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Abstract
Background. Colorectal cancer (CRC) is one of the most well-known malignancies with high prevalence
and poor 5-year survival. Previous studies have demonstrated that intake of food rich in fat, and with low
�ber content (as known as high-fat diet, HFD) is capable of increasing the odds of developing CRC.
Acrolein, an IARC group 2A carcinogen, can be formed by thermal treatment of animal and vegetable fats,
carbohydrates and amino acids through Maillard reaction. Also, acrolein has been shown to be produced
from microbial glycerol metabolism in human gut. Consequently, humans are at risk of acrolein exposure
through consumption of foods rich in fat. However, whether acrolein contributes to HFD-induced CRC
tumorigenesis remains elusive.

Methods. The effect of acrolein in oncogenic transformation was analyzed using NIH/3T3 cells with
xenograft tumorigenesis mice models. Furthermore, cDNA microarray analysis with Ingenuity Pathway
Analysis (IPA) was performed in acrolein-transformed NIH/3T3 cells. Finally, acrolein-induced DNA
damages (Acr-dG) were analyzed in tumor tissues and normal epithelial of CRC patients using
immunohistochemical analysis. The levels of Acr-dG adducts were associated with tumor characteristics
and CRC patients’ survival using Chi-Square analysis and Kaplan Meier survival analysis, respectively.

Results. In this present study, we found that acrolein induced oncogenic transformation including faster
cell cycling, proliferation, soft agar formation, sphere formation, cell migration in NIH/3T3 cells. Using
xenograft tumorigenicity assays, the acrolein-transformed NIH3T3 clone formed tumors whereas no
tumors were observed in mice inoculated with NIH3T3 parental cells. In addition, RAS/MAPK pathway
contributing to colon tumorigenesis was activated in NIH/3T3 Acr-clone using cDNA microarray analysis
with IPA. Finally, Acr-dG adducts were higher in CRC tumor tissues compared to normal epithelial cells in
CRC patients. Intriguingly, CRC patients with higher Acr-dG adducts have better prognosis.

Conclusions. Taken together, this is the �rst study to demonstrate that acrolein is important in oncogenic
transformation through activating RAS/MAPK signaling pathway contributing to colon tumorigenesis.
Thus, acrolein might be a novel target for early detection, prevention and treatment of tumors in the
future.

Background
Colorectal cancer (CRC) is the third most frequent neoplasm worldwide (www.wcrf.org). In spite of the
fact that diagnosis and therapy have advanced signi�cantly over the most recent ten years, its prevalence
is rising, and the 5-year survival rate is as yet poor (1). CRC turns into a signi�cant issue for healthcare in
Asian countries with a 2–4 fold increase in the incidence during decades ago. It emerges from benign
neoplasms and develops into adenocarcinomas through a stepwise histological progression sequence,
continuing from either adenomas or hyperplastic polyps/serrated adenomas. Genetic modi�cations have
been related with speci�c steps in this adenoma-carcinoma sequence and are believed to drive the
histological progression of CRC (2, 3). It arises from an association of genetic and environmental factors,

http://www.wcrf.org/
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and it is identi�ed with multiple cell signaling pathways, such as Wnt, epidermal growth factor receptor /
mitogen-activated protein kinase (EGFR/ MAPK), tumor protein 53 (TP53), phosphoinositide3-kinase
(PI3K), and transforming growth factor beta (TGFβ)/SMAD (4, 5). Epidemiologic studies have shown that
lifestyle and dietary habits impact the danger of developing CRC (6). In particular, the intake of foods rich
in fat, and with low �ber content (as known as high-fat diet (HFD) or Western-style diet) is �t for
increasing the odds of developing CRC (7–9).

Acrolein (2-propenal), the most reactive α, β-unsaturated aldehydes, is a highly mutagenic and highly
oxidizing environmental toxin (10). The most well studied source of acrolein exposure is through tobacco
smoking, which has been shown to be associated with oral, lung and bladder cancer (11–16). IARC
Working groups re-evaluated acrolein as probably carcinogenic to humans (Group 2A) on the basis of
su�cient evidence of carcinogenicity in experimental animals and strong mechanistic evidence (17).
Nonetheless, its dietary exposure and consequences is under investigated. Acrolein can be formed from
carbohydrates, vegetable oils and animal fats, amino acids during preparation of foods (18). It is formed
during the Maillard reaction as a result of the conversion of amino acids (19, 20) and the oxidative
deamination of polyamines (21). Likewise acrolein could be detected in the emissions of varieties of
heated or overheated cooking oils, and as such is found abundantly in fried food such as French fries
(22). Also, recent reports demonstrated that gut microbial glycerol metabolism prompting the formation
of reuterin, which is an additional source of endogenous acrolein (23). Reuterin is an antimicrobial
multicomponent system comprising of 3-hydroxypropionaldehyde, its dimer and hydrate, and furthermore
acrolein. Our recent studies have shown that exposure of acrolein from consuming fried food in�uences
local oral cavity homeostasis (24). Consequently, humans are in danger of acrolein exposure through
consumption of food rich in high fat (25, 26).

Although the association between HFD and CRC risk has been known for quite a while (27–29), the exact
mechanisms underlying the HFD-induced colon cancer risk and recurrence have remained unclear. The
mind boggling connections of dietary components with one another and with metabolism make it hard to
speci�cally recognize the components in HFD which might cause CRC (8). Since acrolein can be
produced during preparation of foods (18), we aim to investigate the role of acrolein in CRC
tumorigenesis. In this present study, we determined the effect of acrolein in oncogenic transformation
using NIH/3T3 cells with xenograft tumorigenesis mice models. Furthermore, cDNA microarray analysis
with Ingenuity Pathway Analysis (IPA) was performed in acrolein-transformed NIH/3T3 cells. Finally,
acrolein-induced DNA damages (Acr-dG) were analyzed in tumor tissues and normal epithelial of CRC
patients and the levels of Acr-dG adducts were associated with tumor characteristics and CRC patients’
survival.

Methods
Cell culture and acrolein treatment. Mouse �broblast cell lien (NIH/3T3) and human normal colorectal cell
CCD 841 CoN (ATCC® CRL-1790™) were purchased from ATCC and maintained in Dulbecco’s Modi�ed
Eagle Medium (DMEM) supplemented with 10% BCS and 15% FBS, respectively. Acrolein stock solution
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(Sigma-Aldrich) was prepared freshly before use. Cells at 70% con�uency were treated with different
concentrations of acrolein (0–10 µM) in complete culture medium for 1–3 months at 37 °C in the dark
and acrolein-containing medium was changed every two days.

Cell proliferation assay. Cell proliferation was determined using a modi�ed 3-(4,5- dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium (MTT; Sigma, St. Louis, MO) assay (30). Brie�y, cells (1000/ well) were
seeded in 96-well plates overnight, and measured every day for 7 days. The resulting formazan dissolved
with DMSO were measured at 570 nm and results were presented as the percentage of the control values.
All of these experiments were performed in triplicate and were repeated independently at least three
times.

Flow cytometry analysis of cell cycle phases. Cells were washed twice in ice-cold PBS and �xed in ice-
cold 70% ethanol for 30 min or overnight at 4 °C. Cells were then washed in PBS and digested with
DNase-free RNase A (50 U/ ml) at 37 °C for 30 min. Before �ow cytometry analysis, cells were re-
suspended in 500 µl propidium iodide (PI, 10 µg/ ml; Sigma) for DNA staining. PI staining was used to
measure for cell cycle status using a Becton-Dickinson FACScan instrument and Cell Quest software.

Soft agar colony formation assay. Soft agar colony formation assay will be performed as described
previously (31). Brie�y, a 3-ml aliquot of 1.2% agar in a culture medium will be plated in 60-mm dishes.
Then 1,000 cells of transformed malignant or untransformed cells will be mixed with 3 ml of 0.35% agar
in a medium and plated on the solidi�ed bottom agar. When the top agar solidi�ed, the dishes will be
transferred to an incubator and cultured for 30 days. Two or three drops of the medium will be added to
each dish three times a week. After culturing for 30 days, the visible cell colonies will be photographed
and counted.

Tumor sphere culture assay. Acrolein-transformed NIH/3T3 clones were trypsinized, and re-suspended at
1000 cells/ Ultra-Low Attachment 96-well Plate (Corninig) in culture medium containing 2 mM L-
glutamine, N2 supplement, B27 supplement, 20 ng/mL hrEGF (Sigma), 20 ng/mL hrbFGF (Sigma) for two
weeks. Fresh growth factors were added to the cells twice a week. Cumulative total numbers of cells from
the spheroid cultures were calculated.

Cell migration assay. The cell migration assay was carried out in vitro using modi�ed Boyden chambers
with a Transwell apparatus (polycarbonate �lters with 8-mm pores, Corning). Parental NIH/3T3 or
NIH/3T3 Acr-clones (5 × 104/well, 6-well plates) was suspended in 500 µl of growth medium and added
into the upper chamber. The lower chamber contained 750 µl growth medium supplemented with 10%
FCS. After 24 h incubation at 37 °C in a 5% CO2 incubator, cells on the upper �lter surface were removed
by wiping with a cotton swab. Filters were then �xed in methanol and stained with crystal violet. Cells
that migrated to the lower �lter surface were be counted in six random �elds under a microscope at 200x
magni�cation. These experiments were performed in triplicates and will be repeated at least three times.

Immunoblotting analysis. Cells were washed twice with ice-cold PBS and lysed on ice for 20 minutes in
radioimmunoprecipitation assay (RIPA) lysis buffer (20 mM Tris HCl, 150 mM NaCl, 1% (v/v) NP-40, 1%
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(w/v) sodium deoxycholate, 1 mM Ethylenediaminetetraacetates (EDTA), 0.1% (w/v) sodium dodecyl
sulfate polyacrylamide (SDS) plus protease and phosphatase inhibitors). Lysates were then centrifuged
at 13,200 rpm for 10 min, and the protein concentrations of supernatant were determined by BCA™
Protein Assay Kit. Protein samples (30 µg) were run on 8-100% SDS-polyacrylamide gel electrophoresis
and then transferred onto a polyvinylidene di�uoride (Bio-Rad, U.S.A.) at 90 V for 120 min. Proteins were
transferred onto nitrocellulose membranes (Bio-Rad). Blots were probed with primary antibodies
overnight at 4 °C. Primary antibodies included: P-EGFR (Tyr1148, 1:1000, Cell signaling #4404); EGFR
(1:1000, Cell signaling#2232); RAS (1:1000, Cell signaling #3965); p-AKT (1:1000, Cell signaling#4058);
AKT (1:1000, Cell signaling#4685); P-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1000, Cell
signaling#9101); p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody #9102; Cyclin D1 (1:1000, Cell
signaling#2978); c-myc (1:500, Santa cruz, sc-42). After primary antibody incubation, the membrane were
washed and incubated with a horseradish peroxidase-conjugated secondary IgG (1:3,000; Millipore) for
1 h at room temperature. Immunoreative bands were detected using Amersham Enhanced
Chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.). The bound primary and
secondary antibodies were stripped by incubating the membrane in stripping buffer (100 mM 2-
mercaptoethanol, 2% SDS) for 30 min at room temperature. The membrane was then re-probed with
GAPDH (1:1000, Cell signaling, #5174).

Xenograft mouse model. Fifteen 6-week-old male Balb/c nude mice, weighing 25–30 g, were used. All
animal experiments were approved by the Institutional Animal Care and Use Committee of National Yang-
Ming University and carried out according to the Guidelines for Animal Research of National Yang-Ming
University (IACUC#1070208rr). Tumors were induced by injecting acolein-transformed NIH/3T3 cells (5 × 
106 in 100 µl PBS) subcutaneously into the right axillary fossa of mice. To obtain the tumor growth curve,
daily measurement of tumor was performed. Perpendicular diameter with a digital caliper and volumes
were calculated by (length x width2)/2. Body weight was also assessed twice weekly. Tumor samples
were collected after sacri�ce. Each sample was cut in halves; one half was preserved in 4%
paraformaldehyde and one half was �ash frozen in liquid nitrogen and stored at − 80 °C until further use.

RNA isolation and cDNA Microarray analysis. The total RNA was isolated from cells TRIzol® Reagent
(Thermo Fisher Scienti�c), according to the manufacturer’s instructions. RNA samples were quanti�ed
using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, U.S.A.) and the quality was
using an Agilent 2100 Bioanalyzer with a Nanochip (Agilent, Santa Clara, CA) following the manufacture's
instruction. The microarray hybridizations were performed using total RNA prepared from the NIH/3T3
and NIH/3T3 Acr-clone#4. GeneChip Mouse Genome 430 2.0 Affymetrix oligonucleotide Gene Chips
(Affymetrix) were analyzed at the Microarray & Gene Expression Analysis Core Facility (VYM Genome
Research Center, National Yang-Ming University) according to the Affymetrix protocols. Microarray
datasets were analyzed using Ingenuity Pathway Analysis (IPA version 57662101) (QIAGEN).

Collection of formalin-�xed para�n-embedded (FFPE) tissues and tissue microarray collection of CRC
patients. 18 CRC FFPE tissues with corresponded tissue microarray collected at Taipei Veterans General
Hospital were recruited for participate in the study. For each case, tumor tissue and adjacent non-tumor
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tissue samples were surgically dissected and sent to the Department of Pathology of examination.
Patients with a diagnosis of CRC were included in the present study. Our study protocol was approved by
the Institutional Review Board of Taipei Veterans General Hospital (IRB#2020-01-010BC).

Immunohistochemistry (IHC) analysis. for Acr-dG adduct and c-myc. For the tissue microarray (TMA),
hematoxylin and eosin-stained sections from each para�n-embedded, formalin-�xed block were used to
de�ne diagnostic areas, and a representative 0.6 mm core was obtained from each case and inserted in a
grid pattern into a recipient para�n block. Sections (4 µm) were then depara�nized in xylene and
rehydrated in a descending ethanol series. To enhance immunoreactivity, sections were incubated in
TRIS-EDTA, pH 6.0, and boiled for 12 min. Endogenous peroxidase activity was eliminated by incubation
in hydrogen peroxide. Incubation with primary antibodies for Acr-dG antibody (generated in house), c-myc
(Santa Cruz, sc-40) was performed overnight at 4 °C in 1% BSA in phosphate buffer saline (PBS). Bound
antibodies were visualized using the Envision Detection System (K500711; Dako Denmark A/S), and DAB
(diaminobenzidine) was used as a chromogen. Omission of the primary antibody was served as a
negative control. Positive controls (normal liver) were stained in parallel with each set of TMA studied.
Assessment of Acr-dG and c-myc immunoexpression was performed by light microscopy at x400
magni�cation by a pathologist.

Statistical analyses. Descriptive statistics will be presented as the mean ± standard deviation or as the
number (percentage). Student’s t-tests were used to determine statistical signi�cance, and two-tailed P-
values are shown. A minimum of three independent replicate experiments was performed to justify the
use of statistical tests. Survival was analyzed using Kaplan Meier survival analysis, and the log rank test
was used for comparison between the two groups. Multivariate analysis was performed using Chi-Square
analysis. Statistical signi�cance will be de�ned as a p < 0.05. All analyses will be performed with the IBM
SPSS Statistics software package, version 23.0.

Results
Acrolein treatment induced cell proliferation, anchorage-independent activity, spheroid formation ability
and cell migration capacity.

To determine the potential of acrolein in oncogenic transformation, we treated NIH/3T3 with low dose of
acrolein (7.5 µM, IC10) for one month and selected as NIH/3T3 Acr-clones, #1-#7 (Supplementary
Fig. 1A). Soft agar colony formation activity of these 7 clones were analyzed and the result showed that
NIH/3T3 Acr-clone #3 and #4 formed more colony numbers than others (Supplementary Fig. 1B). Cell
proliferation analysis showed that NIH/3T3Acr-clone #4 (doubling time = 31.0 h) has faster proliferation
compared to parental cells (doubling time = 39.4 h); however, NIH/3T3Acr-clone #3 (doubling time = 
55.0 h) showed the opposite phenomenon (Fig. 1A, Supplementary Fig. 1C). Therefore, we selected
NIH/3T3Acr-clone #4 for the following analysis. Consistently, cell cycle analysis showed the ratio of
NIH/3T3 Acr-clone#4 in S phase was markedly higher than in parental cells (Fig. 1B), indicating that
acrolein promotes S-phase DNA synthesis and accelerates cell proliferation. Anchorage independent
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activity (Fig. 1C) in NIH3T3 Acr-clone#4 was also increased compared to parental NIH/3T3 cells using
soft agar colony formation assay. Spheroid formation ability on ultra-low attachment plates of NIH3T3
Acr-clone#4 was also enhanced (Fig. 1D). In addition, NIH3T3 Acr-clone#4 showed enhanced migration
capacity compared with NIH3T3-mock cells (Fig. 1E) using transwell assay. However, drug sensitivity of
NIH3T3 Acr-clone#4 toward chemotherapeutic agents such as oxaliplatin and 5-FU was similar to
parental NIH/3T3 cells (Supplementary Fig. 2). These results suggest that acrolein increases cell cycle
rate, proliferation, colony formation activity, spheroid formation ability and cell migration capacity.

NIH3T3 Acr-clone#4 formed tumors in xenografts nude mice.

Our in vitro results indicated that acrolein can transform normal mouse NIH/3T3 �broblasts into
malignant cells. To con�rm its tumorigenic potential, we performed in vivo studies of tumor xenografts in
nude mice, using parental NIH3T3 as the negative control. NIH3T3 Acr-clone#4 and parental NIH3T3 cells
were injected subcutaneously into the right axillary fossa (5 × 106 cells/animal). Three weeks after
injecting NIH/3T3 Acr-clone#4 into nude mice, nodular neoplasms could be observed while tumors were
obvious at 10 days, whereas the parental NIH/3T3 cells failed to form any tumors (Fig. 2A). Tumors
formed by NIH/3T3 Acr-clone#4 were observed and their volumes and growth curves calculated for 4
weeks after the tumors could be observed (Fig. 2B-C). These data further indicate that acrolein leads to
oncogenic transformation in vivo.

Acrolein induced RAS/MAPK signaling pathway in CRC tumorigenesis using Ingenuity Pathway Analysis
(IPA).

To determine the underlying mechanisms by which acrolein induced oncogenic transformation, cDNA
microarray analysis with IPA was performed in NIH/3T3 Acr-clone#4 (Fig. 3A). The results showed that
four genes (Rnd1, Rras2, myc and PI3Kcb) involved in RAS/MAPK signaling pathway were upregulated in
acrolein-transformed clone#4 (NIH/3T3 Acr-clone#4) (Fig. 3B). These results were con�rmed using
Western blot analysis (Fig. 3C). Furthermore, we also found that acrolein activated RAS/MAPK signaling
pathway and increased c-myc in NIH/3T3 cell and human normal colon epithelium, CCD-841CoN in the
time-dependent and dose dependent manner (Fig. 3D, 3E).

Immunohistochemistry analysis of Acrolein-DNA (Acr-dG) levels in human colon cancers.

Acrolein can react with DNA inducing modi�cations, which, if not repaired, can result in mutations and
lead to cancer development. Acrolein has been shown to produce propano-2’-deoxyguanosine (Acr-dG)
adducts in human cells (15, 32, 33). It has been found that Acr-dG adducts are mutagenic and that they
induce mainly G to T and G to A mutations (15, 33–42). To further investigate whether acrolein
contributes to colon cancer formation, we analyzed Acr-dG adduct expression in CRC tissues and the
normal epithelial cells adjacent to the tumor tissues using immunohistochemical (IHC) staining. The
result showed that Acr-dG adduct levels were mainly located in nucleus and were higher in CRC tumor
tissue compared to normal epithelial cells in 18 CRC patients (Fig. 4). Based on our cDNA microarray
data, c-myc was upregulated in acrolein-transformed cell clones (Fig. 4). We further analyzed c-myc level
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CRC tissues and the normal epithelial cells in same patients using IHC staining (Supplementary Fig. 3).
Similar to Acr-dG adduct levels, higher c-myc levels were observed in CRC tumor tissues compared to
normal epithelial cells.

Higher Acr-dG expression is associated with improved survival in CRC patients.

We further evaluated the effect of Acr-dG expression on CRC characteristics and patient survival. The
demographic data were shown in Table 1. Of 236 CRC patients, the majority of tumor type was
adenocarcinoma (211/236, 89.4%) and advanced stage III and IV cancer was diagnosed in 64%
(151/236) of patients. The expression of Acr-dG was de�ned as low (H score < 50) and high expression (H
score ≥ 50) based on the results showing that Acr-dG levels in CRC tumor tissues and adjacent normal
epithelia (Fig. 4C). Kaplan-Meier survival analysis revealed the median survival were 103.4 months for
CRC patients with high Acr-dG levels and 74.3 months for CRC patients with low Acr-dG levels indicating
high expression of Acr-dG in tumor tissue was associated with better CRC patient overall survival (p = 
0.003, Fig. 5). In addition, high expression of Acr-dG was also inversely correlated with clinical stages and
grades using Chi-square analysis (Table 1). Our data suggests that CRC patients with higher Acr-dG
expression in tumor tissues is associated with better prognosis.
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Table 1
Clinical characteristics of GBM patients and Chi-Square analysis.

  Acr-dG levels P
value

Low

(h score < 50)

High

(h score > = 50)

 

Count % Count %  

Age < 70 years 56 53.8% 83 62.9% 0.161

>=70 years 48 46.2% 49 37.1%

Sex Female 40 38.5% 44 33.3% 0.414

Male 64 61.5% 88 66.7%

Location Left 43 41.3% 60 45.5% 0.528

Right 61 58.7% 72 54.5%

Pathology Adenocarcinoma 91 87.5% 120 90.9% 0.430

Carcinoma 1 1.0% 0 .0%

Mucinous
adenocarcinoma

12 11.5% 12 9.1%

Clinical Stage (AJCC
6th)a

I 6 5.8% 12 9.1% 0.041*

II 26 25.0% 41 31.1%

III 26 25.0% 44 33.3%

IV 46 44.2% 35 26.5%

Grade Low 90 86.5% 126 95.5% 0.015*

High 14 13.5% 6 4.5%

Mucinous component No 64 61.5% 83 62.9% 0.833

Yes 40 38.5% 49 37.1%

LVSIb No 74 71.2% 107 81.1% 0.074

Yes 30 28.8% 25 18.9%

PNIc No 37 88.1% 38 97.4% 0.109

Yes 5 11.9% 1 2.6%
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  Acr-dG levels P
value

Low

(h score < 50)

High

(h score > = 50)

 

Count % Count %  

aAJCC: American Joint Committee on Cancer.

bLVSI: lymph-vascular space invasion.

cPNI: perineural invasion.

* P < 0.05, the Chi-square statistic is signi�cant at the 0.05 level.

Discussion
Acrolein is the most reactive α, β-unsaturated aldehyde present in tobacco smoke, in ambient air pollution,
and in some cooking oils heated to a high temperature (18). Acrolein was previously evaluated as group 3
carcinogen by the IARC Working Group in 1995; however, it was re-evaluated as probably carcinogenic to
humans (Group 2A) (17). Our previous studies have also supported that acrolein is associated with oral,
lung and bladder cancer (12, 13, 15, 16). Furthermore, our current studies have shown that individuals
could expose to acrolein from consuming fried food (24). In spite of the fact that the association between
HFD and CRC risk has been known for quite a while (27–29), the exact mechanisms underlying the HFD-
induced colon cancer risk and recurrence remain unclear. In the present study, our results showed that
acrolein induced oncogenic transformation in NIH/3T3 cells in vitro and in vivo. The underlying
mechanism was through activation of RAS/MAPK pathway which contributes to colon carcinogenesis.
Additionally, Acr-dG adducts were higher in CRC tumor tissues compared to normal epithelial cells in CRC
patients. These results suggested that acrolein may contribute to colon tumorigenesis. Beside, slot blot
analysis showed that increased Acr-dG levels in mice colon tissues with HFD for 24 weeks compared to
mice with normal diet (Supplementary Fig. 4). Furthermore, we found that acrolein-protein conjugates
(Acr-PC) were increased in colon tissues of mice fed with HFD for 4–24 weeks (Supplementary Fig. 5).
These results indicated that HFD induced acrolein production in mice colon and acrolein may contribute
to HFD-induced colon tumorigenesis.

In vivo exposure of acrolein in most situations is quite low and the effects may differ from those seen at
acutely toxic doses (10, 43). Acrolein, the most reactive of the α,β-unsaturated aldehyde, rapidly binds to
and deplete cellular nucleophiles such as glutathione, and also react with cysteine, histidine, and lysine
residues of proteins and with nucleophilic sites in DNA (43–45). This reactivity is the basis for the
cytotoxicity evident in all cells exposed to high concentrations of acrolein (46–49). On the other hand,
acrolein inhibits cell proliferation without causing cell death at low doses (50–52). In this present study,
we used sublethal dose of acrolein (7.5 µM, IC10) to expose NIH/3T3 cells for one months in order to
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mimic in vivo condition (Supplementary Fig. 1). The results showed acrolein was able to transform
NIH/3T3 cells and NIH/3T3 Acr-clone #3 and #4 formed more colony numbers than others
(Supplementary Fig. 1B). However, cell proliferation analysis showed the opposite phenomenon (Fig. 1A,
Supplementary Fig. 1C). Furthermore, NIH/3T3 Acr-clone#4 was able to form tumors whereas no tumors
were observed in mice inoculated with NIH/3T3 parental cells as well as NIH/3T3 Acr-clone#3 (data not
shown) using xenograft mouse model (Fig. 2). The mechanisms underlying acrolein-induced cell
transformation may be related to the ability of acrolein to deplete cellular thiols or other nucleophiles,
and/or to effects on gene activation, either directly or subsequent to effects on redox-regulated
transcription factors (10, 43). In order to explore the possible signaling involving in acrolein-induced
oncogenic transformation, we used cDNA microarray with IPA analysis and results showed that
RAS/MPAK pathway was the top of Canonical pathway analysis (Fig. 3A).

Previous studies have shown that alterations in EGFR-related Ras-Raf-MAPK and PI3K-Akt pathways are
involved in the pathogenesis of up to 55% and 15% of CRC, respectively (53). Upregulation of c-myc
protein plays an essential role in tumorigenesis through frequently altered kinase MAPK and RAS
pathways in CRC (54). In this study, we found that acrolein upregulated RAS/MAPK pathway followed by
overexpression of c-myc in both NIH/3T3 and colon cells, CCD-841coN (Fig. 3). Consistently, increased c-
myc expression was also observed in these CRC tumor tissues (Supplementary Fig. 3) along with higher
Acr-dG adducts in these tumor tissues (Fig. 4). Acrolein is a highly reactive aldehyde reacting with dG of
DNA to form Acr-dG adducts which were shown to be mutagenic (15, 33–42). It is unclear whether
acrolein induced mutations in RAS/MAPK pathways. These results showed that acrolein may be involved
in colon tumorigenesis and the underlying mechanism is possible through activation of RAS/MAPK
pathway and upregulation of c-myc.

Interestingly, we found that CRC patients with higher Acr-dG expression in tumor tissues is associated
with better prognosis (Fig. 5, Table 1). The possible explanation is that Acr-dG adducts is involved in the
initiation of colon tumorigenesis; however, accumulating high amounts of Acr-dG adducts trigger cellular
apoptosis. Acrolein can be produced through lipid peroxidation in fast dividing cells such as cancer cells
(55). Our previous studies have shown that hypoxia induced acrolein production resulting in cellular
apoptosis (56). In addition, acrolein induced cytotoxicity in colon cancer cell lines, SW480 and HCT116
(Supplementary Fig. 6). This may explain CRC patients with higher Acr-dG adduct levels were associated
with better survival. However, the detailed mechanisms still need further investigation.

Major restriction of this study is that NIH/3T3 is a mouse �broblast cell model and the genetic
background may not be correlated with epithelia, though NIH/3T3 has been recognized as a cell line for
tumorigenesis study in vitro and in vivo (17). We could not observe EGFR expression in NIH/3T3 which is
similar to previous studies showing that NIH/3T3 is lack of EGFR (57, 58). Therefore, we tried to use a
normal colon cell, CCD-841CoN as a model and found that acrolein indeed induce activation of
RAS/MAPK pathway which was similar to NIH/3T3 (Fig. 3E). In addition, we found acrolein increased
phosphorylation of EGFR indicating activation of EGFR results in downstream RAS/MAPK pathway in
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CCD-841CoN. However, we were unable to select CCD-841CoN Acr-clones successfully due to low
passage numbers of CCD-841CoN.

Conclusions
Taken together, we found that acrolein induced oncogenic transformation using NIH/3T3 cells with a
xenograft mouse model through upregulation of RAS/MAPK pathway. Besides, higher acrolein-induced
DNA damages (Acr-dG adducts) were observed in tumor tissues compared to adjacent normal epithelial
cells in CRC patients. Interestingly, increased Acr-dG levels were associated with better prognosis of CRC
patients. To our knowledge, this is the �rst study to show that acrolein is important in oncogenic
transformation through activating RAS/MAPK signaling pathway contributing to colon carcinogenesis.
Thus, acrolein might be a novel target for early detection, prevention and treatment of tumors in the
future.
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Figures

Figure 1

Acrolein induced oncogenic transformation using cellular model, NIH/3T3 cells. NIH/3T3 cells were
treated acrolein (Acr, 7.5 µM) for one month and named as NIH/3T3 Acr-clone#. (A) cell proliferation of
NIH/3T3 Acr-clone #4 was analyzed using MTT assays. (B) cell cycle progression of NIH/3T3 Acr-clone
#4 was analyzed using cell cycle analysis with PI staining. (C) Soft agar anchorage dependent cell
growth of NIH/3T3 Acr-clone #4 was analyzed using soft agar assay. (D) Spheroid formation ability of
NIH/3T3 Acr-clone #4 was analyzed ultra-low attachment plates (E) Cell migration activity of NIH/3T3
Acr-clone #4 was analyzed using transwell migration analysis. NIH/3T3 Acr-clone #4 has the highest cell
transformation activity. Student’s t tests were used to determine statistical signi�cance, and two-tailed p-
values are shown. *p<0.05, **p<0.01, ***p<0.005 compared with NIH/3T3 parental cells.
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Figure 2

Xenograft mice model of acrolein-transformed clones. (A) Overall view of tumors formed by acrolein-
transformed NIH3T3 cell clone (Acr-clone#4). Tumors in nude mice were seen after injection with
acrolein-transformed clone#4, whereas none were seen after injection with mice �broblast, NIH3T3 cells.
(B) Tumor growth curves and (C) body weight for nude mice of different experimental groups (n = 5).
Student’s t tests were used to determine statistical signi�cance, and two-tailed p-values are shown.
***p<0.005 compared with NIH/3T3 parental cells.
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Figure 3

Ingenuity Pathway Analysis (IPA) of gene expression pro�les in acrolein-transformed clones. (A)
Canonical pathway analysis for gene expression pro�les in acrolein-transformed clone#4 (Acr-clone#4)
using IPA. (B) Heatmap of 4 gene expression (Rnd1, Rras2, myc and PI3Kcb) in acrolein-transformed
clone#4 compared to parental NIH/3T3 cells. (C) Western blot analysis of RAS/ERK and AKT pathway in
acrolein-transformed clone#4 compared to parental NIH/3T3 cells. (D & E) Dose and time effects of
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acrolein on RAS expression, AKT activation, ERK activation, cyclin D1 and c-myc expression in NIH/3T3
cells (D) and CCD-841CoN cells (E) using western blot analysis. For dose and time effect, cells were
treated with different concentrations of acrolein (0-10 µM) for 24h or acrolein (5 µM) for 3-24h,
respectively.

Figure 4

Immunohistochemical staining for Acr-dG adducts in eighteen CRC patients. (A) Representative image of
Acr-dG adducts in normal epithelial cells adjacent to the CRC tumor tissues. (B-C) quanti�cation of Acr-dG
adducts in normal epithelial cells adjacent to the CRC tumor tissues (magni�cation, ×400). Student’s t
tests were used to determine statistical signi�cance, and two-tailed p-values are shown. *p<0.05,
**p<0.01, ***p<0.005 compared between tumor tissues and normal tissues.
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Figure 5

Kaplan-Meier survival analysis of high and low Acr-dG expression group in CRC patients. IHC analysis of
Acr-dG levels in CRC tissues (n=123) were analyzed as described in Materials and Methods. P-value was
obtained from the log rank test using SPSS statistical analysis software.
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