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3 (STAT3)/miR-23b-dependent manner. In addition, TFAM knockout impaired
IEC turnover to promote dextran sulfate sodium (DSS)-induced colitis in mice. Of
note, TFAM knockout increased the susceptibility of mice to azoxymethane/DSS-
induced CAC and TFAM overexpression protected mice from intestinal inflam-
mation and colitis-associated tumorigenesis. By contrast, TEAM expression was
upregulated in CAC tissues and contributed to cell growth. Furthermore, it was
demonstrated that g-catenin induced the upregulation of TEAM through c-Myc
in CRC cells. Mechanistically, TEFAM promoted the proliferation of both TECs and
CRC cells by increasing mitochondrial biogenesis and activity.

Conclusions: TFAM plays a dual role in the initiation and progression of CAC,

KEYWORDS

1 | BACKGROUND

Inflammatory bowel diseases (IBD), which comprise ulcer-
ative colitis (UC) and Crohn’s disease (CD), are charac-
terized by recurrent episodes of intestinal inflammation.
Patients with IBD present an increased risk of colorec-
tal cancer (CRC) [1], with a relative risk of 30 and 5.6
times higher in patients with UC [2] and CD (3], respec-
tively, than that of the general population. Furthermore,
compared with patients with sporadic CRC, patients with
colitis-associated cancer (CAC) were younger, had multi-
ple cancerous lesions, and were diagnosed with advanced
stage at presentation [4]. Although the severity and dura-
tion of inflammation appeared to be major factors associ-
ated with the development of CAC in patients with IBD,
the pathogenesis of CAC remained poorly understood.

Within the intestine, maintaining the intestinal epithe-
lium turnover is important for ensuring effective barrier
function against the commensal microbiota and food
digestion. However, a disruption of the intestinal epithe-
lial barrier is commonly observed in IBD patients, which is
usually associated with decreased intestinal epithelial cell
proliferation and increased cell death, further promoting
the inflammation-to-cancer transition [5,6]. Thus, an
interesting question is raised: what are the key factors
that govern the transition from repressed cell proliferation
under inflammatory conditions to rapid cell proliferation
at the tumor stage.

Mitochondria are semi-autonomous organelles that
contain their own mitochondrial DNA (mtDNA), which
encodes 13 essential proteins of the respiratory chain.
During oncogenesis, mitochondria play a central role
in the regulation of cell proliferation and apoptosis [7].

providing a novel understanding of CAC pathogenesis.

colitis, colitis-associated cancer, colorectal cancer, energy metabolism, inflammatory bowel dis-
eases, intestinal homeostasis, mitochondrial transcription factor A (TEAM)

Recent scientific advances have further revealed that the
intrinsic dynamicity of mitochondria played a crucial
role in inflammatory signaling. Similarly, inflammatory
mediators may also alter mitochondrial function [8].
For example, Haberman et al. [9] and Reifen et al. [10]
have reported a marked decrease in mitochondrial and
nuclear-encoded mitochondrial genes across cohorts
with active UC, which was also observed in rat colitis
samples. Meanwhile, ultrastructural alterations in the
mitochondria of intestinal epithelial cells (IECs), such
as dissolved/irregular cristae, which are indicative of an
impaired function, were evident in patients with CD as an
early event of inflammation [11]. By contrast, our previous
study [12] and other studies [13,14] have demonstrated that
the mitochondrial mass and mtDNA content in human
sporadic CRC tissues were significantly higher than those
in the normal colon mucosa. Furthermore, it was also
reported that CRC cells relied on mitochondrial oxidative
phosphorylation as their major source of energy [15,16].
However, whether and how mitochondria are involved in
the regulation of colitis and CAC remains unclear.
Mitochondrial transcription factor A (TEAM), which is
encoded by a nuclear gene, plays a pivotal role in the tran-
scription [17] and replication [18] of mtDNA coding for
critical components of the electron transport chain, ren-
dering TEAM a vital factor for energy production via
oxidative phosphorylation [19]. The inactivation of TEAM
function leaded to enlarged mitochondria with abnor-
mal cristae, decreased energy production, and embry-
onic lethality [20]. The adipose-specific deletion of TEAM
increased mitochondrial oxidation and protected mice
against obesity and insulin resistance [21]. In addition, the
truncating mutation of TFAM induced mtDNA depletion
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and apoptotic resistance in microsatellite-unstable CRC
[22]. However, the genetic disruption of TFAM has not
been investigated in the context of colitis and CAC.

Here, IEC-specific TEAM knockout mice were used to
determine the role of TEAM in the process of colitis and
CAC. We also analyzed the expression of TFAM in human
colitis and CAC tissues, and explored the underlying mech-
anism in vitro using normal human colorectal epithelial
cell line and CRC cell lines.

2 | MATERIALS AND METHODS

2.1 | Reagents

Human tumor necrosis factor-a (TNF-a) (cat. no. 300-
01A) and interleukin-6 (IL-6; cat. no. 200-06) were pur-
chased from PeproTech EC Ltd (Rocky Hill, NJ, USA).
The microRNA (miRNA/miR) mimics and inhibitors were
synthesized by Shanghai GenePhama Co., Ltd. (Shang-
hai, China), and the sequences are listed in Supplemen-
tary Table S1. Oligomycin (cat. no. 495455), azoxymethane
(AOM; cat. no. A5486) and fluorescein isothiocyanate
(FITC)-dextran (cat. no. 46944) were purchased from
Merck KGaA (St. Louis, MO, USA). Dextran sulfate
sodium (DSS; cat. no. 0216011080) was purchased from
MP Biomedicals, LLC (Irvine, CA, USA). The signal trans-
ducer and activator of transcription 3 (STAT3) inhibitor
Stattic (cat. no. S7024), the f-catenin inhibitors TWR-1
(cat. no. HY-12238) and KYA1797K (cat. no. HY-101090),
and the f-catenin agonists SKL2001 (cat. no. HY-101085)
and IM-12 (cat. no. HY-12292) were purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA). Penicillin-
Streptomycin solution (cat. no. P1410), agarose (cat. no.
9012-36-6) and ethylene diamine tetraacetic acid (EDTA,
cat. no. E8040) were purchased from Beijing Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). Trizol (cat.
n0.15596-026) was purchased from Invitrogen (Carlsbad,
CA, USA). Puromycin was purchased from DIYIBio Co.,
Ltd. (Shanghai, China).

2.2 | Cell culture and patient sample
collection

The normal human colorectal epithelial cell line FHC
and CRC cell lines SW1116, T84, RKO, SW480, SW620,
LoVo, CaCo2 and HCT116 were purchased from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA).
Another normal human colorectal epithelial cell line
NCM460 was purchased from Incell Corporation LLC (San
Antonio, TX, USA). Cells were cultured in RPMI-1640
medium (Gibco, Thermo Fisher Scientific, Inc., Waltham,
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MA, USA) or Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin/streptomycin solution. Cells were rou-
tinely maintained in a humidified atmosphere containing
5% CO, at 37°C. The STAT3 inhibitor Stattic (20 umol/L)
was added into cell culture medium of NCM460 and FHC
for 24 h before Western blotting and reverse transcription-
quantitative PCR experiment.

A total of 10 paraffin-embedded normal cadaveric
colonic tissues from healthy controls, 88 fresh inflamma-
tory tissues from patients with UC, 90 fresh inflammatory
tissues from patients with CD, 30 fresh and 7 paraffin-
embedded tumor tissues from patients with CAC and
paired venous blood samples from patients with IBD were
collected from the Tangdu and Xijing Hospitals affiliated
with Fourth Military Medical University (FMMU, Xi’an,
Shaanxi, China). The clinical characteristics of patients
with IBD are listed in Supplementary Table S2. All partic-
ipants provided written informed consent, and this study
was approved by the ethics committee of FMMU.

2.3 | Experimental animals

TEAMTo%/flox mijce possessing LoxP sites flanking exons 6-7
of TFAM were generously gifted by Professor Yongzhan
Nie (Department of Digestive Diseases, Xijing Hospital,
FMMU). Villin-Cre mice were generously gifted by Profes-
sor Jian Zhang (Department of Biochemistry and Molec-
ular Biology, Basic Medical Science Academy, FMMU).
A mouse model lacking TFAM specifically in IECs
(TEAMATEC) was generated by crossing TFAMIOX/oxX mice
with Villin-Cre mice in a specific pathogen-free (SPF) labo-
ratory animal house (Laboratory Animal Center, FMMU).
The genotypes of mice were evaluated by multiplex
PCR and agarose gel electrophoresis. Agarose gels (2%)
containing 0.5 ug/mL ethidium bromide were prepared in
TAE buffer. The DNA samples were separated in agarose
gel at 100 V for 30 min. A TFAM wild-type allele produces
a 396-bp PCR product, whereas a TFAM deleted allele pro-
duces a 438-bp PCR product as previously described [23].
All animal experimental procedures were approved by the
Animal Care Committee of the FMMU.

2.4 | Establishment of CAC and colitis
mouse model

CAC was induced in mice as previously described [24].
Briefly, co-housed TFAMAEC and wild-type (WT)
littermate C57BL/6J mice aged 8-10 weeks were intraperi-
toneally injected with 10 mg/kg AOM. Two days later,
these mice were fed with 1.5% DSS for 5 consecutive days,
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followed by 14 days of feeding with normal water for recov-
ery. The cycle from DSS to normal water was repeated three
times. Mice without AOM/DSS treatment served as con-
trol. Mice were euthanized 1 or 3 months after AOM injec-
tion, and the colon was then cut open longitudinally. The
tumor nodules were quantified under a stereomicroscope
(M205, Leica Microsystems, Inc., Wetzlar, Germany).

To generate DSS-induced colitis, mice were fed 2.5%
DSS for 5 consecutive days, and then changed to normal
water for another 5 days. Body weight, stool consistency
(0, normal; 2, loose feces; 4, diarrhea) and hematochezia
(0, occult blood negative; 2, occult blood positive; 4, gross
bloody stool) were daily measured and recorded as previ-
ously described [25,26]. Mice were euthanized by cervical
dislocation on day 5 (end of DSS treatment) or day 10 (end
of DSS and normal water treatment), and then the colon
length was measured. Tissue samples were then frozen
in liquid nitrogen or fixed in 10% formalin for further
analysis.

2.5 | Reverse transcription-quantitative
PCR (RT-qPCR)

To determine the role of 5-catenin signaling in the regu-
lation of TEAM expression in CRC cells, 20 umol/L TWR-
1, 20 umol/L KYA1797K, 30 umol/L SK1.2001, or 5 umol/L
IM-12 was added into cell culture medium for 24 h. Total
RNA was extracted from the mouse or human colon tis-
sues, normal human colorectal epithelial cell lines, or
CRC cell lines using Trizol and then reversely transcribed
into cDNA using High Capacity cDNA Reverse Transcrip-
tion Kits (cat. no. 4368814, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). RT-qPCR was performed using TB
Green® Premix Ex Taq™ II (cat. no. RR820A; Takara Bio,
Inc, Tokyo, Japan) in a real-time PCR instrument (Bio-Rad,
Hercules, CA, USA). The reaction conditions were 95°C for
2 min, then 40 cycles of 95°C for 10 s and 60°C for 30 s.
The relative expression levels of the genes were calculated
using the 222t method. Glyceraldehyde-phosphate dehy-
drogenase (GAPDH) and U6 snRNA (only for miRNAs)
were used as reference genes. The primers used are listed
in Supplementary Table S1.

2.6 | Detection of mtDNA copy number

The relative mtDNA copy number was measured by RT-
gPCR as previously described [27]. Briefly, genomic DNA
was extracted from FHC and RKO cells using QIAamp
DNA Mini kits (cat. no. 51306; Qiagen, Inc, Hilden, Ger-
many). The ratio of mitochondrial NADH dehydrogenase
1 (MT-NDI) gene in mtDNA to the single copy nuclear
gene human globulin (HGB) was determined from stan-

dard curves. The primers used are listed in Supplementary
Table S1.

2.7 | Western blotting (WB) and
immunohistochemistry (IHC)

WB and THC were performed as previously described [28].
WB were performed using proteins extracted from mouse
colon tissues and normal human colorectal epithelial FHC
and NCM460 cells and CRC cell lines, such as SW480,
HCT116, RKO. Then the signals were detected using an
ECL kit (Thermo Fisher Scientific, Inc.).

For THC staining of human normal and inflammatory
colonic tissues and CAC tissues, the intensity (0, none; 1,
faint yellow; 2, yellow; 3, brown) and proportion of positive
cells (0, 0-9%; 1, 10-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%)
were determined within five microscopic visual fields per
slide (magnification, x 200) by two independent pathol-
ogists blinded to the clinical data. IHC were then scored
(ranging from O to 12) by multiplying the percentage of
positive cells by the intensity. The expression levels of
TFAM in the clinical samples were classified as low expres-
sion (score 0-3), moderate expression (score 4-7) and high
expression (score 8-12). The primary antibodies used in the
study are listed in Supplementary Table S3.

2.8 | Histological analysis

Hematoxylin and eosin (H&E) staining was performed as
previously described [29]. The histological score of colitis
in mice was evaluated using three independent parame-
ters as previously described [30]: extent of injury (0, none;
1, mucosa only; 2, submucosa; 3, transmural), crypt dam-
age (0, none; 1, basal 1/3 damaged; 2, basal 2/3 damaged;
3, almost entire epithelium damaged), and leukocyte infil-
tration severity (0, none; 1, mild; 2, moderate; 3, severe).

2.9 | Detection of intestinal permeability
Intestinal permeability was evaluated by determining the
amount of FITC-dextran and D-lactate in the blood, as pre-
viously reported [31,32]. Briefly, mice were gavaged with
FITC-dextran (0.4 mg/g body weight) and then euthanized
4 h later. The serum FITC-dextran concentration was mea-
sured using a fluorescent microplate reader with an excita-
tion wavelength of 485 nm and emission wavelength of 535
nm (Thermo Fisher Scientific, Inc.). The serum D-lactate
concentration was detected using a D-Lactate Colorimet-
ric Assay Kit (cat. no. GMS70095.3, Shanghai Genmed Ltd.,
Shanghai, China) according to the manufacturer’s instruc-
tions. The concentration of D-lactate was calculated using
the slope and intercept created from a standard curve.
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2.10 | Knockdown and forced expression
of target genes

Lentiviral vectors for TEAM and its transcription fac-
tor c-Myc knockdown or overexpression were constructed
by Shanghai GenePharma Co., Ltd. (cat. no. D01001,
D02001, Shanghai, China). Lentivirus was collected by co-
transfecting 297T cells with lentiviral expression construct
and packaging plasmids. Normal human colorectal epithe-
lial cells or CRC cells (5 x 10*/well) were seeded into 6-
well plates and incubated at 37°C with 5% CO, overnight.
Lentivirus was then added into each well (10 multi-
plicity of infection) with serum-free medium and incu-
bated overnight. Successfully transfected cell clones were
screened using puromycin (5 ug/mL). The expression lev-
els of TFAM and c-Myc in cells transfected with lentivirus
were determined by WB.

2.11 | Cell proliferation assay and cell
cycle analysis

Cell proliferation was detected using the Cell-Light 5-
ethynyl-2’-deoxyuridine (EdU) Apollo567 In Vitro Kit (cat.
no. C10310, Ribobio Co., Ltd., Guangzhou, Guangdong,
China) and a propidium iodide (PI)-staining kit (cat.
no. BB-4104, Shanghai BestBio Co., Ltd.) as previously
described [33]. A total of 2 ug/mL oligomycin was used
to inhibit mitochondrial FOF1-ATPase where appropriate.
For the EdU assay, 2 X 10° cells were incubated with EAU
for 2 h and fixed with 4% paraformaldehyde. Hoechst (cat.
no. C1022, Beyotime Institute of Biotechnology; Shang-
hai, China) was used for nuclear staining. The images
were visualized and photographed under a fluorescence
microscope (Olympus Corporation, Tokyo, Japan). For cell
cycle analysis, ~1 x 10° cells were collected and incubated
with PI staining solution at 4°C for 30 min. The cell cycle
was immediately determined by flow cytometry (Beckman
Coulter, Inc. Fullerton, CA, USA).

2.12 | Detection of mitochondrial
respiratory chain complex enzyme activity,
oxygen consumption rate (OCR), and
mitochondrial adenosine triphosphate
(ATP)

Complex (I, ITI, IV, and V) enzyme activity in cell extracts
was measured by the single-wavelength spectrophotomet-
ric assay using detection kits (cat. no. BC0510, BC3240,
BC0945 and BC1445, Beijing Solarbio Science & Technol-
ogy) according to the manufacturers’ protocols. Briefly, 5 x
10° cells were collected and homogenized in lysis buffer.
After two steps of centrifugation (600 X g for 10 min and
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then 11, 000 X g for 15 min) at 4°C, the precipitate was col-
lected for ultrasonic crushing and then added into the cor-
responding substrate to start the enzymatic reaction. The
absorbance values at different wavelengths (I: 340 nm; III:
550 nm; IV: 550 nm; V: 660 nm) of the metabolic product
was detected using a spectrophotometer (Thermo Fisher
Scientific Inc.).

The OCR was measured using a 782 Oxygen Meter
(Strathkelvin Instruments, Motherwell, UK) according to
the manufacturer’s instructions. The amplified signal was
recorded at sampling intervals of 0.5 s.

Mitochondrial ATP was measured as previously
described [34]. Briefly, the abundance of ATP was deter-
mined using the ATPlite assay system (PerkinElmer
Inc.,, Waltham, MA, USA). Basal luminescence was
recorded before the use of luciferin, and then cells were
perfused with 20 umol/L luciferin to record mitochondrial
luminescence [35].

2.13 | Intrarectal instillation of lentivirus
Intrarectal instillation of lentivirus was performed to
increase the target gene expression in the colonic epithe-
lium as previously described [36]. In brief, mice were anes-
thetized and received an intrarectal enema of 50% ethanol
to increase the intestinal transduction with lentivirus.
Mice then received intrarectal instillation of 100 uL solu-
tion containing 107 TU lentivirus expressing mouse TFAM
(mTFAM) or empty vector (EV). Mice were then inverted
for 30 s to prevent leakage. To ensure the efficiency of
lentivirus transfection in IECs, lentivirus treatment was
performed every 2 days.

2.14 | Nude mouse xenograft model
BALB/c nude mice age 6 weeks were purchased from
the Laboratory Animal Center of the FMMU and used to
establish a xenograft model (6 mice per group). Human
RKO cells with TEAM knockdown or overexpression were
injected into the back of mice (5 x 10° cells/mouse). A
time-volume curve was plotted to investigate the growth of
the xenograft. The mice were euthanized when the largest
tumor reached a volume of ~1000 mm?. Tumor volume
(mm?®) = [width? (mm?) x length (mm)] / 2.

2.15 | Isolation of IECs

IECs were isolated from the mouse colon as previously
described [36]. Mice were anesthetized and then eutha-
nized. The colons were dissected immediately and cut into
pieces (1-2 mm in diameter). Colon tissues were incubated



YANG ET AL.

™ | WILEY

in 5 mmol/L EDTA diluted by Hank’s Balanced Salt Solu-
tion (HBSS) at 37°C with shaking for 30 min. The super-
natant was collected and centrifuged at 3000 X g for 10 min.
The deposit was washed with ice-cold phosphate buffer
saline (PBS) and used for measuring TFAM expression.

2.16 | Public dataset collection

To analyze the relationship between the expression of
TFAM and c-Myc, RNA-seq data of colorectal cancer sam-
ples (n = 519) was downloaded from the Cancer Genome
Atlas (TCGA) database using the Genomic Data Com-
mons (GDC) Data Portal (https://gdc-portal.nci.nih.gov).
Trimmed mean of M-values (TMM) algorithms were used
for data normalization by using the calcNormFactors func-
tion in the edge R package (http://www.r-project.org).

2.17 | Statistical analysis

Statistical analysis was performed using IBM SPSS Statis-
tics 22.0 software (Armonk, NY, USA). A two-sided P <
0.05 was considered significant. Data are expressed as the
mean =+ standard deviation (SD). Student’s ¢ test or Mann-
Whitney U test was used to examine differences between
two groups after checking for normal distribution and
equal variance of the data. Correlations between measured
variables were analyzed using Spearman correlation analy-
sis. Kaplan-Meier survival curves were plotted 15 days after
DSS treatment or 3 months after AOM/DSS treatment. Sur-
vival data were compared by using a log-rank test.

3 | RESULTS

3.1 | TFAM knockout increased
susceptibility of mice to AOM/DSS-induced
CAC

To investigate the potential role of TFAM in CAC,
the TFAMAEC mouse model was generated, and the
loss of TEAM expression in IECs was confirmed by
agarose gel electrophoresis and WB (Supplementary Fig-
ure SI). Next, mouse CAC was induced by injection
with the colonotropic mutagen AOM, followed by DSS-
supplemented water. When euthanized at 1 month after
AOM/DSS treatment, TFAMAEC mice developed intesti-
nal polyps upon gross inspection, whereas intestinal
polyps were rarely observed in WT mice. Three months
after AOM/DSS treatment, both TEAMAEC and WT mice
developed intestinal polyps. However, TEAMATEC mice
exhibited significantly more and larger polyps when com-

pared with WT mice. In the control groups, intestinal
polyps were not clearly observed in both WT or TFAMAIEC
mice at 1 and 3 months (Figure 1A-C). Furthermore, histo-
logical analysis revealed that tumors in TFAMATEC mice
exhibited more advanced dysplasia when compared with
those in WT mice (Figure 1D-E). Of note, the condi-
tional knockout of TEAM significantly reduced overall sur-
vival in the AOM/DSS-induced CAC mouse model when
compared with the WT control group (Figure 1F). These
data demonstrate that the conditional knockout of TFAM
increases the susceptibility of mice to AOM/DSS-induced
CAC.

3.2 | TFAM knockout promoted
DSS-induced intestinal inflammation
and impaired IEC turnover in mice

Considering that inflammation plays a critical role in
tumorigenesis, it was hypothesized that the increased sus-
ceptibility of CAC in TEAMAEC mice may be caused by
enhanced intestinal inflammation. To this end, TEAMAIEC
and WT mice were treated with 2.5% DSS to establish
an inflammation model. Intestinal inflammation activ-
ity was then assessed based on weight loss, stool consis-
tency, gross rectal bleeding, and colon length. As shown
in Figure 2A-D, neither TFAMATEC nor WT mice showed
obvious intestinal inflammation without DSS treatment.
However, TEAMAIEC mice developed considerably sev-
erer intestinal inflammation than WT mice following
DSS treatment. Histological analysis of colon tissues
revealed that both TFAMAIEC and WT mice had nor-
mal colonic mucosa prior to DSS treatment (Day 0), with
the colonic crypts and intestinal epithelium integrity from
both TEAMAEC and WT mice completely destroyed at
the end of DSS treatment (Day 5). In contrast, colonic
mucosa of WT mice showed signs of re-epithelialization
on day 10, whereas that of TFAMAEC mice still showed
a high level of inflammation, as indicated by the greater
extent of injury, inflammatory cell infiltration, decreased
number of crypts, and higher histological scores (Fig-
ure 2E-F). The recovery of intestinal epithelium integrity
on day 10 was further evaluated by in vivo transep-
ithelial permeability assays. The data showed a signifi-
cant increase in FITC-dextran and D-lactate concentra-
tion in the blood of TFAMAEC mice when compared
with those in WT mice (Figure 2G-H), indicating worse
intestinal epithelium integrity and uncontrolled entry of
solutes and pathogens. Consistently, the expression of pro-
inflammatory cytokines (IL-18, IL-6, IL-11, and TNF-a)
was much higher in the colonic mucosa of DSS-treated
TFAMAEC mice than in that of WT mice (Figure 2I).
Finally, the effect of TFAM on intestinal inflammation was
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FIGURE 1

Time after AOM/DSS treatment (weeks)

TFAM knockout increases the susceptibility of mice to AOM/DSS-induced CAC. (A) Representative images of colon tissues

from WT and TFAMATEC mice treated with AOM/DSS as indicated. (B) Polyp numbers and (C) polyp size in WT and TEAMAEC mice treated
with AOM/DSS for 3 months. (D) Representative hematoxylin and eosin-stained colon sections from WT and TFAMAEC mice treated with
AOM/DSS. (E) Percentage of low-/high-grade dysplasia of polyps in WT and TEAMAEC mice treated with AOM/DSS for 3 months. (F)
Kaplan-Meier survival analysis of WT and TEAMATEC mice treated with AOM/DSS for 3 months. Error bars represent mean + SD. Data were
analyzed using Mann-Whitney U test (B and C). *P < 0.05, **P < 0.01. Abbreviations: TFAM, mitochondrial transcription factor; AOM,
azoxymethane; DSS, dextran sulfate sodium; CAC, colitis-associated cancer; WT, wild-type; TFAMAEC knockdown of TEAM particularly in
intestinal epithelial cells; LGD, low-grade dysplasia; HGD, high-grade dysplasia; SD, standard deviation

further evaluated by continuous feeding with a lethal dose
of DSS (3.5%). As shown in Figure 2J, TFAMAEC mice
exhibited a significantly shorter survival time than WT
mice.

3.3 | The expression of TFAM was
downregulated in active IBD and negatively
associated with the disease activity

Next, the alteration of TFAM expression was examined by
IHC analysis using colonic biopsies of IBD patients and
healthy controls. As shown in Figure 3A-B, the expres-

sion of TFAM was markedly downregulated in IECs from
active CD and UC patients when compared with that in
healthy controls, but not significantly changed in IECs
from inactive UC and CD patients. Next, C-reactive protein
(CRP) and IL-6, two major markers that reflect the activ-
ity and severity of inflammation, were detected for further
analysis of the association between the disease activity of
IBD and the expression of TFAM. The results showed that
serum levels of CRP were much higher in IBD patients
with low TFAM expression than in those with high TFAM
expression (Figure 3C-D). These results indicated that the
expression of TEAM was inhibited in active IBD and nega-
tively associated with disease activity.
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FIGURE 2 TEAM knockout promotes DSS-induced intestinal inflammation and impairs IEC turnover in mice. (A-C) Weight loss, stool

consistency, and rectal bleeding score in WT and TEFAMAC mice following 2.5% DSS or H,O treatment. (D) Gross morphology and length of
the colons from WT and TEAMATEC mice treated with 2.5% DSS or H,O (day 10). (E) Representative hematoxylin and eosin-stained images of
colon tissues from WT and TEAMAEC mice treated with 2.5% DSS at different time points. (F) Histological score of colitis tissues from WT
and TFAMAEC mice treated with 2.5% DSS or H,0 on day 10. (G and H) Serum FITC-dextran and D-lactate concentrations in WT and
TFAMATEC mice treated with 2.5% DSS or H,O on day 10. (I) Relative mRNA expression of pro-inflammatory cytokines (IL-18, IL-6, IL-11, and
TNF-a) in colonic mucosa from WT and TFAMAEC mice treated with 2.5% DSS or H,O0 treatment on day 10. (J) Kaplan-Meier survival
analysis of WT and TEAMATEC mice treated with 3.5% DSS or H,O. Error bars represent mean + SD. Data were analyzed using Mann-Whitney
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3.4 | IL-6 induced TFAM downregulation
in a STAT3/miR-23b-dependent manner in
IECs

To explore the mechanism underlying the expression of
TFAM in an inflammatory environment, normal colon
epithelial NCM460 and FHC cells were stimulated by
the major proinflammatory cytokines involved in colitis.
The expression of TFAM was significantly downregulated

upon exposure to IL-6 (Figure 4A), but not to TNF-a (Fig-
ure 4B). Considering that the janus kinase (JAK)/STAT3
signaling pathway, the central signaling hub in colitis,
has a prominent role in mediating the effects of IL-6, the
phosphorylated STAT3 (p-STAT3) was further evaluated.
The results demonstrated that the level of p-STAT3 was
significantly increased by IL-6. More importantly, the
inhibitory effect of IL-6 on TFAM expression was blocked
by the STAT3 inhibitor Stattic (Figure 4A), implying that
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FIGURE 4 IL-6 downregulates the expression of TFAM in a STAT3/miR-23b-dependent manner in IEC. (A) WB analysis of TFAM,
STAT3, and p-STAT3 expression in NCM460 and FHC cells treated with IL-6 (0, 10, and 20 ng/mL) or IL-6 (20 ng/mL) plus Stattic (STAT3
inhibitor, 20 umol/L). (B) WB analysis for TFAM expression in NCM460 and FHC cells treated with TNF-(0, 10, and 20 ng/mL). (C)
RT-qPCR analysis of microRNA levels in NCM460 and FHC cells treated with or without IL-6 (20 ng/mL). (D) RT-qPCR analysis of miR-23b
level in NCM460 and FHC cells treated as indicated. (E) WB analysis of TFAM expression in NCM460 and FHC cells treated with miR-23b
mimic and inhibitor. (F) Colonic IL-6 level in UC or CD patients with low, moderate, and high expression of TFAM. (G) Representative IHC
staining images of p-STAT3 and TFAM in inflammatory colonic tissues from UC or CD patients. (H) RT-qPCR analysis of miR-23b level in
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TFAM is a downstream target of IL-6/STAT3 signaling.
Since the expression of TFAM was downregulated, it was
next determined whether miRNAs were involved in these
processes. Among the seven miRNAs that were reported
to repress TFAM expression in human cells, only miR-23b
was significantly upregulated by IL-6 in both NCM460
and FHC cells (Figure 4C), which was markedly blocked
by STAT3 inhibitor Stattic (Figure 4D). In addition, the
influence of miR-23b on TFAM expression was confirmed
in normal colon epithelial cells using a miR-23b mimic and
inhibitor (Figure 4E). The association between the expres-
sion of TFAM and the regulatory IL-6/p-STAT3/miR-23b
axis was then further analyzed in intestinal tissue samples
from patients with IBD. As shown in Figure 4F, the
expression of TFAM was negatively associated with the
colonic level of IL-6. Consistently, the expression levels
of p-STAT3 and miR-23b were also negatively associated
with the level of TEAM (Figure 4G-4H and Supplementary
Table S4).

3.5 | Overexpression of TEAM protected
mice from intestinal inflammation and
colitis-associated tumorigenesis

To further determine the effect of TEAM on intestinal
inflammation and colitis-associated tumorigenesis, TEFAM
expression was restored through the intrarectal instil-
lation of lentivirus expressing TFAM (Supplementary
Figure S2A). TFAM restoration in the colonic epithelia
of both TEAMATEC and WT mice markedly attenuated
DSS-induced colitis as evidenced by alleviation of colitis
signs, including weight loss, loose or watery stool, gross
rectal bleeding, and shortened colon length (Figure SA-D).
Transepithelial permeability assays showed that TFAM
restoration promoted the recovery of intestinal epithelium
integrity following DSS treatment (Figure 5E). Consis-
tently, mice with TFAM restoration showed a reduced
level of inflammation, as indicated by increased number
of crypts and improved histological scores (Figure 5F-G).
In addition, TFAM restoration reduced the susceptibility
of mice to AOM/DSS-induced CAC, as indicated by the
decreases in the number and volume of polyps in both
WT and TFAMAMEC mice (Figure 5H-J). Histological
analysis revealed that tumors exhibited a less advanced
dysplasia in mice with TEAM restoration when compared
with tumors in control groups (Supplementary Figure
S2B-C). Of note, the restoration of TFAM in the intestinal
epithelium significantly prolonged overall survival in the
AOM/DSS-induced CAC mouse model (Supplementary
Figure S2D).

WILEY 2%

3.6 | TFAM was upregulated in CAC
tissues and contributed to tumor
growth in vivo

Next, the potential role of TEAM was assessed in human
CAC. The protein expression of TFAM was much higher
in CAC tissues than in peritumoral normal tissues (Fig-
ure 6A). This result was further confirmed by RT-qPCR
analysis (Figure 6B), indicating that TEAM was upregu-
lated primarily at the transcriptional level. A xenograft
model was established in nude mice to determine how
TFAM regulates tumor growth in vivo. RKO cells were
transfected with lentivirus containing TFAM short hair-
pin RNA (shTFAM) or control plasmid (shCtrl), and then
transplanted into nude mice. As shown in Figure 6C-E,
TFAM knockdown markedly inhibited tumor growth
when compared with controls. TEAM overexpression had
the opposite effect (Figure 6F-H). Consistently, the expres-
sion of the cell proliferation marker Ki-67 was downregu-
lated in tumors with TEAM knockdown and upregulated
in tumors with TFAM overexpression (Figure 61).

3.7 | pB-catenin induced upregulation
of TFAM through c-Myc in CRC cells

CAC results from the accumulation of mutations in IECs.
In the context of tumor, -catenin is a common down-
stream target of mutant genes such as tumor protein
p53 (TP53), V-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS), and adenomatous polyposis coli (APC)
[37]. Therefore, we hypothesized that -catenin signal-
ing might govern the expression of TFAM in CAC cells.
As shown in Figure 7A and Supplementary Table S5, the
protein expression levels of nuclear -catenin and its tar-
get c-Myc were positively associated with that of TFAM
in human CAC tissue samples. These findings were fur-
ther confirmed by the RNA-seq dataset in TCGA database
(Figure 7B), indicating a positive correlation between the
c-Myc and TFAM mRNA expression in human CAC sam-
ples. Moreover, colon tumor cells with higher -catenin
activity exhibited an increased TFAM expression compared
with those with lower -catenin activity (Figure 7C). Since
c-Myc was reported to transcriptionally activate TFAM
expression in CRC cells [38], it was then examined whether
the Wnt/B-catenin signaling pathway could induce the
expression of TFAM through c-Myc in CRC cells. As shown
in Figure 7D-E, the inhibition of $-catenin activity with
IWR-1 or KYA1797K significantly suppressed the expres-
sion of TFAM at both the mRNA and protein levels,
whereas the activation of f-catenin with SKL2001 and
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*P < 0.05, **P < 0.01. Abbreviations: TFAM, mitochondrial transcription factor; DSS, dextran sulfate sodium; FITC, fluorescein
isothiocyanate; WT, wild-type; AOM, azoxymethane; SD, standard deviation; EV, empty vector



YANG ET AL. WI LEY 707
A B
©
£ 5
z° 7 E12 ﬁ 20 **
o
g10 515
Cs 8
N Z10
[ o t
2 s 4 g 5
- (8} 2
2 T2 k]
e 0
0 = N T
C D E
RKO
o~ 1200
£ . =
£ 900 shotr| Y & € 2.
s * O € . & 5
3 600 i
g :
S 300 a > £
g siFaM| (D < © ® @ 5
2
0
0 5 10 15 20 25 30
Time after RKO cells injection (days)
F G H
RKO RKO RKO
«—TE‘ 2.0 *
£ BV & - % 3 o
o = =15
= [
= £1.0 .
5 am| 3 4 8 {E
2 & ) ; %) Eos
S - L = . s
= — 0.0
A
0 3 6 9 12 15 18 21 24 S &
Time after RKO cells injection (days) L
|
= 100
2 80
8
A
T 40
S s 20
SR [ RTT | P @
R W £ o
shCtrl shTFAM <
FIGURE 6 TFAM isupregulated in CAC tissues and contributes to tumor growth in vivo. (A) Representative IHC staining images of

TFAM in paired CAC tissues (n = 37). (B) RT-qPCR analysis for relative expression levels of TFAM in paired CAC tissues (n = 30). (C) Tumor
growth curves of the subcutaneous xenograft tumor model developed from RKO cells stably expressing sShRNA targeting TEAM (shTEAM) or
control (shCtrl). (D-E) Representative images (D) and weight (E) of harvested tumors in nude mice euthanized 4 weeks after a subcutaneous
injection with RKO cells stably expressing shTFAM or shCtrl. (F) Tumor growth curves of subcutaneous xenograft tumor model developed
from RKO cells stably overexpressing TEAM or empty vector (EV). (G and H) Representative images and weight of harvested tumors in nude
mice euthanized 3 weeks after a subcutaneous injection with RKO cells stably overexpressing TFAM or empty vector. (I) Representative IHC
staining images of Ki-67 (left) and the percentage of Ki-67-positive cells (right) in different groups. Error bars represent mean + SD. Data were
analyzed using two-tailed Student’s ¢ test (A) or Mann-Whitney U test (B, C, E, F, H and I). *P < 0.05, **P < 0.01. Abbreviations: TFAM,
mitochondrial transcription factor; T, tumor tissues; N, peritumoral normal tissues; SD, standard deviation

IM-12 had the opposite effect. Consistently, c-Myc overex-
pression significantly enhanced the expression of TEAM in
CRC cells (Figure 7F), whereas the downregulation of c-
Myc inhibited the expression of TFAM (Figure 7G).

3.8 | TFAM promoted the proliferation of
both IECs and CRC cells by increasing
mitochondrial biogenesis and activity

Cell proliferation is crucial for tissue repair during intesti-
nal inflammation and tumor progression. To determine

the role of TFAM in cell proliferation, TFAM was overex-
pressed or knocked down in normal FHC cells and CRC
RKO cells through lentiviral transfection (Supplementary
Figure S3A). EdU assay results demonstrated that FHC
and RKO cells with TEAM knockdown exhibited less EAU
incorporation than the control cells (Figure 8A and Sup-
plementary Figure S3B). Furthermore, cell cycle analysis
indicated that the proportion of cells in the S phase
was significantly decreased and that in Gl phase was
markedly accumulated in FHC and RKO cells with
TFAM knockdown (Figure 8B and Supplementary Figure
S3C). TEAM overexpression demonstrated opposite effects
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FIGURE 8 TFAM promotes the proliferation of both IECs and colorectal cancer cells by increasing mitochondrial biogenesis and

activity. (A) EdU incorporation assay analysis for cell proliferation in FHC and RKO cells with TEAM knockdown or overexpression. (B) Flow
cytometry for cell cycle analysis in FHC and RKO cells with TEAM knockdown or overexpression. (C) Relative mitochondrial respiratory
chain complex enzyme (I, III, IV, and V) activity in FHC and RKO cells with TEAM knockdown or overexpression. (D-F) Relative mtDNA
copy number, OCR, and mitochondrial ATP levels in FHC and RKO cells with TEAM knockdown or overexpression. (G) EAU incorporation
assay analysis for cell proliferation in FHC and RKO cells with TEAM overexpression and oligomycin treatment. (H) Flow cytometry for cell
cycle analysis in FHC and RKO cells with TFAM overexpression and oligomycin treatment. Error bars represent mean + SD. Data were
analyzed using Mann-Whitney U test. **P < 0.01, *P < 0.05. Abbreviations: TFAM, mitochondrial transcription factor; EdU,
5-ethynyl-2’-deoxyuridine; OCR, oxygen consumption rate; SD, standard deviation; shCtrl, control ShRNA; shTFAM, shRNA expression
vector against TEAM; EV, empty vector; TEAM, expression vector encoding TFAM; shRNA, short hairpin RNA; Oligo: oligomycin
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Schematic graph depicting the dual role of TEAM on the initiation and progression of CAC. Briefly, TEAM is downregulated

by IL-6 in active IBD tissues and plays a protective role in initiation of CAC. By contrast, TFAM expression is upregulated by oncogenic

signaling in CAC tissues and contributed to tumor growth

(Figure 8A-B, Supplementary Figure S3B-C). The effect of
TFAM on mitochondrial biogenesis and function was fur-
ther determined. As shown in Figure 8C, TEAM knock-
down significantly decreased and TFAM overexpression
significantly increased the enzyme activity of mitochon-
drial complexes in FHC and RKO cells. Furthermore, the
relative mtDNA copy number, OCR, and mitochondrial
ATP level were also decreased in FHC and RKO cells with
TEFAM knockdown, but were increased in cells with TEAM
overexpression (Figure 8D-F). Finally, oligomycin, a mito-
chondrial FOF1-ATPase inhibitor, was used to determine
the association between TFAM-mediated cell proliferation
and mitochondrial function. The effects of TFAM on EdU
incorporation and cell cycle transition were significantly
attenuated by oligomycin treatment (Figure 8G-H and Sup-
plementary Figure S3D-E).

4 | DISCUSSION

Several key findings were obtained in the present study.
First, TFAM expression was found to be downregulated in
active IBD tissues but upregulated in CAC tissues. Second,
TFAM played a protective role in the initiation of CAC, but

a tumor-promoting role in CAC progression. Third, two
distinct pathways were found to regulate TEAM expression
inIBD and CAC. The downregulation of TFAM in IECs was
induced by IL-6 in a STAT3/miR-23b-dependent manner.
By contrast, -catenin induced the upregulation of TEAM
through c-Myc in CRC cells. Fourth, TFAM-mediated mito-
chondrial activity played a key role in these processes. In
IECs, TFAM promoted mitochondrial activity to protect
the intestinal barrier and acted as a tumor suppressor. In
CRC cells, TFAM acted as an oncogenic protein by acceler-
ating tumor cell proliferation.

Recent researches have shed light on the effects of TFAM
on inflammation. Mice with tubule-specific deletion of
TFAM developed severe mitochondrial loss, immune cell
infiltration, and kidney fibrosis [39]. Similarly, TEAM*/~
mouse embryonic fibroblasts exhibited a reduced oxida-
tive mtDNA damage repair capacity, altered mtDNA pack-
aging, and increased type I interferon responses [40].
Therefore, it may be important to further understand how
TFAM broadly affects inflammation-associated tumorige-
nesis for the establishment of therapies and screening
strategies in patients with IBD. It was found in the present
study that the expression of TEAM was downregulated in
active IBD and negatively associated with disease activity.
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Considering the critical role of TEAM in mitochondrial
biogenesis, this finding might partially explain the recent
reports of mitochondrial gene expression and activity
being downregulated in human and rat colitis samples
[9-11].

The intestinal epithelium is in a constant state of
turnover, which requires a considerable supply of energy.
The present results demonstrated that TFAM knockout,
specifically in IECs, aggravated DSS-induced colitis and
promoted AOM/DSS-induced CAC in mice. It was also
found that TFAM promoted the proliferation of IEC by
increasing mitochondrial biogenesis and activity. Of note,
Boone et al. [41] demonstrated that the altered mitochon-
drial oxidative phosphorylation activity influenced intesti-
nal inflammation in models of experimental colitis using
strains of conplastic mice, which have identical nuclear
but diverse mitochondrial genomes. Similarly, Fratila et al.
[42] reported that mucosal healing also resulted in an
improved mitochondrial structure in the IECs of patients
with UC. The present study suggested that the increased
regeneration of the intestinal epithelia through increased
mitochondrial function may be a key factor in combating
intestinal inflammation.

Since mitochondrial dysfunction contributes to the
metabolic reprogramming in tumor cells [43], TEAM has
attracted considerable attention in the cancer research
community. The initial experiments leading to the discov-
ery of TEAM are based on its ability to enhance the malig-
nant behavior of cancer cells [44-47]. Consistently, these
results showed that TFAM was upregulated in CAC tis-
sues and contributed to CRC cell growth both in vitro
and in vivo by increasing mitochondrial biogenesis and
activity. Similarly, it has been reported that mitochon-
drial metabolism is essential for KRAS-induced lung can-
cer cell proliferation and tumor formation [48]. How-
ever, the role of TFAM in the CRC mouse model using
APCMI"/+ mice is controversial. Wen et al. [49] found that
TFAM deletion in IECs significantly inhibited the activa-
tion of Wnt signaling and tumorigenesis in APC-driven
mouse models of colon cancer. By contrast, Woo et al.
[23] found that heterozygous TFAM whole-body knock-
out increased the number and growth of tumors in the
small intestine of APCMi™+ mice. A possible explanation
for this is that the deletion of TEAM expression in other
tissue types may contribute to the different phenotypes
observed.

Previous studies have demonstrated that IL-6 and acti-
vated STAT3 were increased in both CD and UC patients
at diagnosis, and remains elevating to a very similar degree
in treated CD patients with active disease [50,51]. IL-6-
deficient mice formed fewer and smaller adenomas follow-
ing treatment with AOM/DSS compared with WT mice,
and fewer myeloid cells were recruited to the IL-6-deficient
colons following DSS administration [52]. In the present

study, a novel target of this signaling was found to be
involved in colitis, where the expression of TFAM was sig-
nificantly downregulated by the IL-6/STAT3/miR-23b sig-
naling pathway. Similarly, Wang et al. [53] have shown
that the IL-6/STAT3 signaling pathway activated miR-23a
to suppress gluconeogenesis in hepatocellular carcinoma.
Furthermore, miR-23b has also been found to directly
regulate the expression of TEAM by binding to the 3’-
untranslated region in glioma cells [54].

Of note, the present study showed that the downregu-
lation of TFAM in IECs under inflammatory conditions
was reversed by the activation of the 8-catenin/c-Myc axis
in colon tumor cells. It was further confirmed that the
expression of TFAM was considerably higher in CAC tis-
sues and positively correlated with the protein expression
levels of 5-catenin and c-Myc. In fact, activated mutations
in components of the Wnt/S-catenin pathway are common
in both CAC and sporadic CRC. A previous comprehensive
genomic analysis showed that APC was one of the top three
mutant genes in CAC and stimulated $-catenin stabiliza-
tion by inhibiting its proteasome-dependent degradation
[37]. In addition, -catenin may serve as a signaling hub
in CAC progression. The other top mutant genes P53 and
KRAS have also been reported to induce -catenin accu-
mulation in human cancer cells [55,56].

We acknowledge several limitations in the present study.
First, since CAC cell model is lacking, the effects of TFAM
on tumor cells were only measured in sporadic colon can-
cer cells. Second, small sample size of normal cadaveric
colonic tissues from healthy controls were used. Third, we
only investigated short-term effects of TFAM knockout on
intestinal inflammation in the animal model. Therefore,
further investigations are necessary to confirm the associ-
ation between TFAM and CAC.

5 | CONCLUSIONS

In combination, these data revealed the opposite roles of
TFAM in the initiation and progression of CAC, indicating
that TEAM switches from a tumor suppressor in the pre-
malignant stages of tumorigenesis to an oncogene at later
stages of disease. The present data suggested that measur-
ing TFAM status may serve as a clinically useful tool to
identify patients at risk for colon dysplasia or cancer. In
addition, TFAM may also be a prognostic biomarker and
pharmacological target for advanced CAC.
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