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Cancer cells alter their metabolism for the production of precursors
of macromolecules. However, the control mechanisms underlying
this reprogramming are poorly understood. Here we show that
metabolic reprogramming of colorectal cancer is caused chiefly by
aberrant MYC expression. Multiomics-based analyses of paired nor-
mal and tumor tissues from 275 patients with colorectal cancer
revealed that metabolic alterations occur at the adenoma stage of
carcinogenesis, in a manner not associated with specific gene mu-
tations involved in colorectal carcinogenesis. MYC expression in-
duced at least 215 metabolic reactions by changing the expression
levels of 121 metabolic genes and 39 transporter genes. Further,
MYC negatively regulated the expression of genes involved in mi-
tochondrial biogenesis and maintenance but positively regulated
genes involved in DNA and histone methylation. Knockdown of
MYC in colorectal cancer cells reset the altered metabolism and sup-
pressed cell growth. Moreover, inhibition of MYC target pyrimidine
synthesis genes such as CAD, UMPS, and CTPS blocked cell growth,
and thus are potential targets for colorectal cancer therapy.
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ne of the prominent characteristics of rapidly growing tu-
mor cells is their capacity to sustain high rates of glycolysis
for ATP generation irrespective of oxygen availability, termed
the Warburg effect (1). Recent studies have shown that cancer
cells shift metabolic pathways to facilitate the uptake and in-
corporation of abundant nutrients, such as glucose and gluta-
mine (2, 3), into cell building blocks, such as nucleotides, amino
acids, and lipids, that are essential for highly proliferating cells
(4). This seems to be a universal characteristic of highly malig-
nant tumors (5), independent of their carcinogenetic origin (6).
Understanding how cancer cells reprogram metabolism can
stimulate the development of new approaches in cancer therapy.
Although there is now substantial information about how these
pathways are regulated, most existing studies on cancer metabo-
lism have used in vitro cell lines. In addition to genetic and epi-
genetic alterations, altered tumor microenvironment (e.g., blood
flow, oxygen and nutrient supply, pH distribution, redox state, and
inflammation) plays a profound role in modulating tumor cell
metabolism (7-9). Therefore, a systematic characterization of in
vivo metabolic pathways was deemed necessary to understand how
metabolic phenotypes are regulated in intact human tumors.
Here we applied multiomics-based approaches [i.e., metab-
olomics, target sequencing of cancer-related genes, transcriptomics,
and methylated DNA immunoprecipitation sequencing (MeDIP-
seq)] to paired normal and tumor tissues obtained from 275 pa-
tients with colorectal cancer (CRC) and uncovered the details of
which factors contributed, and when they contributed, to metabolic
reprogramming in colorectal cancer. The results were confirmed by
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analysis of colorectal tissue from Apc mutant mice and cancer
cell lines.

Results

Multiomics Analyses of Tumor and Normal Tissue from CRC. To explore
the mechanisms that underlie the reprogramming of cancer cell
metabolism, we performed capillary electrophoresis time-of-flight
mass spectrometry-based metabolome profiling (10, 11) of paired
tumor and normal tissue obtained from 275 patients with CRC (S
Appendix, Table S1). Significant differences in the levels of many
metabolites were observed between normal tissues and tumor
tissues (SI Appendix, Fig. S1). Unexpectedly, most of the changes
were found in the adenoma stage, early in the adenoma—carci-
noma sequence of CRC progression, and remained similar
through all cancer stages (Fig. 1). S-adenosylmethionine (SAM), a
methyl donor, was the most up-regulated metabolite in tumor
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Fig. 1. Metabolite levels are altered at the adenoma stage of colorectal tumors. (A) Heat map of metabolite levels in paired normal and tumor tissues
obtained from 275 patients with CRC. Each metabolite was normalized by dividing by the median of the normal tissue. Data colored in the red-white-
blue scheme indicate a relatively higher, average, and lower concentration, respectively. Data are horizontally arranged by Union for International
Cancer Control (UICC) cancer staging (seventh edition) and vertically arranged by the fold change in median values of paired tumor and normal tissue.
N and T indicate normal and paired tumor tissues, respectively. Ad and Stg indicate adenoma and stage, respectively. (B) Score plots of principal
component analysis of normal (green) and tumor colorectal tissue (red) based on metabolome data (n = 274 each). Samples were grouped by UICC
cancer staging. (C and D) Comparison of metabolite levels in normal and tumor tissues (n = 274) at each stage (adenoma, n = 5; stage 0, n = 2; stage |,
n = 36; stage Il, n = 101; stage Ill, n = 85; and stage IV, n = 45). PCA of the PC1 and PC2 values for normal (blue) and tumor tissue (red) at each stage.
Data outside the 5 and 95 percentiles were plotted as dots. Error bars represent standard deviation. (D) Levels of representative metabolites in normal
and tumor tissues at each stage.
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tissue (Fig. 14 and SI Appendix, Fig. S1). Glucose was the
second most decreased metabolite in tumor tissue, whereas
lactate was increased (Fig. 14 and SI Appendix, Fig. S1), im-
plying activation of glycolysis, termed the Warburg effect (1).
Interestingly, every amino acid except glutamine, the main
substrate in glutaminolysis, was significantly accumulated in
tumor tissue (SI Appendix, Fig. S1).

CRC progression is associated with mutations in oncogenes
and tumor suppressor genes such as APC, KRAS, and TP53
(12). We applied next-generation and Sanger sequencing
technologies to detect somatic mutations in cancer-related
genes in the tumor tissue. The mutation frequencies in APC,
TP53, and KRAS were 76, 68, and 46%, respectively (Fig. 24),
which are comparable to those in previous reports (13-15).
Other mutations were found throughout the cancer stages, but
these major mutations were not associated with metabolite
levels in the CRC tissue (Fig. 2 B and C).

Next, we applied transcriptomic analysis to paired normal and
tumor tissues and observed overexpression of LATI, the proto-
oncogene MYC, and inflammatory cytokine genes in CRC tissue
(Fig. 34). Similar to the metabolome data (Fig. 14), the ex-
pression levels of metabolic genes were constant throughout the
stages (Fig. 3B). Taken together with the results of our metab-
olomic and transcriptomic analysis, we propose that the meta-
bolic shift occurs at the adenoma stage of CRC, although further
validation on an independent and larger cohort of normal/CRC
samples particularly at this earliest stage is necessary.

Analyses of Tissue from Apc Mutant Mice. Because human clinical
samples are heterogeneous entities, we performed metabolome
and DNA microarray analyses on normal and adenomatous tis-
sue obtained from the large intestines of Apc™271¢ mice, a ge-
netically engineered mouse model of familial adenomatous
polyposis that develops benign adenomas in the intestines (16),
and on normal tissue from wild-type C57BL/6N mice. Consid-
erable differences were observed in metabolite levels (SI Ap-
pendix, Fig. S2 A and B) that correlated with those found in the
CRC tissue (SI Appendix, Fig. S2C). The transcriptome data
were also similar to the clinical samples, demonstrating abnor-
mal expression of Myc and inflammatory cytokine genes in ad-
enoma tissue (SI Appendix, Fig. S3).

Aberrant MYC Expression Correlates with Metabolic Reprogramming.
MYC is one of the most frequently deregulated oncogenes and is
estimated to regulate the expression of 15% of all genes (17, 18),
including various metabolic genes (19, 20). In cancerous cells,
deregulation of MYC expression occurs via many mechanisms
(19, 21). We found that MYC expression was up-regulated in all
cancer stages, including adenomas, irrespective of the presence
or absence of APC mutations (Fig. 3 C and D). We then explored
metabolic genes that were correlatively expressed with MYC
(Spearman rank-order correlation coefficient: r* > 0.4) (Fig. 3E)
and identified 231 unique metabolic genes (SI Appendix, Table
S3). Consistently, partial correlation analysis showed no signifi-
cant direct relationship between MYC and a specific metabolic gene
(SI Appendix, Table S3). The results indicate that MYC expression is
a highly correlated expression of a variety of metabolic genes.

The 231 genes were involved in a total of 346 metabolic reactions
and included transporters in major metabolic pathways, includ-
ing purine/pyrimidine synthesis, the pentose phosphate pathway,
MAPK signaling pathway, and fatty acid oxidation pathway (Fig.
3F and SI Appendix, Table S3). Among them, almost all meta-
bolic genes of the de novo purine/pyrimidine synthesis pathway
were up-regulated, correlating with MYC expression (Fig. 3G
and ST Appendix, Fig. S4 A and B). Several genes in the glycolysis
and pentose phosphate pathways were up-regulated, whereas
those in the TCA cycle were down-regulated with aberrant MYC
expression (S Appendix, Fig. S4C). Many genes involved in fatty
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acid synthesis were also up-regulated, while those participating
in fatty acid oxidation were down-regulated in CRC tissue (S
Appendix, Fig. S4C).

One-carbon metabolism involving the folate and methionine
cycles has attracted attention as a driver of oncogenesis (22).
Nine one-carbon metabolism genes and three genes related to
one-carbon transport, including SLC25432 (mitochondrial fo-
late transporter; MFT), SLC7A5 (LATI), and SLC7AS8 (LAT2),
were highly expressed in conjunction with MYC expression (S/
Appendix, Fig. S4C). In addition, MYC expression is likely to be
associated with DNA and histone methylation activity through
increases in one carbon-related metabolites and genes [i.e., SAM
(Fig. 14), DNMT1, DNMT3B (correlation coefficient with MYC:
P o= 0.309)] and histone-lysine N-methyltransferase enzyme
(EZH2) and a decrease in TET2 DNA demethylase (Fig. 3H).
Various genes involved in amino acid metabolism were also up-
or down-regulated together with aberrant MYC expression (S
Appendix, Fig. S4C).

Consistent with the transcriptome data, we observed increased
levels of lactate, the final product of glycolysis, and many met-
abolic intermediates in de novo purine and pyrimidine synthesis
in the tumor tissues. In addition, most of the metabolites in one-
carbon metabolism-related pathways, including serine, one-
carbon and transsulfuration metabolism (SI Appendix, Fig. S1),
and the products of fatty acid synthesis (i.e., palmitate and ole-
ate) were significantly increased (Fig. 31).

Aberrant MYC Expression Reduces Mitochondrial Homeostasis. PINK1,
a central regulator gene for mitochondrial maintenance, and a
master autophagy regulator gene, TFEB (correlation coefficient
with MYC: * = 0.367), demonstrated the highest inverse corre-
lation with MYC (Figs. 3E and 4A), implying inhibition of
mitophagy in tumor tissue. The expression of PGC-1a, a master
regulator of mitochondrial biogenesis (23, 24), was also inversely
correlated with MYC (Fig. 3E), and the expression levels of these
genes were markedly reduced in tumor tissues (Fig. 44).
Although mitochondrial content was little altered (Fig. 4 B and
(), transmission electron microscopy (TEM) revealed an accu-
mulation of abnormal mitochondria in cancerous (Fig. 4 D-F) and
adenomatous tissues (Fig. 4G), with severe mitochondrial swell-
ing, disappearance of cristae, and matrix clearing. We found that
the GCN5 acetyltransferase gene, a repressor of PGC-1a-regu-
lated transcription (25), was highly expressed in tumor tissue (Fig.
4H). Alongside this the promoter region of the IRF4 gene (26),
one of the transcription factors for PGC-1a, was hypermethylated
(Fig. 4I) and thus had a decreased expression level (Fig. 47),
resulting in suppression of PGC-Ia expression (Fig. 44).

MYC Knockdown Resets Metabolism and Suppresses Cell Growth. To
further establish the role of MYC in metabolic reprogramming, we
suppressed MYC expression by siRNA in the human colorectal
cancer cell line (Fig. 54). MYC knockdown dramatically changed
the expression signatures of genes involved in major metabolic
pathways, transporters, and mitochondrial biogenesis/mainte-
nance, as well as those related to DNA and histone methylation
(Fig. 5 and SI Appendix, Figs. S5 and S6). The levels of LATI,
LAT2, DNMT3B, and EZH?2 decreased, while the level of TET2
was elevated in MYC-knockdown cells (Fig. 5 4 and B and S/
Appendix, Fig. S5B). The expression levels of most metabolic
genes highly correlated with MYC in CRC tissue were reversed
when MYC was inhibited by siRNAs in HCT116 human colorectal
carcinoma cells (Fig. 5C and SI Appendix, Figs. S54 and S6),
which indicates that almost all of these gene expressions are reg-
ulated by MYC. Overall, we found that MYC regulated at least
215 metabolic reactions in major metabolic pathways, including de
novo purine/pyrimidine synthesis and one-carbon metabolism,
controlling 121 metabolic genes and 39 transporters (Fig. 6 and S/
Appendix, Table S3). Regarding glucose metabolism, aberrant
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MYC expression activated glycolysis through up-regulation of GPI, and SI Appendix, Fig. S5A4), the rate-limiting enzyme in gluco-
PFKM, ENOI, and LDHB (Figs. 5C and 6C and SI Appendix, Fig.  neogenesis, suggesting that MYC expression induces the
S5A) and down-regulation of PEPCK expression (Figs. 5C and 6C ~ Warburg effect.
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Fig. 2. Colorectal cancer metabolic reprogramming occurs in a manner not associated with specific gene mutations involved in colorectal carcinogenesis.
(A) Mutations in oncogenes and tumor suppressor genes (adenoma, n = 5; stage 0, n = 1; stage |, n = 8; stage Il, n = 8; stage Ill, n = 11; and stage IV, n = 8).
Mutated tissues are indicated as colored boxes. Hatched boxes indicate genes not determined. (B) The effect of major mutations on the levels of representative
metabolites, namely glucose, lactate, and SAM. Although the levels of glucose, lactate, and SAM in normal and tumor tissues (n = 41) were significantly different,
there were no significant differences between wild-type tumor tissue (red) and mutated tumor tissue (brick). (C) PCA of wild-type tumor tissue (open circles) and
mutated tumor tissue (filled circles) based on metabolome data. Kruskal-Wallis and Dunn'’s posttest (B). ***P < 0.001, **P < 0.01, and *P < 0.05.
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the relative expression level (B, C, and G). The Wilcoxon signed-rank test was used to determine statistical significance (D, H, and /). ***P < 0.001.
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Knockdown of MYC resets metabolic gene expression. (A) qRT-PCR analysis of MYC and its target metabolic genes in HCT116 cells transfected with

control siRNA (Cont.) (n = 4) or MYC siRNAs (siMYC1 and siMYC2) (n = 4 each). (B) DNA microarray analysis of genes related to mitochondrial and epigenetic
functions in HCT116 cells transfected with control siRNA (n = 4) or MYC siRNAs (n = 4 each). The genes highlighted in yellow exhibited changes in expression
upon MYC knockdown in HCT116 cells that are opposite those in tumor tissue compared with normal tissue in CRC samples. “a” indicates a significant
difference (P < 0.05) between the control and both MYC siRNAs. (C) DNA microarray analysis of metabolic genes in 41 paired normal and tumor tissues
obtained from CRC patients (Left) and HCT116 cells transfected with control siRNA (n = 4) or MYC siRNAs (n = 4 each) (Right). (D) qRT-PCR analysis of MYC and

its target genes in HCT116, RKO, CaR-1, and COLO741 cells transfected with con

trol siRNA (Cont.) (n = 4) or MYC siRNAs (siMYC1, siMYC2, and siMYC3) (n =

4 each). The heat map data are presented as log, value of the relative expression level (B and C). ANOVA and a Dunnett post hoc test (A and D) were used to

determine statistical significance. ***P < 0.001, **P < 0.01, and *P < 0.05.

Subsequently, we analyzed changes in intra- and extracellular
metabolite levels between control and MYC-knockdown HCT116
cells. When MYC was suppressed, intra- and extracellular glucose
levels increased, while lactate levels decreased (Fig. 7 A4 and B);
this pattern is known as the “reverse Warburg effect.” Addition-
ally, the levels of many metabolic intermediates were consistently
decreased in MYC-knockdown HCT116 cells, including those in-
volved in serine synthesis, one-carbon metabolism (Fig. 7C), the
start of de novo purine/pyrimidine metabolism, and amino acid
metabolism (SI Appendix, Fig. ST). However, several metabolites,
such as 3PG, citrate, Asp, Gln, and Pro, showed inconsistent
patterns (SI Appendix, Figs. S1 and S7). A recent study demon-
strated that bacterial communities were different between normal

Satoh et al.

and CRC tissues (27). This different microbe composition might
be associated with the inconsistent results of the metabolites.
Principal component analysis (PCA) showed that the metabolic
profiles of CRC tumor tissue, Apc*/27'® adenomatous tissue, and
HCT116 cells were similarly shifted toward the positive PC1 di-
rection (Fig. 7 D and E). Taken together, these results suggest an
essential role for MYC in metabolic reprogramming through the
regulation of important metabolic genes.

As described above, PGC-1a (28) and PGC-1p (29), MYC
target genes, have been proposed to be master regulators of
cancer metabolism (24, 30). We therefore investigated the pos-
sible involvement of PGC-1a and PGC-1f in global regulation of
colorectal cancer metabolism. However, knockdown of PGC-1a
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and PGC-1p caused little alteration in metabolic gene expression
in a colorectal normal cell line (Fig. 7 F and G), leading us to
conclude that MYC is the master regulator of colorectal me-
tabolism. Knockdown of MYC considerably reduced growth of

E7704 | www.pnas.org/cgi/doi/10.1073/pnas.1710366114

HCT116 and RKO human colon carcinoma cells (Fig. 7 H-K).
Moreover, we investigated several MYC downstream metabolic
genes (SI Appendix, Table S3) and observed that in addition to
TYMS, a target enzyme of 5-fluorouracil (Fig. 6C), knockdown of
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Fig. 7. Knockdown of MYC resets altered metabolism and suppresses cell growth. (A) Amounts of glucose and lactate in HCT116 cells transfected with
control siRNA (Cont.) or MYC siRNA (n = 4 each). (B) Amounts of extracellular glucose and lactate in medium without cells (Med.) and with HCT116 cells
transfected with control siRNA or MYC siRNA (n = 4 each). (C) Metabolomic analysis of metabolic intermediates involved in serine- and one-carbon me-
tabolism in HCT116 cells transfected with control siRNA or MYC siRNA (n = 4 each). (D) Score plots of PCA of the metabolome data from the indicated samples.
CRC (T): CRC tumor tissue; CRC (N): CRC normal tissue; APC mouse (Ad): Apc*/27"¢ mouse adenoma tissue; APC mouse (N): Apc*’27" mouse normal tissue;
HCT116 (Cont.): HCT116 cells transfected with a control siRNA; and HCT116 (siMYC): HCT116 cells transfected with a MYC siRNA. (E) PC1 values for each
sample. (F and G) gRT-PCR analysis of metabolic genes in CCD841 CoN cells transfected with control siRNA, PGC-1a siRNAs (siPGC-1a-1 and siPGC-1a-2) (F), or
PGC-1p siRNAs (siPGC-18-1 and siPGC-1B-2) (G) (n = 4 each). (H and /) Relative number of HCT116 (H) and RKO (/) cells transfected with control siRNA, MYC
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transfected with the indicated siRNAs (n = 4 each). Student’s t test and Bonferroni correction (A-C and H-K) were used to determine statistical significance.
Mann-Whitney test was used for mouse tissue and cultured cell data, and Wilcoxon signed-rank test was used for human tissue data (D and E). One-way

analysis of variance and Dunnett (F and G). ***P < 0.001, **P < 0.01, and *P < 0.05.

pyrimidine synthesis genes such as CAD, the rate-limiting en-
zyme in de novo pyrimidine synthesis, UMPS, and CTPS (Fig.
6B) blocked HCT116 and RKO cell proliferation (Fig. 7 H-K).
However, knockdown of purine synthesis genes such as PPAT,
the rate-limiting enzyme in de novo purine synthesis, GART, and
ATIC (Fig. 6B) had no significant effect on their proliferation

(Fig. 7 H-K).

Discussion

Our multiomics analyses of paired normal and tumor tissues
from patients with CRC and tissues from Apc mutant mice
highlight the critical role of MYC in reprogramming CRC tissue

Satoh et al.

metabolism. We obtained clear evidence that MYC regulates
global metabolic reprogramming of colorectal tumor metabolism
through the modulation of 215 major metabolic reactions, con-
trolling 121 metabolic genes and 39 transporters (SI Appendix,
Table S3), and facilitates production of cellular building blocks.
MYC also reprograms several cellular processes, including those
modulating mitophagy and DNA/histone methylation. Knock-
down of MYC in colorectal cancer cells can reset the altered
metabolism and suppress cell growth. MYC can drive cell pro-
liferation, and our current data alone may not formally exclude
the possibility that MYC indirectly regulates the metabolic genes
through its effect on proliferation. However, MYC has been
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demonstrated to directly control transcription of various key
metabolic genes, including LDH-A and CAD (31, 32). We thus
propose that MYC is the master regulator of colorectal tumor
metabolism and an attractive therapeutic target.

MYC is a target gene of the Wnt signaling pathway, and thus
MYC overexpression was caused by APC or p-catenin mutations in
most of the colorectal tumor tissues (Fig. 3C). However, inter-
estingly, elevated MYC expression occurred even without these
mutations (Fig. 3C). In addition to Wnt signaling, MYC deregu-
lation in cancer has been as a consequence of several abnormal-
ities, including gross genetic abnormalities and aberrant activity of
transcriptional factors, PI3K/AKT/mTOR signaling pathways, re-
ceptor tyrosine kinases, hormones, and growth factors (19, 21).
Therefore, we speculate that these factors may induce MYC ex-
pression, resulting in metabolic reprogramming of colorectal
cancer metabolism.

Here we propose that a sufficient nutrient supply in the pre-
cancerous stage may be indispensable for cancer development and
growth. These findings may have implications for future cancer
prevention and therapeutic approaches targeting MYC-regulated
metabolism. Unfortunately, however, finding small-molecule or
biologic inhibitors of MYC has proved difficult because MYC is
localized within the nucleus and does not have a deep surface-
binding pocket (33). Therefore, MYC is not amenable to blockade
by small molecules or accessible to neutralization by antibodies.

Here we have demonstrated that knockdown of MYC or MYC
target pyrimidine synthesis genes such as CAD, UMPS, and
CTPS, but not purine synthesis genes, can suppress colorectal
cancer cell proliferation (Fig. 7 H-K). This provides the foun-
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dation for a potential anticancer strategy in which pyrimidine
synthesis pathways downstream of MYC could be an alternative
target for colorectal cancer therapy.

Materials and Methods

Clinical Samples. We conducted all experiments according to a study protocol
approved by the Institutional Ethics Committee of Kagawa University (Heisei
24-040) upon obtaining informed consent from all subjects. The tumor and
surrounding grossly normal-appearing tissue were obtained from 275 co-
lorectal cancer patients at the time of surgery. The normal tissues were
obtained from colorectal mucosa. Regarding the tumor tissues, to minimize
the effect of other cells, we excluded CRC tissues with excessive stroma or
infiltrating lymphocytes using hematoxylin-eosin staining. Clinicopatholog-
ical information is listed in S/ Appendix, Table S1.

Mouse Strains. Construction of an Apc™™27"¢ strain has been described pre-

viously (34). The strain was backcrossed to the C57BL/6N background
for >20 generations. C57BL/6N mice were purchased from CLEA Japan. Mice
were kept under a 12-hour light-dark cycle at ~22 °C and fed ad libitum with
a CLEA CE-2 chow diet. All animal experiments were conducted according to
protocols approved by the Animal Care and Use Committee of the Aichi
Cancer Center Research Institute.
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