test were used for pairwise
comparisons whereas one-way ANOVA was used to compare multiple groups.
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