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Hereditary hemochromatosis (HH), an iron-overload disease, is a prevalent genetic dis-
order. As excess iron causes a multitude of metabolic disturbances, we postulated that
iron overload in HH disrupts colonic homeostasis and colon–microbiome interaction and
exacerbates the development and progression of colonic inflammation and colon cancer.
To test this hypothesis, we examined the progression and severity of colitis and colon
cancer in a mouse model of HH (Hfe−/−), and evaluated the potential contributing factors.
We found that experimentally induced colitis and colon cancer progressed more robustly in
Hfe−/− mice than in wild-type mice. The underlying causes were multifactorial. Hfe−/−

colons were leakier with lower proliferation capacity of crypt cells, which impaired wound
healing and amplified inflammation-driven tissue injury. The host/microflora axis was also
disrupted. Sequencing of fecal 16S RNA revealed profound changes in the colonic micro-
biome in Hfe−/− mice in favor of the pathogenic bacteria belonging to phyla Proteobacteria
and TM7. There was an increased number of bacteria adhered onto the mucosal surface of
the colonic epithelium in Hfe−/− mice than in wild-type mice. Furthermore, the expression
of innate antimicrobial peptides, the first-line of defense against bacteria, was lower in
Hfe−/− mouse colon than in wild-type mouse colon; the release of pro-inflammatory cyto-
kines upon inflammatory stimuli was also greater in Hfe−/− mouse colon than in wild-type
mouse colon. These data provide evidence that excess iron accumulation in colonic tissue
as happens in HH promotes colitis and colon cancer, accompanied with bacterial dysbiosis
and loss of function of the intestinal/colonic barrier.

Introduction
Colorectal cancer (CRC) is one of the most frequent cancers worldwide [1]. Free iron as well as heme
have been suspected to play a role in the development of colitis-associated CRC because it facilitates
Fenton reaction to generate hydroxyl radical (Fe2+ + H2O2→ Fe3+ + OH− + OH•), which causes oxida-
tive damage [2]. However, details of molecular/biochemical mechanisms by which excessive iron
drives CRC remain poorly understood. This is of great concern given the fact that 1 in 250 people of
Caucasian and Hispanic origin are at risk for iron overload due to hereditary hemochromatosis (HH)
[3], a disease often underdiagnosed/misdiagnosed [4]. Furthermore, as HH symptoms appear only at
50–60 years of age despite being a genetic disease, most patients are treated for symptoms without
being diagnosed for HH [5]. As free iron is an oxidant with the potential to cause damage to colon,
do individuals with HH have an increased risk for colitis and CRC? Even though directly relevant to
millions of people with this disorder, there have been no systematic investigations to address this
question.
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HH is characterized by increased iron absorption in the proximal intestine due to two recessive mutations
(C282Y mostly in Caucasians; H63D mostly in Hispanics) in the major histocompatibility class-I-like gene
HFE [6]. HFE is a component of the iron-sensing complex that, when systemic iron is high, stimulates the pro-
duction of hepcidin [7], a hepatic hormone that inhibits iron entry into the blood from the intestine and also
from macrophages that recirculate iron from hemoglobin degradation [8]. Mutations in HFE reduce hepcidin
and cause systemic and organ iron overload [5]. The primary site of iron deposition in HH is liver, and
unequivocal evidence links hepatocellular carcinoma to excessive tissue iron in HH [9]. Iron overload occurs in
other tissues as well in HH, though at a lower magnitude than in liver, but the potential connection of this
iron accumulation to cancers in other tissues has not been investigated. HH patients do exhibit oxidative
damage and histological abnormalities in the colon indicative of inflammation [10], a finding reproducible in
Hfe−/− mice [11], an animal model of HH [12]. There is also an increased incidence of HFE mutations in
patients with CRC [13–17]. Another factor that potentially links HH to cancer is HIF-2α, an important regula-
tor of cellular response to hypoxia [18]. There is a direct biological connection between iron and oxygen avail-
ability to tissues because of the obligatory role of iron in hemoglobin, the oxygen transport protein. In fact,
activation of HIF-2α potentiates CRC progression by affecting iron homeostasis via the up-regulation of the
divalent metal iron transporter, which mediates the first step in the intestinal absorption of dietary iron [19].
Based on these data, we hypothesized that iron overload as occurs in HH disrupts colonic homeostasis and
exacerbates the progression of colonic inflammation and CRC. To test this hypothesis, we used Hfe−/− mouse,
which phenocopies the disease in humans [12], and investigated the impact of the disease on the development
and severity of experimentally induced colitis and CRC. As colonic bacteria play an obligatory role in colitis
and CRC, we also evaluated the impact of HH on the host-microbiome ecosystem.

Materials and methods
Animals
Hfe−/− mice and ApcMin/+ mice, both on C57BL/6 background, were purchased from Jackson Laboratory and
were maintained at our animal facility. ApcMin/+ mice on Hfe−/− background were generated in our laboratory.
Animals were maintained on the laboratory rodent diet. There is no information available on the heme content
of this diet, but it is unlikely to contain heme at any significant level because the diet is devoid of animal pro-
ducts. The iron content in the diet is 0.024% (w/w). Only male mice of ages more than 4 months were used in
this study. All experimental procedures were approved by the TTUHSC Institutional Animal Care and Use
Committee (IACUC — protocol number 18005) and the Institutional Review Board (IRB). For tissue collection,
mice were killed by cervical dislocation under CO2 anesthesia in accordance with the guidelines from the
American Veterinary Medical Association.

Measurement of the free iron and heme
The content of free iron (Fe2+/Fe3+) in the colon was measured by a colorimetry-based Iron Assay Kit (Abcam).
Tissue sections of the colon were also subjected to Perls Prussian stain protocol to detect iron (Fe3+) by immuno-
histochemistry. Heme content in the colon was measured by a colorimetry-based Hemin Assay Kit (Sigma).

Experimental colitis
Mice were administered 2.5% dextran sulfate sodium (DSS), molecular mass 36–50 kDa, (MP Biochemicals,
Santa Ana, CA, U.S.A.) in drinking water for 7 days followed by 7 days of drinking water only (Supplementary
Figure S1A). Diarrhea was scored as 0 for normal stool, 1 for soft but formed pellet, 2 for very soft pellet, 3 for
diarrhea (no pellet) or 4 for dysenteric diarrhea. Rectal bleeding was recorded as 0 for no bleeding, 2 for the
presence of occult blood in stool or 4 for gross macroscopic bleeding.

Measurement of gut epithelial barrier permeability
Gut epithelial barrier function was evaluated using fluorescent permeability-tracer FITC-dextran, molecular mass
4 kD (Sigma, St. Louis, MO, U.S.A.). Mice received an oral gavage of FITC-dextran at a dose of 50 mg per 100 g
of body weight. The serum was collected 6 h after administration. The presence of FITC-dextran in mouse serum
was measured by fluorescence spectrometry, and its concentration was determined from standard curve generated
by serial dilution of known concentrations of FITC-dextran in control serum that was run in parallel.
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Experimental colitis-associated CRC
Mice received a single intraperitoneal injection of azoxymethane (AOM) (Sigma) in phosphate-buffered saline
(PBS) at a dose of 10 mg/kg body weight. Five days later, mice received 2.5% DSS in drinking water for 5 days
followed by 5 days of drinking water only. The cycle was repeated two more times. The daily body index was
recorded as described above. Mice were killed on day 70, counted from the day on which the first exposure to
DSS was initiated (Supplementary Figure S1B).

Protein isolation and Western blot
Tissues and cells were lysed in Pierce™ RIPA buffer (Thermo Fisher Scientific, Waltham, MA, U.S.A.) supple-
mented with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, U.
S.A.). Homogenates were centrifuged, and supernatants were used for protein measurement via Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, U.S.A.). Western blot samples were prepared in
Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules, CA, U.S.A.). They were loaded onto a 10% SDS–
PAGE gel and transferred onto a PVDF membrane (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The mem-
brane was blocked, and antibodies diluted in 5% nonfat dry milk (Bio-Rad Laboratories, Hercules, CA, U.S.A.)
or in 5% bovine serum albumin (Irvine Scientific, Santa Ana, CA, U.S.A.) were used. Protein bands were visua-
lized using Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and
developed on the autoradiography film (Santa Cruz, Dallas, TX, U.S.A.). Anti-PCNA (D3H8P XP® #13110) was
purchased from Cell Signaling Technology (Danvers, MA, U.S.A.). Horseradish peroxidase-conjugated goat
anti-rabbit (#1706515) was purchased from Bio-Rad Laboratories (Hercules, CA, U.S.A.). For quantification of
protein levels by the densitometric analysis, the experiment was carried out in triplicate and the data were col-
lected from the resultant three Western blots.

Quantification of colon bacterial load
DNA from colon tissue (∼100 mg) was isolated as described previously for the fecal DNA isolation [20,21].
Quantitative polymerase chain reaction using group-specific PCR primers were used to quantify the relative
abundance of different groups in the total gut microbiota [20,21]. The sequences of PCR primers are provided
in Supplementary Table S1.

Colony formation unit (CFU) for adherent bacteria
Colons excised from wild-type mice and Hfe−/− mice were thoroughly washed in PBS to remove feces. Tissues
were homogenized in PBS using 0.1 mm diameter zirconium beads (Sigma) in Beadbeater (BioSpec,
Bartlesville, OK, U.S.A.) and plated on agar plates.

Library preparation and 16S rRNA gene sequencing
Sequencing library preparation and sequencing were performed at the Center for Biotechnology and Genomics,
Texas Tech University, Lubbock, TX, using the Illumina 16S-metagenomics library prep protocol. Paired-end
sequencing was performed on a MiSeq using a 600 cycle reagent cartridge. The preparation of the samples for
high throughput sequencing involved using a two-step PCR approach according to Illumina protocol. The amp-
lification of the variable region V3 and V4 of bacterial rRNA gene was done using universal bacterial primer
set 341F (50-CCTACGGGNGGCWGCAG-30) and 805R (50-GACTACHVGGGTATCTAATCC-30) containing
Illumina adaptors as described by Klindworth et al. [22]. The concentration of the DNA was determined for
each sample based on the average of triplicates of concentration (ng/ml) and average library size of 615 bp.
Sequencing was done using MiSeq Reagent Kit v3 (600 cycle kit) (Illumina) and the cartridge and reagents
were handled according to manufacturer’s instructions.

Processing of sequencing data
Sequencing reads in fastq format were obtained by unzipping the fastq.gz files by gunzip command on Linux
server. Processing of the demultiplexed samples was done using quantitative insights into microbial ecology
(QIIME, version 1.8.0) pipeline. Assembling of the paired end reads of each sample was done using PEAR soft-
ware. This was followed by quality trimming the assembled sequences to remove poor quality reads using spli-
t_libraries_fastq.py script with default parameters [23]. Sequences that were not at least 75% of the expected
amplicon length together with ambiguous base calls were removed from the data pool. The 16S rRNA gene
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sequence were clustered based on 97% similarity of the reads and OTUs (operational taxonomic units) were
recognized against the subset Greengenes database (http://greengenes.lbl.gov) using UCLUST algorithm. We
aligned the sequences on PyNast aligner [24] and allocated representative sequences from each OUT to tax-
onomy based on Greengenes 16S rRNA reference sequences.

Isolation of colonic mucosa
The colon was cut open, washed with the ice-cold PBS and was placed on an ice-cold glass surface, with the
lumen side facing up. The mucosa was mechanically detached and collected by scraping with a glass slide.
Samples were centrifuged and pellet was used for further analysis.

Real-time quantitative PCR
Total RNA was isolated from tissues using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, U.S.A.).
Two micrograms of RNA was used for cDNA synthesis via SuperScript III First-Strand Synthesis kit (Thermo
Fisher). Relative mRNA levels were detected by a SYBR Green (Bio-rad) detection system using StepOne Plus
Real-Time PCR system (Applied Biosystems). Gene expression was normalized to internal control
(Hypoxanthine-guanine phosphoribosyl transferase, HPRT or glyceraldehyde-3-phophate dehydrogenase,
GAPDH) and was quantified using 2ΔΔCt method. Sequences of PCR primers are given in Supplementary
Table S1.

Organ culture and ELISA
Colons from control and DSS-treated wild-type mice and Hfe−/− mice were cut into 1–2 cm pieces and cultured
in medium containing penicillin/streptomycin for 24 h. Supernatants were collected, and cytokines measured
by ELISA using respective antibodies (Biolegend, San Diego, CA, U.S.A.).

Patient-derived xenografts (PDX)
Colon adenocarcinoma PDX samples were obtained from the TTUHSC School of Medicine Cancer Center
(Lubbock, TX, U.S.A.). The protocol for the collection and use of these patient-derived materials was in accord-
ance with the World Medical Association Declaration of Helsinki. All participating subjects, from whom the
tissues were collected, provided written informed consent. RNA was isolated from the tissues and used for
cDNA synthesis. Commercially available RNA from the normal human colon with mucosal lining pooled from
five males (TaKaRa Bio, Kusatsu, Shiga, Japan) served as the control.

Data mining
The data for the expression of HFE and SLC40A1 mRNA in CRC tissues were obtained from the cancer
genome atlas (TCGA) and gene expression omnibus (GEO) databases. For TCGA analysis, we queried TCGA
for colon cancer patients. ‘Level 3 of Exp-Gene’ files from COAD Data Matrix Datasets were downloaded and
used to extract data for the expression levels of HFE mRNA and SLC40A1 mRNA. For GEO data analysis, we
downloaded and analyzed data that is publicly available from the GEO: 82 samples from GSE9348, 585
samples from GSE39582, 96 samples from GSE33113 and 240 samples from GSE41258.

RNA sequencing
RNA was extracted from colonic epithelial cells. Sequencing library preparation and sequencing were performed
using Illumina library prep protocol. All the sequences for data analysis were uploaded into the NCBI-Bio
Project data archive. Differentially expressed genes were determined using log2(fold change).

Immunohistochemistry and histopathology
Histology and immunohistochemical staining were performed on 5-mm thick formalin-fixed,
paraffin-embedded colon sections. Colon sections stained with hematoxylin and eosin (H&E), Periodic acid–
Schiff (PAS) stain, and Gram stain. Briefly, sections were deparaffinized, followed by antigen retrieval using the
antigen retrieval solution (Agilent Technologies, Santa Clara, CA, U.S.A.). Endogenous peroxidase activity was
quenched with 3% H2O2 in PBS. Sections were stained using specific primary antibody (Ki-67, Cell Signaling,
Danvers, MA, U.S.A.) and VECTASTAIN ABC Kit and diaminobenzidine (Vector Laboratories, Burlingame,
CA, U.S.A.). Counterstaining was performed with hematoxylin and stained sections were visualized by Leica
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DM550B microscope. Ki-67 immunostaining was quantified by counting Ki-67-positive cells in at least 20
crypts per mouse.

Nuclei characterization using Image J (FIJI)
For each mouse, a 63X objective focus as seen through Leica DM 2000 LED microscope was captured as
2592 × 1944 px TIFF images by a LEICA MC 170 HD camera. FIJI accessioned these TIFFs; from each image
were excised by free hand the 50 most aberrant epithelial nuclei to a new image, yielding 100 HFE and 100
WT carcinoma nuclei. From each image-bearing 50 nuclei, nuclear areas in square pixels and circularity, a
measure of irregularity of outline, were calculated. The HSB color field has, as one of its three parameters,
brightness; on brightness images; for each nucleus, the standard deviation was divided by the mean brightness
to obtain a brightness c.v. as a measure of chromatin variability.

Statistical analysis
The data shown are means ± SEM. Statistical significance was calculated using Student’s t-test with two-tailed
analysis. A P-value <0.05 was used to detect statistically significant differences.

Results
Hfe−/− mouse colons accumulate iron and heme
There are no published reports on iron status in the colon in HH. Therefore, we first evaluated the iron status
in the colon in wild-type mice and Hfe−/− mice. We found a 2-fold increase in free iron and heme in Hfe−/−

mouse colon compared with wild-type mouse colon (Figure 1A,B). This was in parallel with systemic and
hepatic iron accumulation in Hfe−/− mice (Figure 1C,D). We also performed Perls staining in tissue sections of
the colon to detect iron, but the technique yielded very weak staining, most likely due to the lower sensitivity
of the method compared with the colorimetry-based assay, thus precluding any meaningful comparison

Figure 1. Iron overload in Hfe−/− mouse colon, serum, and liver.

(A) Total iron (Fe+2 and Fe+3) concentration in wild-type mouse colon and Hfe−/− mouse colon. (B) Heme concentration in

wild-type mouse colon and Hfe−/− mouse colon. (C) Total iron (Fe+2 and Fe+3) concentration in serum of wild-type mice and

Hfe−/− mice. (D) Total iron (Fe+2 and Fe+3) concentration in liver of wild-type mice and Hfe−/− mice. Data show mean values

(±SEM) for three mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.
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between wild-type mouse colon and Hfe−/− mouse colon for iron content by immunohistochemistry. As wild-
type mice and Hfe−/− mice were fed the same diet, the increase in free iron and heme in Hfe−/− mouse colon is
most likely due to the systemic iron overload that occurs in this mouse line. All mammalian cells are capable of
heme synthesis, and excess iron in Hfe−/− mouse colon likely feeds into heme synthesis to some extent, thus
increasing the cellular heme content.

Hfe−/− mouse colon is more permeable and is more susceptible to the
experimental colitis
We first assessed the proliferation capacity of the Hfe−/− mouse crypts, by identifying the fraction of the
Ki-67-positive cells. The colonic monolayer in Hfe−/− mice consisted of ∼40% of cells positive for Ki-67, which
was ∼10% less than the fraction found in wild-type mouse colon (Figure 2A and Supplementary Figure S2A).
The significantly reduced proliferative index of the Hfe−/− mouse crypts manifested with the increase in the
intestinal permeability. FITC-dextran is a fluorescent compound that can enter the circulation solely through
intestinal gaps; when FITC-dextran was administered orally, fluorescence was ∼4-fold higher in Hfe−/− mouse
serum than in wild-type mouse serum (Figure 2B). Furthermore, the histological examination showed substan-
tial damage in the Hfe−/− mouse colonic mucosa under basal conditions (Supplementary Figure S2B); there was
a noticeable decrease in the villus height and an increased disruption of villus integrity in Hfe−/− mouse colon
compared with wild-type mouse colon. Therefore, the Hfe−/− mice manifested with a leaky, injured gut and an
impairment in the colonocyte turnover. To examine if this renders them more prone to the development of
colonic inflammation, we compared the development and progression of DSS-induced colitis between wild-type
mice and Hfe−/− mice. In this model of acute colitis, the severity of inflammation was markedly greater in
H./e−/− mice than in wild-type mice. This difference was seen in all indices examined (weight loss, rectal bleed-
ing, diarrhea, and colon weight) (Figure 2C–F). At the end of the DSS treatment, wild-type mice successfully

Figure 2. Hfe−/− mice manifest with the leaky gut and are more susceptible to the development of experimental colitis.

(A) Quantification of the Ki-67 positive cells present in wild type and Hfe−/−mouse crypts. Data show mean values (±SEM) for

three mice per group. (B) The permeability of the wild type and Hfe−/− mouse intestinal tracts was monitored by the accumulation

of the FITC-Dextran in the serum upon its administration by oral gavage. Data are represented as mean values (±SEM) for five

mice per group. (C–F) The degree of inflammation of the experimental colitis in Hfe−/− mice (□) and wild type (▪) mice was

assessed by measuring daily body index that consisted of observing body weight change, rectal bleeding, diarrhea and upon the

sacrifice, colon weight. Data show mean values (±SEM) for five mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.
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improved their body weight, recovered stool consistency, and stopped rectal bleeding, which indicated that their
colons healed from the inflammation. On the contrary, Hfe−/− mice continued to lose body weight and have
severe rectal bleeding and diarrhea, indicating that they suffered from the impaired wound healing capacity.
Furthermore, the histological analyses confirmed that during DSS administration, the Hfe−/− mice had higher
colonic mucosal injury with frequent ulcerations and a markedly increased loss of villus integrity compared
with wild-type mice (Supplementary Figure S2B). Overall, the magnitude of colonic inflammation in Hfe−/−

mice was greater than in wild-type mice.

Hfe−/− mice are more susceptible to colorectal cancer
We then compared the development of colitis-associated CRC between wild-type mice and Hfe−/− mice. This
experimental model involved the exposure to the colon-specific carcinogen AOM in the presence of chronic colitis.
We found a significant increase in number and size of adenomas in distal colon in Hfe−/− mice compared with
wild-type mice (Figure 3A). To examine if HH accelerates genetically driven colon cancer, we used ApcMin/+ mice,
which develop adenomatous polyps spontaneously in small intestine and colon. We compared the number of
polyps in this mouse when raised on Hfe+/+ and Hfe−/− backgrounds. There was a significant increase in the
number of polyps on Hfe−/− background, both in small intestine and colon. The difference was detectable with
macroscopic examination of the mucosal surface of the colons for counting the visible polyps (Figure 3B), and sub-
stantiated further with histologic analysis (Supplementary Figure S3A). Histopathologic examination of the polyps
identified significant changes in the morphology of nuclei in tumor cells (Supplementary Figure S3B,C). On Hfe−/−

background, the nuclei were smaller and less bright, and the nucleoli were smaller. Furthermore, we examined the
difference in the proliferation capacity of the adjacent normal and colonic polyps in ApcMin/+/Hfe+/+ mice and
ApcMin/+/Hfe−/− mice by observing the protein levels of proliferation marker PCNA. We found that, deletion of
Hfe increased the proliferation capacity, even in the normal adjacent colon tissue due to the mutant ApcMin

(Figure 3C). This stimulatory effect of Hfe deletion on the proliferation marker PCNA was not readily apparent in
polyps because of the robust basal proliferation already induced by the mutant Apc under these conditions.

Expression of ferroptosis markers and p53 in Hfe−/− mouse colon
Ferroptosis is a non-apoptotic form of cell death that is dependent on iron (Fe2+) and p53 [25]. Fe2+ participates
in Fenton reaction to generate hydroxyl radicals from H2O2, and the hydroxyl radicals promote oxidation of poly-
unsaturated fatty acids in biological membranes (lipid peroxidation). This process can be prevented by glutathi-
one, which detoxifies H2O2 by converting it to H2O. The levels of glutathione in cells are, however, dependent on
the activity of the cystine/glutamate exchanger (SLC7A11) [26]. The expression of this transporter is repressed by
the tumor suppressor p53 [25]. Therefore, we examined the expression of ferroptosis markers and p53 in normal
colon and in polyps in both models of CRC. We found increased expression of p53 and Slc7a11 in polyps com-
pared with normal colon; this was evident in ApcMin/+ mice on both Hfe+/+ and Hfe−/− backgrounds (Figure 4A).
There was, however, no detectable change in the expression of glutathione peroxidase-4 (Gpx4), another enzyme
involved in the glutathione-mediated protection of the cells from ferroptosis. The increase in the expression of
p53 in polyps corroborated with the corresponding increase in the expression of two of the three targets of p53
examined in the study, namely cyclin D1 and Bax (Figure 4B). These data suggest that chronic exposure to excess
iron as occurs in HH may not lead to ferroptosis in contrast with what happens in acute exposure to iron. We
repeated the same experiments with wild-type polyps and Hfe−/− polyps in the AOM/DSS model of CRC; we
found no changes in any of these parameters (data not shown).

HIF-2α and DMT1 in wild-type mouse colon and Hfe−/− mouse colon
As there is evidence from published reports that HIF-2α is an important determinant of iron homeostasis with
a tumor-promoting role [19], we examined the levels of mRNA and protein for this protein in wild-type mouse
colon and in Hfe−/− mouse colon. We found no difference in either HIF-2α mRNA or protein between wild
type and Hfe−/− colon (Figure 5A). With regard to DMT1 expression, we found no impact of Hfe deletion on
colonic expression even though we detected a decrease in expression the in duodenum (Figure 5B).

Adherence of bacteria onto luminal surface of Hfe−/− mouse colon
Next, we investigated if the bacteria adheres to the mucosal surface of the colonic epithelium and if there is any
difference between wild-type mice and Hfe−/− mice in this phenomenon. Using the bacterial group-specific
primers and quantitative PCR, we found an increase in the total colon bacterial load in Hfe−/− mice compared
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with wild-type mice (Figure 6A). Furthermore, we performed the CFU assay using homogenized colon tissues
from wild-type mice and Hfe−/− mice. We observed a significant increase in the total CFU counts in the Hfe−/−

mice, as well as the enhanced abundance in the Gram-positive and Gram-negative bacteria (Figure 6B and
Supplementary Figure S4A). The Gram-negative group included different coliforms; the Gram-positive group
included Staphylococci, Lactobacilli, Enterococci, and Streptococci. Furthermore, the staining for Gram-negative

Figure 3. Hfe−/− mice are more susceptible to the development of CRC driven by inflammation and ApcMin mutation.

(A) Number and size of AOM/DSS polyps in wild-type mice and Hfe−/− mice. Data show mean values (±SEM) for eight mice per

group. (B) Number of polyps in colon and small intestine in ApcMin/+ mice on Hfe+/+ and Hfe−/− backgrounds. Data show mean

values (±SEM) for five mice on Hfe+/+ background and seven mice on Hfe−/−background. (C) Western blot analysis of PCNA

protein levels in colon polyps and normal, healthy adjacent tissue of ApcMin/+ on Hfe+/+ and Hfe−/− backgrounds. Western blot

band intensities were estimated using ImageJ software and the band intensities that correspond to the PCNA protein were

normalized to the respective β-actin levels. Data are means ± SEM. *P < 0.05; ***P < 0.001.
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bacteria confirmed the increase in the number of bacteria attached to the epithelial surface of the Hfe−/− mouse
colon; this number was minimal in the wild-type mouse colon (Figure 6C and Supplementary Figure S4B). The
penetrance of the bacteria was not influenced, however; the PAS staining did not show any difference between
wild-type mice and Hfe−/− mice (Supplementary Figure S4C). Finally, the bacterial adherence in Hfe−/− mouse
colon was confirmed by transmission electron microscopy (Figure 6D).

Gut microflora dysbiosis in Hfe−/− mouse colon
As deletion of Hfe had significant impact on colitis and colon cancer, along with abnormal bacterial attachment
onto the colonic mucosal surface, we asked if Hfe−/− mice had altered colonic microbiota. To address this question,
we performed 16S metagenomic sequencing using fecal DNA from wild-type mice and Hfe−/− mice. The relative
taxonomic distribution and prevalence of bacteria, determined at the phylum level, in the two groups of mice are

Figure 4. Changes in p53 and ferroptosis markers in normal colon and in polyps in ApcMin/+ mice on Hfe+/+ and Hfe−/−

backgrounds.

(A) qPCR analysis of mRNA levels for the tumor suppressor p53, cystine/glutamate exchanger Slc7a11, and glutathione

peroxidase 4 (Gpx4) with GAPDH mRNA as an internal control. (B) qPCR analysis of mRNA levels for p53 targets. ns, not

significant; **P < 0.01; ***P < 0.001.

Figure 5. Expression of HIF-2α and DMT1 in wild type and Hfe−/− mouse colon.

(A) HIF-2α expression was monitored in colon at the protein level by Western blot with β-actin as an internal control. (B) DMT1

(divalent metal ion transporter 1) expression was monitored in colon as well as in the duodenum at the mRNA level by qPCR

with GAPDH mRNA as an internal control. ns, not significant; *P < 0.05.
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presented in Supplementary Figure S5. We observed a significant reduction in Firmicutes and expansion in
Bacteroidetes in Hfe−/− mice compared with wild-type mice. Furthermore, the Proteobacteria and TM7 phyla,
which are associated with pathologic conditions in colon [27,28], were more prevalent in Hfe−/− mice than in wild-
type mice (Supplementary Figure S5). The diversity of the Proteobacteria phylum was also altered in Hfe−/− mice;
α-proteobacteria, β-proteobacteria and δ-proteobacteria were more abundant in Hfe−/− mice than in wild-type mice
(Figure 7A). Species enrichment analysis revealed that, among the enriched genera, the pro-inflammatory bacteria
Desulfovibrionaceae, Turicibacter, Prevotella, and Sutterella were expanded in Hfe−/− mice (Figure 7B).

Impaired innate immune response in Hfe−/− mouse colon
We then analyzed the expression of genes that determine innate mucosal antibacterial response. As shown in
Figure 8A, qPCR revealed that Hfe−/− mouse colonic epithelium had lower expression of C-type lectins RegIIIβ and
RegIIIγ than wild-type mice. The decrease was also evident in mRNA levels of Paneth cell-derived defensin,
cryptidin-2, and calgranulin A (S100A8) and calgranulin B (S100A9), whose activity is directed towards
Gram-positive and Gram-negative bacteria. The expression of β-defensins, however, was comparable between the two
groups. To address the colonic immune response, we cultured control and DSS-exposed colons from Hfe−/− mice and
wild-type mice ex vivo and quantified selected cytokines in the culture media (Figure 8B–D). There was no difference

Figure 6. Increased adherence of bacteria to the mucosal surface of Hfe−/− mouse colon.

(A) qPCR analysis of colon bacterial load in wild-type mice and Hfe−/− mice. Data show mean values (±SEM) for six mice per

group. (B) The colony formation units (CFU) counts of total bacteria recovered from wild-type mouse colon and Hfe−/− mouse

colon. Bacterial load is expressed as the number of CFU per gram of colon tissue. Data show mean values (±SEM) for three

mice per group. (C) Number of bacteria attached to the colonic epithelial cells surface, as assessed by staining for

Gram-negative bacteria. Data show mean values (±SEM) for five mice per group. (D) Visualization of bacterial adherence onto

Hfe−/− mouse colon lumen by utilizing scanning electron microscopy. **P < 0.01.
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in the secretion of IL-β and TNF-α between the two genotypes under basal conditions. However, upon DSS exposure,
the secretion of these pro-inflammatory cytokines was greater in control mice, but the increase was comparatively
higher in Hfe−/− mice. In contrast, the secretion of IL-22, a cytokine that responds to inflammation by promoting cell
proliferation and tissue repair, was decreased in Hfe−/− mice under basal conditions as well as upon DSS exposure.
Furthermore, we evaluated the transcriptomic profiles of colonic epithelium from wild type and Hfe−/− mice by
RNAseq. We found that there were 45 up-regulated and 23 down-regulated genes (Supplementary Figure S6A,B).
Using Ingenuity Pathway Analysis, we observed significant differences in the actin cytoskeleton, integrin-linked
kinase and integrin signaling between wild-type mice and Hfe−/− mice (Supplementary Figures S6C and S7–S9).

Expression of Hfe and Slc40a1 (ferroportin) in colon cancer
Because there is an increasing evidence that excess iron/heme drives carcinogenesis in multiple tissues [29–31],
we examined if the expression levels of HFE and ferroportin, a transporter that exports iron from the cell, in
colon cancer. Decreased expression of HFE disrupts iron homeostasis, leading to excessive iron accumulation

Figure 7. Colonic bacterial dysbiosis in Hfe−/− mice.

Fecal DNA was extracted from wild-type mice and Hfe−/− mice and 16S metagenomic sequencing was performed to determine

the bacterial composition in two animal groups. (A) The distribution of five Proteobacteria classes in the wild type and Hfe−/−

mouse fecal material. (B) Species enrichment analysis in the wild type and Hfe−/− mouse fecal material. Data show mean

values for six mice per group of the gut microflora components whose changes were statistically significant.
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in cells; the same is true with ferroportin as decreased expression of this transporter suppresses iron export
from cells leading to increased iron accumulation. We first examined their expression levels in the polyps and
healthy adjacent tissues isolated from the spontaneous mouse model of colon cancer (ApcMin/+mouse). When
compared with the healthy colon tissue in wild-type mice, we observed that the ApcMin mutation resulted in a
significant down-regulation of Hfe and ferroportin (Figure 9A). The down-regulation in the colonic polyps was
also seen in the experimental model of colitis-driven colon cancer (AOM/DSS model) (Figure 9A).
Furthermore, when compared with healthy, unmatched colon samples, HFE and Ferroportin mRNA levels
were markedly decreased in seven independent colon cancer PDX (Figure 9B). In addition, we analyzed the
publicly available databases for HFE expression in colon cancer (Figure 9C). The expression levels were signifi-
cantly lower in tumors than in normal tissues. When the survival probability of the patients, stratified as low
HFE expressors and high HFE expressors, was analyzed, low HFE expression was associated with reduced sur-
vival. The same was true for ferroportin. The expression was markedly lower in colon cancer than in normal
colon. As was the case with HFE, colon cancer patients with lower expression of ferroportin had decreased sur-
vival probability than those with higher expression.

Figure 8. Down-regulation of the antimicrobial response and up-regulation of pro-inflammatory immune system in Hfe−/−

mouse colon.

(A) qPCR analysis of the antimicrobial peptides (AMPs) mRNA in colonic epithelial cells of wild-type mice and Hfe−/− mice. Data

show mean values (±SEM) for three mice per group. (B–D) The amount of secreted IL-1β, TNF-α, and IL-22 on basal levels and

upon DSS challenge quantified by ELISA, in wild type (closed bars) and Hfe−/− (open bars) mice. Data show mean values (±SEM)

for three mice per group. *P< 0.05.
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Discussion
Here, we tested the hypothesis that chronic exposure to excess iron/heme as occurs in HH promotes colonic
inflammation and colon cancer. This study was prompted by intriguing observations in published reports which
showed that patients with HH exhibit histologic abnormalities in colon indicative of inflammation [10] and that
Hfe−/− mice show evidence of oxidative damage in colon [11]. In addition to colitis, patients with HH also have
increased infiltration of lymphocytes and neutrophils in the intestinal tract [10]. There is also an increased inci-
dence of mutations in the hemochromatosis gene HFE in colon cancer [13–17]. Furthermore, iron-rich diets
exacerbate colitis [32,33] and there is a strong connection between excessive dietary heme intake and colon
cancer [34–38]. Even though these epidemiological observations suggest a potential link between excessive iron
and inflammation/carcinogenesis in colon, there is no direct experimental evidence for such a link.
We undertook the present study to examine systematically the impact of chronic exposure to excess iron/

heme on colonic inflammation and colon cancer. We have now established, using the Hfe−/− mouse as a model
of hemochromatosis, that this iron-overload disease markedly enhances the development and progression of
colitis and colon cancer in experimental model systems. This study reveals that the HH represents a substantial
risk for higher incidence and more aggressive forms of colitis and CRC. This study also shows that HH causes
dysbiosis and disrupts the host-bacteria cross-talk. The expression of antimicrobial peptides is decreased in
Hfe−/− mouse colon compared with normal mouse colon, probably contributing to dysbiosis. When challenged
with DSS, the expression of pro-inflammatory cytokines IL-1β and TNF-α is elevated, whereas the expression
of IL-22, a beneficial cytokine under conditions of inflammation, is decreased in Hfe−/− mouse colons

Figure 9. HFE and SLC40A1 expression is down-regulated in the colon cancer and low expression is associated with poor patient survival.

(A) qPCR analysis of Hfe and Slc40a1 mRNA levels in polyps and healthy, adjacent tissue obtained from two mouse models of colon cancer: the

genetically driven model of colon cancer elicited by the Min mutation in the Apc gene and the experimental model of colitis-associated colon

cancer elicited by a combination of azoxymethane and dextran sodium sulfate (AOM/DSS). Data show mean values (±SEM) for four mice per group

for ApcMin/+ cohort and five mice per group for AOM/DSS cohort. (B) qPCR analysis of HFE and SLC40A1 mRNA in the normal, healthy colon and

in the colon cancer PDX samples. Data show mean values (±SEM) for three measurements. (C) HFE and SLC40A1 mRNA levels were assessed

with publicly available information from the gene expression omnibus databases (GSE39582), and the cancer genome atlas (TCGA). Colon cancer

patient survival with regard to low and high HFE and SLC40A1 expression. Bounds of the boxes denote interquartile range, solid lines denote

median, whickers denote 95% and 5% confidence limits, respectively. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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compared with normal mouse colons. This cytokine profile supports the observations that experimentally
induced colonic inflammation is exacerbated in Hfe−/− mice. Our findings expanded the work of
Buhnik-Rosenblau et al. [39], which also noted dysbiosis in Hfe−/− mice. We found a marked increase in adher-
ent bacteria on the mucosal surface of colon in Hfe−/− mice compared with WT mice. Kortman et al. [40]
found that iron overload selects for pathogenic bacteria at the expense of commensals. Ijssennagger et al.
[41,42] found that heme iron increases Gram-negative bacteria and increases the sulfate-reducing bacteria
Desulfovibrionaceae. In our study, we found that Hfe−/− mice manifested a leaky gut and impairment in crypt
cell proliferation even under basal conditions; the bacterial dysbiosis, clearly evident in Hfe−/− mouse colon, is
very likely to be involved in the pathogenesis of this decrease in intestinal/colonic barrier function and conse-
quently in the increased risk for colonic inflammation observed in response to iron/heme overload.
Multiple mechanisms contribute to the increased severity in experimentally induced colonic inflammation

and colon cancer seen in Hfe−/− mice. The most obvious factor is the iron/heme-induced oxidative damage to
the tissue. Free iron leads to the generation of hydroxyl radical via Fenton reaction using endogenously pro-
duced H2O2. Oxidation of membrane lipids by iron-induced reactive free radicals is detrimental to cells. This
phenomenon, known as lipid peroxidation, is detrimental to the survival of cells. Under normal physiologic
conditions, the intestinal and colonic mucosal cells are highly proliferative, a feature essential for the mainten-
ance of the barrier function and for the elimination of unhealthy cells damaged by exogenous chemicals and
materials introduced into the intestinal tract via diet. This process also offers protection against carcinogenesis
because altered cells that are prone to cancer are routinely eliminated by the rapid cellular renewal process. Of
note is the fact that the entire epithelial cellular layer in the intestinal tract is replaced with new cells every 4–5
days. Accumulation of excessive iron and heme as occurs in hemochromatosis disrupts this important function,
thus producing a pro-inflammatory environment that is conducive for colitis and colon cancer.
Suppression of the signaling pathways associated with the tumor suppressor p53 is another mechanism likely

to be associated with the increased risk of colitis and colon cancer observed in Hfe−/− mice. Recent studies have
uncovered that p53 is a heme-binding protein and that the p53-heme complex is a substrate for proteasomal
degradation [25]. Chronic exposure to excess iron leads to decreased p53 protein levels in cells. We have
reported recently that p53 protein levels are significantly decreased in Hfe−/− mouse colon and that the phe-
nomenon is associated with decreased transcriptional activity of this protein [43]. As p53 is either mutated or
decreased in most cancers, including colon cancer, the decrease in p53 protein levels in colon in response to
excessive iron/heme certainly contributes to the observed potentiation of colitis and colon cancer in Hfe−/−

mice. This phenomenon is also related to cancer initiation via epithelial-to-mesenchymal transition where p53
plays an integral role. Recently, we provided experimental evidence for the promotion of epithelial-to-mesen-
chymal transition in pancreatic ductal cells upon chronic exposure to excess iron [44]. The decrease in the p53
protein levels in Hfe−/− colon is a post-translational process caused by enhanced protein degradation. There is
no change in p53 mRNA levels due to iron overload. Interestingly, the levels of p53 mRNA are increased in
ApcMin/+ polyps, and this change is independent of the Hfe status (Hfe+/+ or Hfe−/−). However, as we did not
see any alteration in p53 mRNA in polyps from the DSS/AOM colon cancer model, the observed phenomenon
appears to be specific to ApcMin/+ mutation.
We also have to consider the iron-induced cell death process, known as ferroptosis [45,46], in the context of

the findings reported in the present study. As iron initiates this cell death process, one might think that excess
iron is detrimental to cancer cells. Surprisingly, this is not true; excess iron is actually a tumor promoter.
Cancer cells accumulate iron by reprogramming iron-regulatory pathways to promote their growth [30,31]. The
data presented in this paper as well as those in publicly available databases show that the expression of HFE is
markedly down-regulated in colon cancer. Suppression of HFE function as an iron-sensing mechanism would
lead to the accumulation of iron in cells. The same is true with the iron exporter ferroportin, which is also
down-regulated in colon cancer. Decreased expression of this transporter in cancer cells ensures retention of
iron inside the cells. How are the cancer cells able to accumulate iron and use it to promote their growth
without risking ferroptosis? The iron/heme-induced promotion of proteasomal degradation of p53 provides an
answer to this puzzle. This tumor suppressor protein is a negative regulator of the cystine transporter SLC7A11
[47], which promotes the synthesis of glutathione inside the cells by providing cysteine via the influx of extra-
cellular cystine [19,48]. Glutathione detoxifies H2O2, thus suppressing Fenton reaction and hence decreasing
the generation of hydroxyl radical and consequent ferroptosis. This could be the mechanism by which chronic
exposure to excess iron as occurs in hemochromatosis promotes cancer without risking the cancer cells to fer-
roptosis. In fact, one of our earlier studies showed that primary retinal pigment epithelial cells isolated from
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Hfe−/− mice expressed higher levels of SLC7A11 demonstrable at the mRNA and functional level [49]. This
phenomenon was also associated with decreased senescence and other cell biological features that are known to
be the hallmarks of cancer cells. Up-regulation of SLC7A11 seems to be a common phenomenon in multiple
cancers as this transporter protects the cancer cells from oxidative stress and lipid peroxidation. In the present
study, the mRNA levels for Slc7a11 are increased markedly in polyps associated with ApcMin/+ mutation irre-
spective of whether the polyps were from Hfe+/+ mice or Hfe−/− mice. The protection caused by enhanced
expression of SLC7A11 is related to increased synthesis of glutathione. As there was no change in the expres-
sion of glutathione peroxidase (Gpx4) in both models of colon cancer used in the present study, increased
availability of glutathione for the enzyme Gpx4 seems to be the primary driver of protection against oxidative
stress in cancer cells. The changes observed in the mRNA levels for the apoptosis-related protein Bax or for the
cell cycle-associated proteins cyclin D1 and p21 in the polyps seem to depend on the etiology of carcinogenesis
as we noticed the changes only in ApcMin/+ polyps but not in polyps from the DSS/AOM cancer model.
Bacterial dysbiosis observed in Hfe−/− mice would also be a likely contributing factor to the increased risk of

colitis and colon cancer in response to excess iron. Even though exact molecular mechanisms linking bacterial
dysbiosis to colonic diseases are lacking for the most part, the connection has been well established. We also
found marked differences in the transcriptomic profile in Hfe−/− mouse colonic epithelium compared with
wild-type mouse colonic epithelium. The biochemical pathways related to cytoskeletal network and integrin sig-
naling are obviously altered in the response of Hfe deletion, but it is difficult to predict whether these altera-
tions represent primary changes or secondary to oxidative stress and changes in p53 signaling. It is interesting
to note that a recent study has documented an active role for gut microbiota in iron homeostasis in the host,
implicating specific bacterial metabolites in the regulatory process [50]. Additional studies are needed to tease
out the functional significance of the transcriptomic changes with regard to increased propensity of Hfe−/−

colon to inflammation and carcinogenesis.
Even though we placed emphasis in the present study on chronic exposure to excess iron/heme as the patho-

logic factor in the initiation and progression of colitis and colon cancer in Hfe−/− mice, other iron/
heme-independent pathways in this process cannot be ignored. HFE strongly interacts with β2-microglobulin,
which functions as a chaperone to promote the trafficking of HFE to the plasma membrane, and the deletion
of Hfe in mice leads to increased degradation of this chaperone. β2-microglobulin has a broad spectrum of bio-
logical functions, particularly in the immune system [51]. Therefore, the decreased levels of this regulatory
protein in Hfe−/− mice might influence the pathways involved in inflammation and carcinogenesis. Another
possibility is the signaling via the iron-storage protein ferritin. The cellular levels of this protein are elevated in
Hfe−/− mice because of the iron overload. In addition to serving as the iron-binding protein, ferritin also has a
signaling function [52]. We do not know if these changes in ferritin levels due to the deletion of Hfe contribute
in any way to the observations made in the present study.
Our findings have important implications for patients with HH. Chronic exposure to excessive iron/heme as

occurs in HH increases the risk for colitis and colon cancer. The enhanced risk of cancer could also be true for
other organs as well. This study suggests that strategies to reduce iron accumulation in HH such as regular
phlebotomy and/or iron chelation therapy, coupled with avoidance of iron/heme-rich food but increased con-
sumption of appropriate probiotics and prebiotics, could protect colon from inflammation and carcinogenesis.
As iron accumulation to toxic levels takes several decades in HH, it might be desirable to take such preventive
measures as early as possible. This requires information as to whether or not a given individual carries HH
mutations, thus making a case for recommending genetic screening in susceptible populations.
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