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Background: Energy metabolism in carcinogenesis is poorly understood. It is widely accepted the majority of
colorectal cancers (CRCs) arise from adenomatous polyps (APs).We aimed to characterize the bioenergetic alter-
ations in APs and CRCs.
Methods: Fifty-six APs, 93 CRCs and adjacent normal mucosae were tested. Oxygen consumption rate (OCR)was
measured representing mitochondrial oxidative phosphorylation (OxPhos), and extracellular acidification rate
(ECAR)was measured representing glycolysis. Mitochondrial DNA (mtDNA) variants and mutations were stud-
ied. Over-expressed metabolic genes in APs were identified by microarray and validated by qRT-PCR, Western
blots and immunohistochemistry. Identified genes were knocked down in WiDr and colo205 CRC cell lines,
and their expression was analyzed in APs/CRCs with enhanced glycolysis.
Findings: ECAR, not OCR,was significantly increased in APs.While no difference of ECARwas found between CRCs
and normal mucosae, OCR was significantly reduced in CRCs. OCR/ECAR ratio was decreased in APs over 1 cm,
APs with a villous component and CRCs, indicating their glycolytic tendencies. The number of mtDNAmutations
was increased in APs and CRCs, but not correlated with metabolic profiles. Two metabolic genes ALDOB and
SLC16A4were up-regulated in APs. Both ALDOB-knockdown and SLC16A4-knockdown CRC cell lines showed in-
creased basal motichondrial OxPhos and decreased basal glycolysis. Moreover, the increase of mitochondrial
ATP-linked respiration and the decrease of glycolytic capacitywere showed in SLC16A4-knockdown cells. Finally,
APs/CRCs with enhanced glycolysis had increased SLC16A4 expression.
Interpretation: ATP production shifts from OxPhos to glycolysis in the process of AP enlargement and villous
transformation. OxPhos defects are present in CRCs but not in APs. APs and CRCs tend to accumulatemtDNAmu-
tations, but these are not correlatedwith bioenergetic profiles. Finally, the ALDOB and SLC16A4may contribute to
the glycolytic shift in APs/CRCs.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In normal cells under aerobic conditions, energy is mainly generated
through mitochondrial oxidative phosphorylation (OxPhos). Over
rology and Hepatology, Linkou
n 333, Taiwan.
.

. This is an open access article under
90 years ago, Otto Warburg discovered that cancer cells secreted more
lactate than normal cells under aerobic conditions, indicating their
higher glucose usage [1]. Because impaired mitochondrial metabolism
and increased glycolysis have been observed in colorectal cancers
(CRCs), it has been hypothesized that bioenergetic alterations are
involved in CRC carcinogenesis [2].

The majority of CRCs develop from adenomatous polyps
(APs) through the chromosomal instability pathway, named the
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

Themitochondrial DNA (mtDNA)mutations and bioenergetic alter-
ations from oxidative phosphorylation (OxPhos) to aerobic glycol-
ysis have both been observed in colorectal cancers (CRCs). It was
speculated that mtDNAmutations disrupt electron transport chain
proteins, further inhibiting OxPhos and enhancing glycolysis, how-
ever, whether mtDNA mutations are associated with the bioener-
getic changes in human adenomatous polyps (APs) and CRCs is
not clear.Moreover, it has been demonstrated that dynamic bioen-
ergetic changes occur in cancer progression in an ulcerative colitis
model. However, no previous study has assessed the bioenergetic
alterations in the human adenoma-carcinoma sequence.

Added value of this study

This study demonstrates that mtDNA mutations accumulate in
APs and CRCs, but are not associatedwith their bioenergetics pro-
files. The OxPhos defects are present in CRCs but not in APs. In
APs, ATP production shifts from OxPhos to glycolysis in the pro-
cess of polyp enlargement and villous transformation. The over-
expression of ALDOB and SLC16A4may contribute to the glyco-
lytic shift in APs/CRCs.

Implications of all the available evidence

The bioenergetic shift fromOxPhos to glycolysis occurs during the
process of the adenoma-carcinoma sequence, possibly through
the enhancement of ALDOB and SLC16A4. The OxPhos defects
mainly occur in CRCs. mtDNA mutations accumulate during the
adenoma-carcinoma sequence, but thesemutations are seemingly
not associated with the bioenergetic changes.
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adenoma-carcinoma sequence [3]. Several genomic changes are in-
volved, including the activation of the KRAS proto-oncogene and the in-
activation of at least three tumor suppressor genes, APC, p53 and 18q
LOH. Although the genetic alterations have been extensively studied
in this process [4], the bioenergetic alterations are still unclear.

It was initially believed that aerobic glycolysis in cancer cells was
caused by damagedmitochondria [5]. The critical initiating events asso-
ciated with mitochondrial dysfunction include reactive oxygen species
(ROS) formation, glutathione depletion and protein alkylation. The
ROS can cause mitochondrial DNA (mtDNA) mutation, stimulation of
apoptotic pathways and increased propensity for necrosis due to
multi-level failure to synthesize ATP [6]. MtDNA mutations have been
found in various tumors, and in some cases, the depression ofmitochon-
drial respiratory function is clearly a consequence of disruptive mtDNA
mutations [7,8]. In CRCs, mitochondrial dysfunction has been largely
analyzed at the DNA level. By complete genome sequencing, mtDNA
mutations have been found in human normal mucosae, APs and CRCs
[9–12]. While approximately one-fifth of the somatic substitutions
were detected in rRNA genes, the vast majority of somatic substitutions
were observed in protein coding genes. Itwas speculated that the acqui-
sition of somatic mtDNA mutations disrupt electron transport chain
proteins, further inhibiting OxPhos [13]. However, it is still not clear
whether mtDNA mutations are associated with the changes of OxPhos
and glycolysis in CRCs.

Using ulcerative colitis as a model, Ussakli et al. demonstrated the
dynamic changes of mitochondria during tumor progression [14].
They showed that cytochrome c oxidase (COX) activity progressively
decreased with proximity to dysplasia and was the lowest in tissue ad-
jacent to dysplasia, but was statistically increased in cancer, suggesting
that mitochondrial loss contributes to the development of dysplasia but
then mitochondrial function is restored in cancer enabling further cell
proliferation. However, questions still remain; it is not clear whether
COX activity represents the function of mitochondrial OxPhos. Further-
more, the CRCs arising fromulcerative colitis aremainly in the setting of
chronic inflammation, probably not representing the bioenergetic
changes in all CRC carcinogenesis pathways.

This study aims to answer the fundamental question ofwhether bio-
energetic changes occur during the adenoma-carcinoma sequence. We
found that the cellular ATP production shifted fromOxPhos to glycolysis
in the process of polyp enlargement and villous transformation. The de-
fects of OxPhos were mainly present in CRCs, but not in APs. APs and
CRCs had more mtDNA mutations, but the existence of mutations was
not correlated with their metabolic profiles. Using microarray analysis,
two metabolic-related genes ALDOB (Aldolase B, Fructose-Bisphosphate)
and SLC16A4 (solute carrier family 16 member 4) were found to be up-
regulated in APs with a villous component and may contribute to the
glycolytic shift in APs. The increased expression of ALDOB and SLC16A4
in APs and CRCs suggests they may play a pivotal role in promoting
glycolysis.

2. Material and methods

2.1. Patients

The pathologic examination and further functional assays were car-
ried out under informed consents of patients. This study protocol was
approved by the Medical Ethics and Human Clinical Trial Committee
of the CGMH (IRB NO. 101-0102B). Patients with previous cancer or in-
flammatory bowel disease historywere excluded. Fifty-six APs, 93 CRCs
and their adjacent normal mucosae were obtained from patients by
either biopsy forceps, polypectomy, endoscopic mucosal resection or
surgical resection. Once specimens were obtained, a small piece of tis-
sue was sent for extracellular flux analysis within 2 h. Another small
piece of tissue was sent for DNA and RNA analysis. Most of the tissue
wasfixed in formalin and sent for pathological examination. The clinico-
pathological data were collected including age, gender, location, size,
tumor invasion, regional lymph node involvement and tumor histology.

1109 of patients underwent both fluorine-18-2-fluoro-2-deoxy-D-
glucose positron emission tomography and computed tomography
(FDG PET/CT) and colonoscopy in a health check-up from Jan 2007 to
Dec 2011 were retrospectively reviewed [15]. A total 36 patients had
advanced colorectal neoplasm (malignancy, an adenoma ≥ 1 cm, or
hsitological evidence of high-grade dysplasia or significant villous com-
ponent). Six of the 38 neoplasms were also detected by FDG PET/CT. 6
APs and 6 CRCs paraffin embedded blocks were obtained from tissue
bank and subjected to immunohistochemical staining.

2.2. Extracellular flux analysis

A Seahorse XF analyzer (Seahorse Bioscience, Billerica, MA) was
employed to simultaneously measure the oxygen consumption rates
(OCR; representing the function ofmitochondrial OxPhos) and extracel-
lular acidification rates (ECAR; representing the function of glycolysis)
of tissues over time. OCR and ECARwere reported as absolute rates nor-
malized against measured protein (mMol/min/mg for OCR andmilli pH
(mpH)/min/mg for ECAR). The metabolic profile of tissues was mea-
sured using a Seahorse XF24 analyzer (Seahorse Bioscience) according
to the manufacturer's instructions and as previously described
[16–18]. Briefly, freshly isolated tissue was rinsed with the assay me-
dium (unbuffered Dulbecco's modified Eagle medium (pH 7.4)) and
kept on ice. The tissue was cut into 1 mm slices by hand, and equal
amount of specimenswere placed in eachwell of an XF 24 Islet Capture
Microplate (Cat No. 101174–100, Seahorse Bioscience). The tissue was
then coveredwith an islet capture screen, which allowed free perfusion
while minimizing the tissue movement. Assay medium (500 μl) was



Table 1
Clinicopathological factors of all patients with colorectal polyps included.

Variable Patients Normal mucosa Polyp

OCR
(mMole/min/mg)⁎

ECAR
(mpH/min/mg)⁎

O/E ratio
(mMole/mpH)⁎

OCR
(mMole/min/mg)⁎

ECAR
(mpH/min/mg)⁎

O/E ratio
(mMole/mpH)⁎

Total numbers 56 3001.73 ± 252.63 373.44 ± 25.86 8.73 ± 0.57 3080.41 ± 246.16 525.38 ± 39.07 6.53 ± 0.51

Age
b65 y 34 2963.08 ± 354.52 372.43 ± 29.45 8.65 ± 0.79 2958.15 ± 311.94 536.06 ± 55.72 5.97 ± 0.45
≥65 y 22 3061.46 ± 346.33 375.01 ± 48.48 8.87 ± 0.83 3269.36 ± 406.00 508.87 ± 51.16 7.41 ± 1.08
P value 0.851 0.962 0.850 0.542 0.737 0.167

Gender
Male 43 2889.32 ± 298.97 376.35 ± 29.87 8.47 ± 0.70 2899.38 ± 262.53 510.92 ± 42.51 6.41 ± 0.61
Female 13 3373.55 ± 458.53 363.82 ± 53.46 9.59 ± 0.86 3679.20 ± 599.59 573.22 ± 94.72 6.92 ± 0.84
P value 0.423 0.840 0.416 0.183 0.506 0.677

Location
Right 12 3415.88 ± 406.11 481.91 ± 63.31 8.40 ± 1.28 2563.33 ± 599.99 411.93 ± 72.43 6.45 ± 1.18
Left 44 2888.78 ± 301.67 343.86 ± 26.71 8.83 ± 0.65 3221.43 ± 267.14 556.32 ± 44.90 6.56 ± 0.57
P value 0.397 0.027 0.763 0.277 0.131 0.931

Size
b10 mm 6 1865.42 ± 449.51 237.80 ± 57.84 9.96 ± 2.23 2464.37 ± 955.10 298.87 ± 109.62 10.59 ± 3.34
≥10 mm 50 3138.09 ± 272.42 389.72 ± 27.37 8.59 ± 0.59 3154.34 ± 252.91 552.56 ± 40.39 6.05 ± 0.37
P value 0.120 0.069 0.466 0.391 0.044 0.004

Histology
Tubular type 19 2504.01 ± 350.03 338.22 ± 44.46 8.00 ± 0.87 2354.36 ± 246.39 410.78 ± 55.20 7.75 ± 1.24
Tubulo-villous and villous type 37 3257.32 ± 332.81 391.53 ± 31.81 9.11 ± 0.75 3453.25 ± 336.37 584.23 ± 49.64 5.91 ± 0.41
P value 0.160 0.333 0.361 0.033 0.034 0.085

P values were calculated using unpaired t-test. Bold means value b0.05.
⁎ Values were presented as Mean ± S.E.M.
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then added to each well. The microplate was incubated at 37 °C in a
non-CO2 incubator for 30 min. The Seahorse XF24–3 analyzer was
then employed to simultaneously measure OCR and ECAR. During the
measurement, tissue was not pushed by the sensor. At least three repli-
cates from each tissue were used for the assays. The specimen was
transferred from the colonoscopy suite or operation theather to the
seahorse platform within two hours.

To test the effects of ALDOB and SLC16A4 gene expression on bioen-
ergetic changes, WiDr and colo205 cells with knockdown of ALDOB
or SLC16A4 were further established, respectively. The control and
ALDOB- or SLC16A4-inhibited cells were seeded into 24 wells of a XF
24-cell culture microplate at a density of 7 × 104 or 5 × 104 cells/well
and incubated in a 5% CO2/air atmosphere at 37 °C for 24 h. OCR and
ECAR were then measured under basal conditions.

TheMito Stress test Kit (Seahorse Bioscience, Billerica,MA)was used
to reveal key parameters of the metabolic function of ALDOB- and
SLC16A4-inhibited cells. OCR was measured under basal conditions
and in the presence of the ATP synthase inhibitor oligomycin (1μM),
the mitochondrial uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenyl-hydrazone (FCCP; mitochondrial respiration uncoupler, 0.5
μM), and the respiratory chain inhibitor antimycin A (0.5 μM).

The Glycolysis Stress test Kit (Seahorse Bioscience, Billerica, MA)
was used to measure ECAR under various conditions. Three baseline
recordings were made, followed by sequential injection of glucose
(10mM), the ATP synthase inhibitor oligomycin (1μM) and the glycol-
ysis inhibitor 2-deoxy-D-glucose (2-DG; 100mM). The assays were per-
formed in at least three replicates. All values for OCR and ECAR in cells
and tissues were normalized to the protein content of the individual
wells.
2.3. The protein measurement of tested tissues/cells

After Seahorse analyzer analysis, screen was removed. Aspirate off
the media and wash wells with PBS. Samples were lysed in RIPA buffer
with protease inhibitors. The lysate was sonicated on ice and incubated
30min at 4 °C. After 30min, the lysatewas centrifuged at 12000 rpm for
30 min at 4 °C. The protein concentration was determined by Bradford
protein assay.

2.4. mtDNA sequencing

The histology of tissues obtained directly from normal mucosae, APs
and CRCs were confirmed by frozen section examination and 1mm3

piece of tissues were sent for mtDNA sequencing. From each tissue,
the entire mitochondrial genomewas obtained in a two-round amplifi-
cation method as previously described [9]. The products of polymerase
chain reaction (PCR) were sequenced by using BigDye version 3.1 Ter-
minator cycle sequencing chemistries on an ABI-Prism 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA) and compared directly
with the revised Cambridge reference sequence (rCRS) by using
4Peaks software (Mekentosj BV, Aalsmeer, The Netherlands).

2.5. RNA extraction, microarray analysis, and real-time Q-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad,
CA). Gene expression profiles of the human APs and adjacent normal
mucosae were analyzed with a human gene 2.0 array (Affymetrix,
Santa Clara, CA), as previously described [19]. For real-time Q-PCR,
first strand cDNA was synthesized with an oligo-T primer using super-
script III first strand synthesis kit (Invitrogen, Carlsbad, CA). Gene ex-
pression of ALDOB, SLC16A4 and GAPDH mRNA were analyzed with
the TaqMan® GENE expression assay (Applied Biosystems, Foster City,
CA).

2.6. Protein extraction and Western blot assay

The tissueswere homogenized and lysed in ice-cold RIPA lysis buffer
(150mMNaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium do-
decyl sulfate, 50 mM Tris [pH 7.5], 1 mM PMSF, 10 μg/ml Leupeptin).
The lysates were separated by centrifugation and the supernatants
were collected, aliquoted, and stored until analyzed by Western blot.
20 μg of total protein per lane were separated by a 10% SDS-PAGE gel
and then transferred to a polyvinylidene fluoride membrane. The
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membrane was blocked by 5% FBS in 1× Tris-Buffered Saline with 0.1%
Tween-20 and then incubated with an anti-ALDOB antibody (dilution
1:1000, Abcam, Cambridge, MA, USA), a anti-SLC16A4 antibody
(1:1000 Abcam) and a anti-GAPDH antibody (1:15000, Proteintech,
Chicago, IL, USA). The membrane was then incubated with diluted
horseradish peroxidase-linked anti-rabbit IgG (1:5000, Cell Signaling
Technology, Boston, MA, USA) for 1 h at room temperature. The mem-
branes were washed for 5 min (3×) between each step. The protein-
antibody complexes were detected by the chemiluminescent substrate
(Cell Signaling), the emitted light captured on an X-ray film, and the in-
tensities of bands were semi-quantified by ImageJ software.
2.7. Immunohistochemistry

Paraffin embedded sections (4 μm thick) were treated for immuno-
histochemistry as previously described [20]. Primary antibodies anti-
ALDOB (1:500 Abcam) and anti-SLC16A4 (1:100, Abcam) were applied
for 1 h at room temperature in a humid chamber. Sectionswerewashed
three times and then incubated for 40 min at room temperature
with appropriate secondary antibodies conjugated to biotin. After
washing, sections were incubated for 40 min with a tertiary layer of
streptavidin–horseradish peroxidase (1:500, Dako). Peroxidase activity
was revealed using 4 mmol/L 3,3-diaminobenzidine as a chromogen in
PBS containing 0.2% hydrogen peroxide. Sections were counterstained
Table 2
Clinicopathological factors of all patients with colorectal cancer included.

Variable Patients Normal mucosa

OCR
(mMole/min/mg)⁎

ECAR
(mpH/min/mg)⁎

O/
(m

Total numbers 93 3725.15 ± 164.17 494.04 ± 25.41 8.2

Age
b65 y 49 3706.48 ± 224.11 502.14 ± 35.73 7.9
≥65 y 44 3745.95 ± 243.79 485.02 ± 36.45 8.5
P value 0.905 0.739 0.5

Gender
Male 49 3593.83 ± 232.78 462.84 ± 33.31 8.6
Female 44 3871.41 ± 231.48 528.79 ± 38.57 7.8
P value 0.402 0.197 0.3

CEA level
b 5 IU/ml 68 3839.04 ± 202.38 509.94 ± 31.34 8.3
≥ 5 IU/ml 25 3415.37 ± 260.54 450.79 ± 40.55 7.8
P value 0.255 0.305 0.5

Location
Right 30 3886.91 ± 303.81 584.46 ± 50.54 8.1
Left 63 3648.13 ± 195.42 450.98 ± 27.44 8.3
P value 0.500 0.013 0.8

Size
b40 mm 34 3855.09 ± 275.75 501.49 ± 44.95 8.5
≥40 mm 59 3650.28 ± 205.42 489.75 ± 30.84 8.0
P value 0.551 0.825 0.5

T stage
T1&2 20 4325.43 ± 289.66 574.79 ± 50.68 7.4
T3&4 73 3560.70 ± 189.91 471.92 ± 28.87 8.4
P value 0.055 0.096 0.3

LN meta
No 45 3713.32 ± 219.88 483.34 ± 31.91 8.1
Yes 48 3736.24 ± 244.51 504.07 ± 39.38 8.3
P value 0.945 0.686 0.7

Differentiation
Well 9 4586.89 ± 516.83 527.70 ± 71.69 8.5
Moderate & poor 84 3632.82 ± 171.05 490.44 ± 27.16 8.2
P value 0.086 0.667 0.8

P values were calculated using unpaired t-test. Bold means value b0.05.
⁎ Values were presented as Mean ± S.E.M.
with hematoxylin, dehydrated through ascending alcohols, cleared in
xylene and mounted in mounting medium.
2.8. Establishment of ALDOB-inhibited and SLC16A4-inhibited cell lines

The clones (TRCN0000052508 and TRCN0000038444) of shRNA
targeting ALDOB and SLC16A4 were purchased from the National RNA
Interference Core Facility (Institute of Molecular Biology, Academia
Sinica, Taiwan). Single shRNA plasmids and virus package plasmids
(pCMV-△R8.91 and pMD.G) were co-transfected into 293FT cells and
the cells were harvested after 72 h of transfection. A pool of stably in-
fected cells was selected in medium containing puromycin.
2.9. Evaluation of the immunohistochemical staining

Expression of ALDOB and SLC16A4 were evaluated with a
three-tiered system for the intensity: 1 + (weak), 2+ (moderate), 3+
(strong). Weak, moderate and strong staining was indicated when the
staining was clearly visible at x400, x200 and x100 magnification
respectively. The stained sectionswere examined separately by two ex-
perienced pathologists who were blinded to the clinical information. If
there was a discrepancy in the interpretation, a consensus was reached
between the two pathologists by reviewing the slides together.
Cancer

E ratio
Mole/mpH)⁎

OCR
(mMole/min/mg)⁎

ECAR
(mpH/min/mg)⁎

O/E ratio
(mMole/mpH)⁎

4 ± 0.43 2986.32 ± 133.49 529.46 ± 22.26 6.00 ± 0.22

8 ± 0.46 3204.57 ± 192.17 556.22 ± 30.90 6.06 ± 0.25
4 ± 0.76 2743.27 ± 179.06 499.67 ± 31.85 5.93 ± 0.37
22 0.084 0.206 0.765

2 ± 0.69 3021.03 ± 180.44 507.75 ± 30.83 6.30 ± 0.32
2 ± 0.50 2947.66 ± 200.09 553.65 ± 32.14 5.66 ± 0.29
58 0.785 0.306 0.144

9 ± 0.55 2998.09 ± 159.36 534.20 ± 25.86 6.09 ± 0.26
5 ± 0.65 2954.32 ± 247.38 516.58 ± 44.47 5.75 ± 0.41
85 0.885 0.728 0.485

1 ± 0.97 2956.53 ± 244.88 550.41 ± 40.80 5.79 ± 0.38
0 ± 0.45 3000.51 ± 160.20 519.49 ± 26.63 6.10 ± 0.27
33 0.879 0.519 0.519

9 ± 0.70 3264.33 ± 244.01 573.89 ± 40.65 6.22 ± 0.37
4 ± 0.55 2826.11 ± 154.33 503.86 ± 25.80 5.87 ± 0.27
41 0.114 0.130 0.485

0 ± 0.69 3277.07 ± 239.82 624.18 ± 43.11 5.32 ± 0.51
7 ± 0.52 2906.66 ± 156.33 503.51 ± 25.07 6.18 ± 0.24
14 0.256 0.025 0.107

2 ± 0.57 3218.82 ± 162.21 556.15 ± 26.68 5.94 ± 0.30
6 ± 0.65 2768.35 ± 205.90 504.44 ± 35.02 6.06 ± 0.32
83 0.092 0.248 0.786

3 ± 1.20 3158.92 ± 312.73 636.22 ± 62.80 5.40 ± 0.86
1 ± 0.46 2967.83 ± 144.27 518.02 ± 23.47 6.06 ± 0.22
27 0.674 0.117 0.374
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2.10. Statistics

Data are expressed as mean ± standard error of the mean (SEM).
Paired t-test, or unpaired t-test were used, with p b .05 considered sta-
tistically significant. Results are presented asmeans± SD of three inde-
pendent experiments.

3. Results

3.1. The clinicopathological factors associatedwith OxPhos and glycolysis in
normal colonic mucosa, AP and CRC

The OCR and the ECAR of colonic APs and adjacent normal mucosae
were measured and correlated with clinicopathological features
(Table 1). In normal mucosae obtained from patients with APs, OCR
was not associated with clinicopathological factors including age, gen-
der, AP location, size and histological type. Similarly, no differences of
ECAR were found with most factors except location. The ECAR of the
right colonic normal mucosae adjacent to APs was significantly higher
Fig. 1. Analysis of OCR, ECAR and OCR/ECAR ratio between APs, CRCs and their adjacent norma
normalmucosae (N=93, P b .001). (c) ECAR of APs and normalmucosae (N=56, P= .001). (d
mucosae (N = 56, P = .001). (f) OCR/ECAR of CRCs and normal mucosae (N= 93, P b .001). G
summary:minimum, 1st quartile,median, 3rd quartile andmaximum. The box is divided at the
The 3rd quartile is the top line.
than the left colonic normal mucosae adjacent to APs (481.91 ± 63.31
vs 343.86±26.71mpH/min/mg, P=.027; unpaired t-test). Thisfinding
was also observed in normalmucosae obtained frompatients with CRCs
(Table 2). The ECAR of the normalmucosae adjacent to CRCswas signif-
icantly higher in the right colon compared to the left colon (584.46 ±
50.54 vs. 450.98 ± 27.44 mpH/min/mg, P = .013; unpaired t-test),
while no significant difference of OCR and ECAR was observed with
other clinicopathological factors (age, gender, CEA level, location,
tumor size, T stage, lymph node metastasis and differentiation). How-
ever, significant differences in both OCR and ECARwere found between
normal mucosae adjacent to APs and normal mucosae adjacent to CRCs
(Supplementary Table 1). The normal mucosae from CRC patients had a
higher OCR (3725.15 ± 164.17 vs. 3001.73 ± 252.63 mMol/min/mg,
P = .013, unpaired t-test) and ECAR (494.04 ± 25.41 vs 373.44 ±
25.86 mpH/min/mg, P = .002, unpaired t-test) compared to mucosae
adjacent to APs, indicating their demand for higher energy.

In APs, the OCR and ECARwere significantly different between tubu-
lar and tubulo-villous/villous APs (Table 1). APs with a villous compo-
nent had a higher OCR (3453.25 ± 336.37 vs. 2354.36 ± 246.39
l mucosae. (a) OCR of APs and normal mucosae (N = 56, P = .762). (b) OCR of CRCs and
) ECAR of CRCs and normalmucosae (N=93, P= .121). (e) OCR/ECAR of APs and normal
roups were compared by paired t-test. The box and whisker plot shows a 5-number data
median. The length of the box is the interquartile range. The 1st quartile is the bottom line.



339W.-R. Lin et al. / EBioMedicine 44 (2019) 334–345
mMol/min/mg, P= .033; unpaired t-test) and ECAR (584.23±49.64 vs.
410.78 ± 55.20 mpH/min/mg, P = .034; unpaired t-test) compared to
tubular APs. Moreover, the APs with a size ≥10 mm had a higher ECAR
(552.56 ± 40.39 vs 298.87 ± 109.62mpH/min/mg, P = .044; unpaired
t-test) and lower OCR/ECAR ratio (6.05 ± 0.37 vs 10.59 ± 3.34, P =
.004; unpaired t-test), indicating that large APs tend to use glycolysis
for ATP production.

In CRCs, most clinicopathological factors were not associated with
OCR and ECAR except T stage (Table 2). ECAR was significantly higher
in T1 and T2 stage tumors compared with T3 and T4 stages (624.18 ±
43.11 vs 503.51 ± 25.07 mpH/min/mg, P= .025; unpaired t-test). Sur-
prisingly, there were no significant differences of OCR and ECAR be-
tween APs and CRCs (Supplementary Table 1), suggesting that APs
and CRCshave the similar bioenergetic profiles anddemands for energy.

3.2. The changes of OxPhos and glycolysis in APs and CRCs

The OCR, ECAR and OCR/ECAR ratio were compared between APs/
CRCs and adjacent normal mucosae (Fig. 1). While there was no differ-
ence in OCR between APs and adjacent normal mucosae (P = .762;
paired t-test), the ECARwas significantly higher in APs (P=.001; paired
t-test). Moreover, the OCR/ECAR ratio was decreased in APs (P = .001;
paired t-test) compared to the adjacent normal mucosae. These results
suggest that APs have the same level of OxPhos as the adjacent normal
mucosae, but tend to produce more ATP by glycolysis.

In CRCs, the OCR was significantly decreased compared to the adja-
cent normal mucosae (P b .001; paired t-test). While the OCR/ECAR
ratio was significantly decreased in CRCs (P b .001; paired t-test),
Fig. 2. Subgroup analysis of OCR, ECAR and OCR/ECAR ratio between APs and adjacent normal m
=6, 27 and 23. P=.429, 0.792 and 0.831, respectively). (b) OCR of normalmucosae andAPswit
0.730 and 0.667, respectively). (c) ECAR of normal mucosae and different size APs (b1 cm, 1 to
normalmucosae and APswith different histopathology (tubular, tubulo-villous, and villous. N=
and different size APs (b1 cm, 1 to 2 cm and ≥ 2 cm. N=6, 27 and 23. P= .865 0.007 and 0.004,
tubulo-villous and villous. N = 19, 27 and 10. P= .841, b 0.001 and 0.037, respectively). Group
mary:minimum, 1st quartile,median, 3rd quartile andmaximum. The box is divided at themed
3rd quartile is the top line.
therewas no significant change of ECAR between CRCs and normalmu-
cosae (P= .121; paired t-test). These results suggest that the CRCs have
defects in OxPhos, and therefore ATP production by CRCs mainly de-
pends on glycolysis.
3.3. The changes of OxPhos and glycolysis in relation to AP/CRC size, histol-
ogy and stage

Large APs and APs with a villous component have been shown to
have a higher burden of genetic mutations and a greater malignant po-
tential [3,21–25], however, their association with bioenergetic changes
are unknown. In order to answer this question, the analysis of OCR,
ECAR and OCR/ECAR ratio based on AP size (b1 cm, 1 to 2 cm, and
≥ 2 cm) and histology (tubular, tubulo-villous, and villous) was per-
formed (Fig. 2). Compared to the adjacent normal mucosae, there
were no significant changes of OCR in APs of different size and histology
(Figure2a and 2b). However, the levels of ECAR were significantly in-
creased in APs of a size ≥1 cm(Fig. 2c) andAPswith a villous component
(Fig. 2d). The OCR/ECAR ratio was also significantly decreased in APs
≥ 1 cm(Fig. 2e) and APswith a villous component (Fig. 2f). These results
suggest that the increase in glycolysis occurs mainly in large APs and
APs with a villous component.

In contrast, the changes of OCR, ECAR and OCR/ECAR ratio observed
in CRCs were not associated with either their size (Supplementary
Fig. 1), histology (Supplementary Fig. 2) or T stage (Supplementary
Fig. 3). These results suggest that the defects in OxPhos in CRCs may
occur early in tumor progression.
ucosae. (a) OCR of normalmucosae and different size APs (b1 cm, 1 to 2 cm, and ≥ 2 cm. N
hdifferent histopathology (tubular, tubulo-villous and villous. N=19, 27 and 10. P=.718,
2 cm and ≥ 2 cm. N = 6, 27 and 23. P = .631, 0.021 and 0.019, respectively). (d) ECAR of
19, 27 and 10. P= .230, 0.014 and 0.046, respectively). (e) OCR/ECAR of normalmucosae

respectively). (f) ECAR of normalmucosae and APswith different histopathology (tubular,
s were compared by paired t-test. The box and whisker plot shows a 5-number data sum-
ian. The length of the box is the interquartile range. The 1st quartile is the bottom line. The



Fig. 3.Analysis ofOCR, ECARandOCR/ECAR ratio of APs (N=18) andCRCs (N=33) divided by the existence ofmitochondrial DNA (mtDNA)mutations, themedian number of noncoding
variants, synonymous variants, non-synonymous variants and total variants. (a) OCR of AP. (b) OCR of CRC. (c) ECAR of AP. (d) ECAR of CRC. (e) OCR/ECARof AP. (f) OCR/ECARof CRC. Data
and error bars are presented as mean ± SEM. Groups were compared by unpaired t-test.
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3.4. The association between bioenergetic changes and variants/mutations
in mitochondrial DNA

MtDNA variants and mutations are commonly detected in CRCs and
APs. It has been hypothesized that the mtDNA variants and mutations
may cause the defects in OxPhos. To test this hypothesis, the whole
mtDNA genome of 18 APs, 33 CRCs and their adjacent normal mucosae
were sequenced using the Sangermethod. Because it is difficult to iden-
tify all heteroplasmic mtDNA mutations by the Sanger method, only
homoplasmic mtDNA variants and mutations were recorded. The num-
ber of non-coding variants, synonymous coding variants and non-
synonymous coding variants, total variants and the existence of
homoplasmicmtDNAmutations in APs, CRCs and their adjacent normal
Fig. 4. The analysis of aldolase, fructose-bisphosphate B (ALDOB) and solute carrier family 1
Transcripts between normal mucosae and APs with a villous component (N = 5). Two me
differentially expressed transcripts (red dots) based on paired t-test (P b .04) and N 3 fold cha
APs compared to adjacent normalmucosaewas confirmed by real-time QPCR. Data and error ba
by paired t-test. (c)Western blot analysis of ALDOB in normal mucosae and APs with different h
0.0066, respectively). Data and error bars aremean± SEM. GAPDHwas used for normalization
normal mucosae and APs with different histopathology (tubular, tubulo-villous and villous. N =
SEM. GAPDHwas used for normalization purposes. Groups were compared by paired t-test. (e)
bar: 100 μm). (f) Immunohistochemical staining of SLC16A4 in AP and adjacent normal mucos
mucosae were analyzed (APs: Supplementary Table 2; CRCs: Supple-
mentary Table 3). The analysis showed that the number and location
of mtDNA variants were the same in APs/CRCs and their adjacent nor-
mal mucosae from the same patient. However, homoplasmic mtDNA
mutations occurred more frequently in APs/CRCs than in the adjacent
normal mucosae. In patients with APs, 10 of 18 APs (55.6%) had
homoplasmicmtDNAmutations, while only 3 of the 18 adjacent normal
mucosae (16.7%) contained homoplasmic mtDNA mutations. In 33
CRCs, 8 tumors had homoplasmic mtDNA mutations (24.2%) while
only 3 adjacent normal mucosae (9.1%) contained homoplasmic
mtDNA mutations.

Correlations of the number of mtDNA variants and the existence
of homoplasmic mtDNA mutations with their bioenergetic profiles
6 member 4 (SLC16A4) expression between APs and normal mucosae. (a) Differential
tabolic-related genes (ALDOB and SLC16A4, green dots) were identified from the most
nge. (b) The elevation of ALDOB (N = 8, P = .0497) and SLC16A4 (N = 8, P = .0212) in
rs are mean± SEM. GAPDHwas used for normalization purposes. Groups were compared
istopathology (tubular, tubulo-villous and villous. N= 8, 8 and 4. P= .0289, b 0.0001 and
purposes. Groupswere compared by paired t-test. (d)Western blot analysis of SLC16A4 in
8, 8 and 4. P= .2457, 0.0202 and 0.0283, respectively). Data and error bars are mean ±

Immunohistochemical staining of ALDOB in AP and adjacent normal mucosa (200×, scale
a (200×, scale bar: 100 μm).



342 W.-R. Lin et al. / EBioMedicine 44 (2019) 334–345
were further analyzed. The results showed that the number of
mtDNA variants and the existence of homoplasmic mtDNA muta-
tions were not correlated with OCR, ECAR and OCR/ECAR ratio in
APs and CRCs (Fig. 3). Similar results were obtained in the adjacent
Fig. 5. The bioenergetic functions of ALDOB and SLC16A4 in colorectal cancer cell lines. (a) qRT-P
control. Values were calculated as relative fold change, compared with the control group (sh-l
Stress test Kit in ALDOB-depleted Colo205 and WiDr cells at variable time periods. Data and
WiDr cells were performed with the Glycolysis Stress test Kit. Data and error bars are mean ±
lines with actin as the loading control. Values were calculated as relative fold change, com
(e) OCR was performed with the Mito Stress test Kit in SLC16A4-depleted Colo205 and WiD
analysis of SLC16A4-depleted Colo205 and WiDr cells were performed with the Glycolysis
treatment indicates glycolysis rate. The ECAR after oligomycin treatment indicates glycolysis c
normal mucosae (Supplementary Fig. 4), suggesting that mtDNA
variants and homoplasmic mtDNA mutations within APs, CRCs and
the adjacent normal mucosae may not be the major cause of bioen-
ergetic changes.
CR analysis of ALDOB expression in stable (knockdown) cell lineswith actin as the loading
uc). Data and error bars are mean ± SEM (N= 3). (b) OCR was performed with the Mito
error bars are mean ± SEM (N = 3). (c) ECAR analyses of ALDOB-depleted Colo205 and

SEM (N = 3). (d) qRT-PCR analysis of SLC16A4 expression in stable (knockdown) cell
pared with the control group (sh-luc). Data and error bars are mean ± SEM (N = 3).
r cells at variable time periods. Data and error bars are mean ± SEM (N = 3). (f) ECAR
Stress test Kit. Data and error bars are mean ± SEM (N = 3). The ECAR after glucose
apacity. Groups were compared by unpaired t-test. (*, p b .05; **, p b .01; ***, p b .001).
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3.5. The expression of ALDOB and SLC16A4may contribute to the increased
glycolysis in APs with a villous component

To understand the mechanism of increased glycolysis in APs with a
villous component, microarrays were used to analyze differentially
expressed genes between the mRNA of 5 APs with a villous component
and the adjacent normal mucosae (Fig. 4a). Two metabolic genes,
ALDOB and SLC16A4, were up-regulated in APs. This result was further
confirmed by real-time PCR showing that the expression of both
ALDOB and SLC16A4mRNAwas higher in the APs with a villous compo-
nent compared with their adjacent normal mucosae (Fig. 4b). To mea-
sure their protein expression level in APs, Western blot analysis of
ALDOB and SLC16A4 was performed (Fig. 4c, Fig. 4d, and Supplemen-
tary Fig. 5). Compared to normal mucosae, the level of ALDOB was sig-
nificantly increased in tubular, tubulo-villous and villous APs (Fig. 4c).
The level of SLC16A4 was significantly increased in tubulo-villous and
villous APs, but not in tubular APs (Fig. 4d). Immunohistochemistry
showed that both ALDOB and SLC16A4 were expressed in villous APs
and their adjacent normal mucosae, but the intensity of ALDOB and
SLC16A4 immunostaining in APs was greater (Fig. 4e and f).

To assess whether ALDOB and SLC16A4 contribute to the bioener-
getic changes, the ALDOB and SLC16A4 genes were knocked down in
theWiDr and colo205 CRC cell lines separately. The reduced expression
of ALDOB and SLC16A4 in the knockdown cell lines was confirmed by
qRT-PCR analysis (Fig. 5a & 5d). The mitochondrial OxPhos (Fig. 5b &
5e) and glycolytic activities (Fig. 5c & 5f) of ALDOB-knockdown,
SLC16A4-knockdown and control Colo205 andWiDr cell lines were fur-
ther tested. Both Colo205 andWiDr ALDOB-knockdown cell lines had an
increased basal OCR compared to control cell line, but only the Colo205
ALDOB-knockdown cell line had elevated ATP-linked respiration
(Fig. 5b). Moreover, both Colo205 and WiDrALDOB-knockdown cell
lines showed a significant decrease in glycolysis (Fig. 5c). Thus, the func-
tions of ALDOB are associated with basal motichondrial OxPhos and
Fig. 6. The expression of ALDOB and SLC16A4 in FDG PET/CT-positive and -negative AP/CRC. (a
(200×, scale bar). (b) Immunohistochemical staining of SLC16A4 in FDG PET/CT-positive an
between FDG PET/CT-positive AP/CRC and -negative AP/CRC (unpaired t-test, P = .172). The i
to -negative AP/CRC (unpaired t-test, P= .022). Data and error bars are mean± SEM (N= 6) (
increased in in FDG PET/CT-positive AP/CRC compared to -negative AP/CRC (unpaired t-test. P
basal glycolysis. The mitochondrial respiration assay and glycolytic
function assays were also performed on Colo205 and WiDr SLC16A4-
knockdown cell lines. The results showed that basal OCR and
ATP-linked respiration were elevated in both Colo205 and WiDr
SLC16A4-knockdown cell lines (Fig. 5e). Moreover, the most significant
elevation of maximal respiration was observed in the WiDr SLC16A4-
knockdown cell line (Fig. 5e). In the glycolytic function assay, both
Colo205andWiDr SLC16A4-knockdowncell lines showeddecreasedgly-
colysis and glycolytic capacity (Fig. 5f). Thus, the functions of SLC16A4
were associatedwithmitochondrial respiration, basal glycolysis and gly-
colytic capacity. Overall, these results showed that both ALDOB and
SLC16A4might play an important role in CRC energy metabolism.

3.6. The FDG PET/CT-positive APs and CRCs have increased SLC16A4
expression

FDG PET/CT is a molecular imaging technology for detecting tumor
tissues with increased glycolytic activity. FDG PET/CT positive APs and
CRCs have been considered to have a high glycolytic phenotype [26].
To test whether these high glycolytic activity tissues were associated
with increased ALDOB and SLC16A4 expression, we further collected
tissue from 5 FDG PET/CT positive APs/CRCs (AP, 1; CRCs, 4) and 7 neg-
ative APs/CRCs (APs, 5; CRCs, 2). Immunohistochemistry for ALDOB and
SLC16A4was performed (Fig. 6a & 6b), and the staining intensitieswere
scored by independent pathologists (Fig. 6c & 6d). The PET/CT positive
group had significantly increased SCL16A4 expression over the negative
group (unpaired t-test, P= .022, Fig. 6c), but no difference was seen in
ALDOB immunostaining (unpaired t-test, P = .172, Fig. 6c). However,
the sum of both staining intensities of same tissues showed that the
FDG PET/CT-positive tissues had significantly higher scores than the
negative tissues (unpaired t-test, P = .009, Fig. 6d). These results sug-
gest that the FDG PET/CT-positive AP/CRCs may have increased
SLC16A4 expression.
) Immunohistochemical staining of ALDOB in FDG PET/CT-positive and -negative AP/CRC
d -negative AP/CRC (200×, scale bar). (c) No significant difference of ALDOB intensity
ntensity of SLC16A4 expression was increased in FDG PET/CT-positive AP/CRC compared
d). The sum of intensity of ALDOB and SLC16A4 expression in each tissuewas significantly
= .009). Data and error bars are mean ± SEM (N= 6).
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4. Discussion

Aerobic glycolysis, theWarburg effect, has been recognized as amet-
abolic hallmark of cancer cells.Most CRCs develop fromAPs through the
adenoma-carcinoma sequence. However, the bioenergetic changes dur-
ing this process are unclear. Ong et al. previously found a depletion of
glucose and inositol in APs, suggesting that glycolysis may be critical
in early carcinogenesis [27]. Our study further demonstrated that aero-
bic glycolysis occurs in APs bydirectlymeasuringOCR and ECAR. Glycol-
ysis was significantly increased in large APs (size ≥1 cm) and APs with a
villous component, suggesting the shift to theWarburg effect appears to
commence during AP enlargement and villous transformation.

Mitochondrial dysfunction has been suspected to participate in car-
cinogenesis [28]. Using ulcerative colitis as a model to study CRC pro-
gression, Ussakli et al. showed that the activity of mitochondrial COX
progressively decreasedwith proximity to dysplasia andwas the lowest
in themucosa adjacent to dysplasia and in dysplastic mucosa itself, sug-
gesting that mitochondrial loss is associated with the development of
dysplasia [14]. Interestingly, COX activity was significantly increased
in cancers, indicating thatmitochondria function is restored and needed
for malignant cells. However, here we show that mitochondrial OxPhos
was not altered in APs but was significantly decreased in CRCs, suggest-
ing that mitochondrial dysfunction mainly occurs in cancers. This
discrepancy may be due to the different mechanisms of CRC develop-
ment. Sporadic CRCs are not likely to be initiated by inflammation be-
cause most intramural immune cells are recruited after the tumor is
formed, but colitis-associated CRCs are often caused by constant inflam-
mation [29]. High levels of ROS are generated by chronic inflammation
in patients with inflammatory bowel disease [30–32]. ROS are thought
to not only contribute to the development of dysplastic lesions
[33,34], but also lead to a reduction of ATP, inhibition of the respiratory
chain and mtDNA mutation [35]. Moreover, both sporadic CRCs and
colitis-associated CRCs have genetic alterations in the process of carci-
nogenesis, but the frequency and sequence of these events differs.
While defects of p53 commonly occur as early events in colitis-
associated CRCs, p53 mutations often occur in later stages of sporadic
CRCs [4]. Since p53 defects can impair mitochondrial function at both
the DNA and protein level [36,37], it is reasonable to speculate that
the early events of mitochondrial dysfunction in colitis-associated dys-
plasia and the late events of Oxphos defects in sporadic CRCs are linked
to p53 mutations. However, further study is needed on this point.

MtDNA mutations have been found in human normal mucosae, APs
and CRCs [9–12,38]. In our study, we further show that the mtDNAmu-
tations occurmore frequently in APs/CRCs than in their adjacent normal
mucosae, indicating mtDNA mutations arise during the adenoma-
carcinoma sequence. Defects of OxPhos can result from specific
mtDNA mutations in human mitochondrial diseases [39], however,
whether mtDNAmutations acquired during the carcinogenesis process
can cause OxPhos defects is unclear. Defects of OxPhos not directly re-
lated to genome damage, e.g., due to insufficient respiration and ROS
production, may also occur [40]. Our results show that both OxPhos
and glycolysis are not affected by the number of mtDNA variants and
the existence of mtDNA mutations, indicating these variants and muta-
tions are not the major cause of the bioenergetic changes in APs and
CRCs.

Two metabolic genes, ALDOB and SLC16A4, were over-expressed in
APs with a villous component. Moreover, the over-expression of
SLC16A4 was shown in FDG PET/CT-positive APs/CRCs, indicating its
possible active role in enhancing glycolysis. Aldolase is an important
enzyme for glucose and fructosemetabolism. In human tissues, three al-
dolase isoenzymes are expressed in a tissue-dependent manner, and
ALDOB is mainly expressed in the liver, kidney and intestine. Besides
its metabolic function, aldolase has been considered to participate in
carcinogenesis [41]. In lung cancer, aldolase has been shown to promote
epithelial-to-mesenchymal transition and cell migration by simulta-
neously decreasing β-catenin and E-cadherin expression while
increasing vimentin and fibronectin expression [42]. Moreover, it has
been shown that the Wnt signaling pathway can be activated by aldol-
ase through disrupting the GSK-3β-Axin interaction and targeting Axin
to the dishevelled-induced signalosomes [43]. Unlike ALDOB, the SCL16-
encoded proteins are monocarboxylate transporters (MCT) catalysing
the proton-linked transport of monocarboxylates such as L-lactate, py-
ruvate and ketone bodies across the plasma membrane [44]. MCT1,
MCT4 and MCT5 are expressed in human intestine [45], while MCT1
and MCT4 contribute to the growth and angiogenesis of CRCs [46,47].
However, the role of MCT5 (encoded by SLC16A4 gene) is not
clear. Whether ALDOB and SLC16A4 contribute directly to sporadic CRC
carcinogenesis is not answered in this study, nevertheless we show
increased expression of ALDOB and SLC16A4 in APs with a villous com-
ponent, and their expression could alter bothmitochondrial OxPhos and
glycolytic activity.

This is the first report of directly measurement of OCR and ECAR of
human APs and CRCs by Seahorse XF analyzer with Islet microplate.
Previous studies [16–18] had been demonstrated that muscles and adi-
pose tissue can be directly analyzed using the same method. Because of
the 1422 μm height of microchamber of Islet microplate, the tiny tissue
could be tested in the Seahorse platform.

The limitation of this study is the cross-sectional design. Ideally, the
measurement of OCR and ECAR should be evaluated in prospective
studies so that longitudinal information about the progression status
of the APs is available. A longitudinal studywould allow us to determine
whether the APs with increased glycolysis are more prone to develop
cancer sooner. However, it is impractical to do this as once discovered,
APs are immediately removed. Another limitation of the study is the
lack of genetic mutation analysis. Since the accumulation of geneticmu-
tations underlies the adenoma-carcinoma sequence, it is reasonable to
speculate that the glycolytic shift occurring in APs may correlate with
these genetic alterations; further studies will be performed to clarify
this aspect. Indeed, it is not clear from this study whether themetabolic
shifting from mitochondrial OxPhos to glycolysis is the cause or the re-
sult of CRCs. Nevertheless, we found that ALDOB and SLC16A4 were
over-expressed in APs/CRCs. Moreover, the Mito Stress and Glycolysis
Stress assays performed with ALDOB-inhibited or SLC16A4-inhibited
cell lines showed that ALDOB and SLC16A4 could affect CRC cell mito-
chondrial OxPhos, basal glycolysis and glycolytic capacities. These re-
sults suggest that these two proteins may contribute to the glycolytic
shift in APs, and thusmay be considered as potential targets for blocking
the carcinogenesis process.

In conclusion, this study demonstrated that a shift towards glycoly-
sis occurs with AP enlargement and villous transformation. Mitochon-
drial OxPhos defects are mainly associated with CRCs. While mtDNA
mutations can accumulate during the carcinogenesis process, thesemu-
tations may not be the major cause of bioenergetic changes. Finally,
ALDOB and SLC16A4 may contribute to the increase of glycolysis seen
in APs, indicating their potential roles in bioenergetic alterations during
adenoma-carcinoma progression.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.05.031.
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