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MYC-driven inhibition of the glutamate-cysteine
ligase promotes glutathione depletion in
liver cancer
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Abstract

How MYC reprograms metabolism in primary tumors remains
poorly understood. Using integrated gene expression and metabo-
lite profiling, we identify six pathways that are coordinately dereg-
ulated in primary MYC-driven liver tumors: glutathione
metabolism; glycine, serine, and threonine metabolism; aminoacyl-
tRNA biosynthesis; cysteine and methionine metabolism; ABC
transporters; and mineral absorption. We then focus our attention
on glutathione (GSH) and glutathione disulfide (GSSG), as they are
markedly decreased in MYC-driven tumors. We find that fewer
glutamine-derived carbons are incorporated into GSH in tumor
tissue relative to non-tumor tissue. Expression of GCLC, the rate-
limiting enzyme of GSH synthesis, is attenuated by the MYC-
induced microRNA miR-18a. Inhibition of miR-18a in vivo leads to
increased GCLC protein expression and GSH abundance in tumor
tissue. Finally, MYC-driven liver tumors exhibit increased sensitiv-
ity to acute oxidative stress. In summary, MYC-dependent attenua-
tion of GCLC by miR-18a contributes to GSH depletion in vivo, and
low GSH corresponds with increased sensitivity to oxidative stress
in tumors. Our results identify new metabolic pathways deregu-
lated in primary MYC tumors and implicate a role for MYC in regu-
lating a major antioxidant pathway downstream of glutamine.

Keywords cancer; glutathione; metabolism; miRNA; MYC

Subject Categories Cancer; Metabolism

DOI 10.15252/embr.201643068 | Received 15 July 2016 | Revised 8 January

2017 | Accepted 13 January 2017 | Published online 20 February 2017

EMBO Reports (2017) 18: 569–585

Introduction

Metabolic reprogramming is a hallmark of MYC-driven tumor

growth and maintenance [1]. Most notably, MYC orchestrates tumor

cell dependence on glucose and glutamine for biomass accumula-

tion [1–4]. MYC regulates many points in glycolysis through tran-

scriptional regulation of glycolytic genes. For example, MYC

regulates the GLUT1 transporter [5] and glycolytic enzymes such as

LDHA [6] and PKM2 [7]. Expression of PKM2 in cancer has been

suggested to enhance proliferative metabolism by causing a “back-

flow” of metabolites into anabolic pathways such as the serine

biosynthesis pathway [8].

MYC also regulates glutaminolysis at multiple nodes. Many

MYC-overexpressing cell lines are addicted to glutamine [9,10] and

primary MYC-driven murine lung and liver tumors display increased

glutamine metabolism [11]. Expression of the glutamine transporter

Slc1a5 is regulated by MYC and is elevated in MYC-driven liver

tumors [11,12]. MYC also activates expression of glutamine synthe-

tase through promoter demethylation in some tumors [13]. Glutami-

nase (GLS), the enzyme that catalyzes the conversion of glutamine

to glutamate, is upregulated in lymphoma cells due to MYC-

dependent inhibition of miR-23a/b expression [14]. GLS inhibition

in cell lines or xenograft tumors causes MYC-dependent cell death

or reduced proliferation [11,12,15]. Elevated glutamine uptake and

metabolism can contribute to TCA cycle flux and glutathione

synthesis in MYC-expressing cells [12,14,15]. However, whether

MYC regulates specific pathways downstream of glutamine conver-

sion to glutamate in tumor cells remains unknown.

Most work to uncover MYC’s role in metabolism to date has been

conducted using cultured tumor cells that are removed from the

native tumor environment [3,4]. However, cell culture conditions

may not accurately reflect nutrient availability and uptake in the host
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tissue. In this study, we sought to identify novel metabolic pathways

that are altered in MYC-driven primary tumors in vivo. MYC drives

human hepatocarcinogenesis [16], is frequently amplified or over-

expressed in human hepatocellular carcinoma (HCC), and is associated

with poorly differentiated tumors and poor liver cancer prognosis

[17–21]. We thus sought to characterize altered metabolism in a

mouse model of MYC-driven liver cancer. We performed mRNA gene

expression and mass spectrometry-based biochemical profiling

of tumor samples from the LAP-tTA × TetO-MYC (LT2-MYC)

bi-transgenic mouse, a conditional model that drives MYC expression

and tumorigenesis specifically in hepatocytes [22,23] (Fig 1A). We

recently showed that this model has gene expression changes consis-

tent with aggressive, poorly differentiated human liver cancers [24].

Use of this model allows us to observe MYC-mediated metabolic

reprogramming in the native tumor environment [23]. Additionally,

we can take advantage of its conditional nature to identify changes

that are a direct effect of MYC signaling in vivo (Fig 1A). Our work

identifies a novel role for MYC in regulating the synthesis of

glutathione, a major cellular antioxidant, via miR-18a in primary

tumors. This finding has implications for the use of oxidative stress-

inducing drugs for therapy of MYC liver tumors.

Results

Integrated metabolic analysis of MYC-driven liver tumors

To identify novel metabolic pathways that are altered in primary

liver tumors with high MYC expression (Fig 1A), we performed

mRNA expression and mass spectrometry-based metabolite profil-

ing of LT2-MYC tumor samples and naı̈ve LT2 liver controls

(Fig 1B and Dataset EV1). Of 333 detected metabolites with KEGG

PATHWAY database identifiers [25], 188 were significantly altered

in LT2-MYC tumors versus control liver tissue (FDR < 0.05). Like-

wise, 3,706 genes with KEGG identifiers exhibited significant

deregulation in LT2-MYC tumors versus controls (FDR < 0.05).

We performed pathway enrichment analysis, referencing all meta-

bolic pathways defined by KEGG, of the significantly altered tran-

scripts and metabolites. We identified six KEGG pathways that

were significantly altered, both transcriptionally and biochemi-

cally, in LT2-MYC tumors compared to control liver tissues:

glutathione metabolism; glycine, serine, and threonine metabo-

lism; aminoacyl-tRNA biosynthesis; cysteine and methionine meta-

bolism; ABC transporters; and mineral absorption (Fig 1B and

Appendix Figs S1–S6).

Of the six KEGG pathways that were coordinately deregulated,

glutathione metabolism exhibited the most significantly altered gene

expression and the second highest rate of metabolite abundance

change (Appendix Table S1). Glutathione (GSH) is an important

cellular antioxidant synthesized from glutamine carbons [26]. In

accordance with our integrated analyses, altered glutathione path-

way metabolites and transcripts readily segregate LT2-MYC tumors

from LT2 control livers by unsupervised hierarchical clustering

(Figs 1C and EV1A, respectively). Glutathione (GSH) and

glutathione disulfide (GSSG) were among the most dramatically

depleted metabolites profiled in the MYC-driven tumors; we

independently confirmed the depletion of total glutathione

(GSH + GSSG) in the same MYC liver tumor samples using an enzy-

matic assay (Fig 2A). Interestingly, the depletion of GSH and GSSG

was observed in murine liver tumors driven by MYC but not in

those driven by RAS (LT2-RAS model described in [24]) (Fig EV1B

and C). This indicates that GSH depletion is not due to liver tumori-

genesis in general, but instead is MYC oncogene-specific.

Characterization of aberrant glutathione metabolism in
MYC-driven liver tumors

We next sought to identify likely reasons for GSH depletion in MYC-

driven liver tumors. Decreased GSH synthesis, increased gamma-

glutamyl cycling, and increased protein S-glutathionylation may all

contribute to low tissue GSH [26].

Our metabolic profiling found that abundance of glutamine, GSH,

and GSSG decreased while abundance of glutamate, cysteine, and

glycine increased in MYC tumors relative to non-tumors (Fig 2B and

Appendix Fig S1B). Decreased glutamine concomitant with elevated

glutamate is consistent with elevated GLS expression and activity

and has been previously described in LT2-MYC tumors [11]. We

performed a separate metabolic analysis and found that gamma-

glutamylcysteine, the direct precursor of GSH, is depleted in MYC-

driven tumors relative to non-tumor tissue (Fig 2B and C). Taken

together, these data indicate a bottleneck in GSH production, particu-

larly at the step catalyzed by glutamate-cysteine ligase, catalytic

subunit (GCLC) (Fig 2B).

Our metabolic profiling did not strongly suggest that gamma-

glutamyl cycling was elevated in MYC tumors relative to non-tumor

controls. Although 5-oxoproline was significantly elevated and multi-

ple individual gamma-glutamyl amino acids were significantly altered

in MYC tumors relative to non-tumors, the gamma-glutamyl amino

acids were not uniformly altered—some were elevated and some were

depleted (Figs 2B and EV2A). Further, we did not find evidence for

elevated S-glutathionylation in the tumors. Our metabolic profiling

indicated that both cysteine–glutathione disulfide and S-methyl-

glutathione were dramatically depleted in MYC-driven liver tumors

relative to non-tumor controls (Fig EV2B). Taken together, our

▸Figure 1. Integrated metabolic analysis of MYC-driven liver tumors.

A Summary of LT2-MYC conditional transgenic mouse model of MYC-induced hepatocarcinogenesis. Prolonged MYC overexpression induces tumor nodules that are
morphologically and histologically distinct from non-tumor tissue. MYC protein expression can be turned off in established tumors and correlates with alpha-
fetoprotein (AFP) expression, a marker of aggressive liver cancer (see REG 7 day Western blot). In images, white arrows indicate non-tumor liver tissue and yellow
arrows indicate liver tumor tissue. Scale bars in hematoxylin and eosin-stained (H&E) sections represent 20 lm.

B Transcriptional and biochemical profiling analyses identify six pathways that are significantly altered in LT2-MYC tumors versus control livers (n = 3 LT2 control and
n = 4 LT2-MYC for transcriptional profiling, n = 7 in each group for biochemical profiling, Fisher’s exact test, P < 0.05).

C Glutathione pathway (KEGG #ko00480) metabolite abundances segregate LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n = 7 in each
group, LT2 control liver samples in green, LT2-MYC tumor samples in gray).

Source data are available online for this figure.
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biochemical profiling data strongly suggest that impairment of GSH

production, rather than elevated gamma-glutamyl cycling or S-

glutathionylation, contributes to GSH loss in the MYC-driven tumors.

We next sought to characterize the expression of enzymes that

regulate GSH metabolism (Fig 2B). We performed Western blot

analysis to determine the protein expression of several key GSH

A

B

C

Figure 1.
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Figure 2. Characterization of aberrant glutathione metabolism in MYC-driven liver tumors.

A Total glutathione (GSH + GSSG) measured by enzymatic assay in LT2-MYC tumors versus control livers (n = 5 LT2 control samples, n = 6 LT2-MYC tumor samples,
data represented as mean � SEM, unpaired two-tailed t-test, P = 0.006).

B Multiple metabolites and enzymes in the glutathione metabolism pathway are significantly altered in LT2-MYC tumors versus control livers (unpaired two-tailed t-test,
P < 0.1). Red = significantly elevated at P < 0.1, blue = significantly depleted at P < 0.05, and red and blue asterisks indicate that individual gamma-glutamyl amino acids
are significantly increased or decreased at P < 0.05. Increased protein expression of the GLS1 isoform of glutaminase was previously reported for LT2-MYC tumors [11].

C Gamma-glutamylcysteine abundance in MYC-driven tumors as compared to adjacent non-tumor tissue (n = 6 each group, data represented as normalized
mean � SEM, paired one-tailed t-test, P = 0.04).

D Western blot analysis of key enzymes involved in the glutathione metabolism pathway in LT2-MYC tumors versus non-tumor LT2 controls (n = 2–3 each as indicated
in images, unpaired two-tailed t-test on normalized expression, GSS P = 0.7, GLRX5 #P = 0.09, GGT1 *P = 0.05, GSR ***P = 0.0004, G6PDH **P = 0.001, GCLC
***P = 0.0004). For GCLC, LT2-MYC tumors regressed for 7 days by feeding doxycycline chow are also shown.

E Relative incorporation of [U-13C]-glutamine into gamma-glutamylcysteine and GSH in MYC-driven tumors compared to adjacent non-tumor liver tissue (n = 6 each
group, data represented as normalized mean � SEM, unpaired two-tailed t-test, gamma-glutamylcysteine P = 0.03, GSH P = 0.004).

Source data are available online for this figure.
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pathway enzymes, including GCLC; glutathione synthetase (GSS);

gamma-glutamyltransferase 1 (GGT1); glutaredoxin 5 (GLRX5);

glutathione reductase (GSR); and glucose-6-phosphate dehydro-

genase (G6PDH) (Fig 2D).

Our Western blot analysis indicated that protein expression of

GLRX5, GGT1, GSR, and G6PDH increased (P ≤ 0.05 for GGT1, GSR,

G6PDH; 0.05 < P < 0.10 for GLRX5), expression of GCLC markedly

decreased (P < 0.001), and expression of GSS did not change in MYC-

driven liver tumors compared to naı̈ve liver tissue (Fig 2B and D).

Although significant, the increase in GGT1 expression in tumors was

very small. On the other hand, substantial downregulation of GCLC,

the rate-limiting enzyme of GSH synthesis, is consistent with our

hypothesis that GSH synthesis is impaired in tumors. Taken together,

our metabolomic and Western blot data strongly suggest that

decreased GSH synthesis contributes to depletion of free GSH in LT2-

MYC tumors. However, we could not entirely rule out contributions

from elevated gamma-glutamyl cycling and glutaredoxin activity.

Isotopic tracing of glutamine in MYC-driven liver tumors

MYC activates expression of the glutamine transporter Slc1a5, which

increases cellular uptake of glutamine [11,12]. GSH is synthesized

downstream of the conversion of glutamine to glutamate by GLS,

which is elevated in a MYC-dependent manner [27] (Fig 2B). Previous

studies suggest that elevated glutamine uptake contributes to GSH

synthesis in MYC-overexpressing cells [12,14,15]. Because we saw

depleted GSH concomitant with decreased GCLC expression and

increased abundance of several GSH precursors in LT2-MYC tumors,

we sought to trace the flow of glutamine-derived carbons in MYC-

driven liver tumors to confirm whether GSH synthesis is impaired.

We used mice from a somatic transgenic model of MYC-driven liver

tumorigenesis [28], which also have elevated MYC and depleted

GCLC protein expression (Fig EV3A). Tumor-bearing mice were

injected with fully labeled [U-13C]-glutamine and mass spectrometry-

based isotopic tracing of liver tumors was performed and compared to

adjacent non-tumor liver tissue (Fig EV3B and C). We observed

decreased incorporation of [U-13C]-glutamine carbons into GSH and

c-glutamyl-cysteine in tumors relative to adjacent non-tumor liver

tissue (Figs 2E and EV3C). This is consistent with the diminished

steady state abundances of GCLC protein (Figs 2D and EV3A) and

GSH and GSSG metabolites we observed (Fig 2A). These results,

together with the unchanged expression of GSS in tumors (Fig 2B and

D), indicate that GSH synthesis via GCLC is impaired in MYC-driven

liver tumors.

GCLC expression is attenuated by miRNA-18a in MYC-driven
liver tumors

Because MYC regulates numerous genes involved in tumor metabo-

lism, we reasoned that MYC might also regulate GCLC expression to

control GSH synthesis. In support of this hypothesis, we found that

GCLC protein and mRNA exhibit an inverse correlation with MYC

signaling in vivo. Both GCLC protein (Fig 2D) and transcript

(Fig EV4A) are low in tumor tissues relative to non-tumor tissue,

and return to baseline when MYC is turned off in tumors by ad libi-

tum doxy chow feeding (Fig 1A). Additionally, we find that total

GSH levels increase in some tumors upon 72 h tumor regression,

relative to tumor tissue (Fig EV4B). We further observed MYC-

dependent changes in GCLC protein expression in a murine liver

tumor cell line derived from the LT2-MYC model [29]. When cells

are grown in the presence of 8 ng/ml doxycycline, MYC expression

is rapidly inhibited (Fig 3A). Using this conditional system, we

found that GCLC protein increases when MYC is conditionally

turned off over several days (Fig 3A).

In prior work it was found that MYC indirectly regulates gluta-

mine metabolism via suppression of miR-23a/b, which target the 30

UTR of GLS [14]. Because we observed MYC-dependent suppression

of GCLC protein and transcript, we hypothesized that MYC may

regulate GCLC expression, at least in part, via miRNA. Using the

Targetscan database (v6.2), we identified miRNAs whose seed

sequences are predicted to bind the 30 UTR of the GCLC transcript.

We found that miR-18a, a MYC-regulated miRNA that is part of the

oncogenic miR-17-92 miRNA cluster [30–32], had the lowest

predicted Total Context Score (Appendix Table S2), indicating a

strong probability of binding the GCLC 30 UTR. Additionally, of the
miRNAs predicted to bind the GCLC 30 UTR, miR-18a was one of the

most highly upregulated in LT2-MYC tumors compared to LT2

control liver (miRNA profiling dataset described in [24]). Elevated

expression of miR-18a was confirmed by multiple probes in the

array (Appendix Table S3).

Figure 3. GCLC is attenuated by miRNA-18a in MYC-driven liver tumors.

A Western blot analysis of GCLC and MYC protein expression in conditional liver tumor cells derived from an LT2-MYC tumor (Western blot is representative of a
minimum of four experimental replicates).

B Quantitative PCR (qPCR) analysis of miR-18a expression in LT2-MYC tumors, control liver tissues, and tumors regressed for 3 days (n = 4 each group, data
represented as univariate scatter plot with median, unpaired two-tailed t-test, LT2 ctrl versus LT2-MYC tumor P = 0.002, LT2-MYC tumor versus 72 h regression
tumors P = 0.001).

C qPCR analysis of miR-18a expression in conditional liver tumor cells treated with doxycycline (data represented as univariate scatter plot with median, data points
represent three experimental replicates comprised of three technical replicates each, unpaired two-tailed t-test; compared to 0 h: 24 h, P = 0.14; 48 h, P = 0.008;
72 h, P = 0.005; 96 h, P = 0.003, **P-values for 48 h, 72 h, and 96 h fall below Bonferroni adjusted P-value of 0.01).

D Luciferase reporter expression in cultured murine liver tumor cells treated with a miR-18a mimic or control. Wt, wild-type Gclc 30 UTR; mutated, Gclc 30 UTR with
four base pairs of the putative miR-18a binding site mutated (data represented as normalized mean � SEM of three experimental replicates with three technical
replicates each, unpaired two-tailed t-test, Wt UTR ctrl versus 18a mimic P = 0.0002, mutated UTR control versus 18a mimic P = 0.14).

E Western blot (WB) analysis of GCLC protein expression following treatment of cultured LT2-MYC liver tumor cells with locked nucleic acid (LNA) inhibitors of miR-
18a (WB representative of two experimental replicates with three technical replicates each, pooled data represented as mean � SEM, unpaired two-tailed t-test,
P = 0.007).

F–H WB of GCLC protein expression (F), qPCR of miR-18a expression (G), and enzymatic quantitation of GSH abundance (H) in liver tissue samples following treatment
of LT2-MYC tumor-bearing mice with LNA inhibitors of miR-18a or control LNA (n = 4 control LNA, n = 3 18a LNA, data represented as univariate scatter plots with
median, unpaired two-tailed t-test, WB P = 0.002; qPCR P = 0.008; GSH assay P = 0.04).

Source data are available online for this figure.
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Using qRT–PCR, we confirmed that miR-18a is elevated in LT2-

MYC tumors and that its expression is MYC-dependent in vivo

(Fig 3B). We also observed downregulation of miR-18a when MYC

expression is inhibited in cultured LT2-MYC tumor cells (Fig 3C).

Previous work suggests that the MYC-regulated splicing factor

HNRNPA1 [7] directs processing of mature miR-18a [33]. Accord-

ingly, we observe that HNRNPA1 protein is elevated in liver tumors

in a MYC-dependent manner (Fig EV4C). Thus, both miR-18a

transcription and processing may be coordinately increased by MYC

in the LT2-MYC tumor model.

To determine whether miR-18a directly targets the Gclc tran-

script, we generated a luciferase reporter fusion containing the Gclc

30 UTR downstream of firefly luciferase. Reporter expression was

diminished following transfection of a miR-18a mimic into murine

liver tumor cells but was unchanged when four bases of the

predicted miR-18a seed sequence binding site were mutated in

A

C

E F

G

H

D

B

Figure 3.
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the Gclc 30 UTR (Fig 3D). We next asked whether miR-18a antago-

nists could regulate GCLC expression in MYC-driven liver tumor

cells. When tumor cells derived from the LT2-MYC model are trans-

fected with locked nucleic acid (LNA) antagonists against miR-18a,

we observe that GCLC protein expression increases relative to cells

treated with control LNA (Fig 3E).

We next sought to determine whether miR-18a regulates GCLC

expression in vivo in MYC-driven liver tumors. We treated LT2-MYC

tumor-bearing mice with miR-18a antagonist LNA or control LNA

twice weekly for 3 weeks. Tumor tissues were collected and

Western blotting for GCLC protein was performed. We found that

specific inhibition of miR-18a in vivo increases GCLC protein expres-

sion (Fig 3F). Elevated GCLC protein corresponded with diminished

miR-18a expression in tumor tissue (Fig 3G). We next asked

whether this change in GCLC protein expression corresponded to a

change in GSH abundance in MYC tumors. Enzymatic analysis of

GSH activity confirmed a small but significant increase of GSH in

MYC-driven liver tumors treated with miR-18a LNA, compared to

those treated with control LNA (Fig 3H). Thus, our results demon-

strate that MYC-dependent miR-18a regulates GCLC, and subse-

quently GSH synthesis, in primary liver tumors.

miR-18a is elevated in human HCC and correlates with altered
glutathione pathway gene expression

Elevated MYC expression is associated with aggressive human liver

cancer. MiR-18a is elevated in a subset of HCCs [34] and may serve

as a serum biomarker for HBV-associated HCC [35]. Because of the

striking correlation between MYC and miR-18a expression we

observed in murine liver tumors, along with the regulation of GSH

synthesis by MYC and miR-18a described above, we next sought to

determine whether there is a link between miR-18a expression and

altered GSH metabolism in human liver cancers. Using a previously

published dataset [36], we confirmed that miR-18a expression is

significantly elevated in human HCC (Fig 4A) and inversely corre-

lates with GCLC mRNA expression (Fig 4B). When the same HCCs

are stratified by miR-18a expression, the top tertile exhibits a GSH

pathway gene expression pattern that is similar to that of the MYC-

driven liver tumor model (Fig 4C). This indicates that GSH pathway

expression is similarly regulated in mouse and human tumors with

elevated miR-18a.

MYC is associated with a variety of poorly differentiated

human tumors [37]. In human liver cancer, elevated tumor

alpha-fetoprotein (AFP) expression is a clinical marker of poorly

differentiated and aggressive disease. Previous studies have

indicated a correlation between MYC overexpression in HCC tissue

and increased serum AFP [21,38]. Accordingly, we find that MYC

and AFP protein expression is correlated in MYC-driven murine liver

tumors (Fig 1A); we also find that tumor AFP transcript strongly

correlates with miR-18a in human HCC (Fig 4D). We thus sought to

determine whether poorly differentiated human liver tumors

characterized by elevated AFP expression have alterations in GSH

abundance. Metabolite profiling of primary human HCCs has

recently been reported [39,40]. Examining these datasets, we find

that HCC patients with high serum AFP levels (Fig 4E) or high tissue

AFP expression (HpSC subtype in Fig 4F) exhibit lower tumor GSH

abundance than those with low serum or tissue AFP (correlation

between GSH abundance and MYC expression in MH and HpSC

subtypes in Fig EV5A and B). Taken together, our results indicate

that miR-18a strongly correlates with AFP expression, a marker of

aggressive tumors, in human HCC. Further, elevated miR-18a

expression and AFP abundance correlate with diminished GCLC

expression and GSH abundance, respectively, in human liver cancer.

MYC-driven liver tumors are sensitive to exogenous
oxidative stress

Because GSH is an important cellular antioxidant, we next sought to

understand how depleted GSH affects MYC-driven liver tumor survival.

To assess how MYC-driven liver tumors respond to acute oxidative

stress, tumor-bearing LT2-MYC mice were treated via i.p. injection

with the redox-active compound diquat, which induces superoxide

generation and ROS damage [41,42]. Tissues were collected at 6 and

24 h post-treatment. We hypothesized that diquat treatment would

specifically target tumor tissues and spare adjacent non-tumor tissues.

Diquat treatment of tumor-bearing LT2-MYC mice led to

decreased cellularity in tumors following treatment, which was not

observed in adjacent non-tumor tissue (Fig 5A, top panel). Addi-

tionally, diquat-treated LT2-MYC tumors showed a small but signifi-

cant increase in TUNEL staining, a marker of cell death, as

compared to saline-treated tumors. This elevation was not observed

in adjacent non-tumor tissue; instead, we observed a small, but

significant, decrease in TUNEL staining in adjacent non-tumor

treated with diquat, as compared to saline-treated tissue (Fig 5A,

middle panel). Finally, we observed fewer MYC-positive cells in

tumor tissues following diquat treatment (Fig 5A, lower panel).

Figure 4. miR-18a is elevated in human HCC and correlates with altered GSH pathway gene expression.

A miR-18a expression in human HCC versus adjacent non-tumor tissue (n = 96 each group, data represented as box plot with horizontal bar representing the median, box
ranges representing the first (bottom) and third (top) quartiles, and vertical bars representing the standard error, Mann–Whitney U-test, P = 3.58E-19).

B miR-18a expression inversely correlates with GCLC mRNA expression in human HCC (n = 96, Pearson correlation, Rp = �0.47, two-tailed t-test P = 1.315E-06).
C Human HCCs with high miR-18a expression exhibit a GSH pathway gene expression pattern similar to LT2-MYC tumors. ANT, adjacent non-tumor. Roman numerals

represent ranked tertiles of increasing miR-18a expression. Colored bar on left indicates relative gene expression in LT2-MYC tumors for reference (n = 96 ANT, n = 96
total tumor samples).

D miR-18a expression correlates with AFP mRNA in human HCC (n = 96, Pearson correlation, Rp = 0.70, two-tailed t-test P = 2.665E-15).
E Tumor GSH abundance, normalized to matched NT liver tissue, in human HCCs with low (left) versus high (right) serum AFP status (n = 25 each group, data

represented as box plot with horizontal bar representing the median, box ranges representing the first (bottom) and third (top) quartiles, and vertical bars
representing the standard error, Mann–Whitney U-test, P = 0.05).

F Tumor GSH abundance, normalized to matched NT liver tissue, in hepatic stem cell-like (HpSC) human HCC versus mature hepatocyte-like (MH) HCC (n = 15 each
group, data represented as box plot with horizontal bar representing the median, box ranges representing the first (bottom) and third (top) quartiles, and vertical
bars representing the standard error, Mann–Whitney U-test, P = 0.004).

Data information: For (A–D), data previously described [36].
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This observation was supported by decreased expression of MYC, as

indicated by Western blot, in tumor tissues at both 6 and 24 h

post-treatment compared to saline controls (Fig 5B and C). These

data suggest that depletion of GSH in MYC-driven liver tumors leads

to increased sensitivity to exogenous oxidative stress, and that

residual tumor tissues have diminished MYC expression.

Discussion

In this study, we sought to identify novel metabolic pathways that

are dysregulated in MYC-driven tumors. Our biochemical and tran-

scriptional profiling of murine liver tumors identified six path-

ways that are coordinately altered in vivo (Fig 1B and Appendix

A

C

E

F

B D

Figure 4.
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Figs S1–S6). At least two of these pathways, serine metabolism and

ABC transporters, have been described in connection with MYC

signaling previously [43,44], while to our knowledge, the others

have yet to be associated with MYC overexpression in cancer.

We describe an inverse relationship between MYC and GCLC,

the rate-limiting enzyme of GSH biogenesis, in a mouse model of

MYC-driven liver cancer. We show evidence for a novel regulatory

axis whereby the MYC-induced miRNA, miR-18a [30,31], targets

A

B C

Figure 5. MYC-driven liver tumors are sensitive to exogenous oxidative stress.

A Histological evaluation of MYC-driven tumors following acute diquat treatment. Upper panel: Representative histology of H&E sections of LT2-MYC tumors (T) and
adjacent non-tumor (ANT) tissue 24 h after saline (control) or 50 mg/kg diquat treatment. Quantitation is percent area of cell loss per sample (n = 6 saline ANT
and T, n = 12 diquat ANT and T, data represented as univariate scatter plot with median, unpaired two-tailed t-test, ANT saline versus diquat P = 0.7, T saline
versus diquat P = 0.006). Middle panel: representative TUNEL (cell death marker) staining of LT2-MYC tumors 24 h after saline or 50 mg/kg diquat treatment.
Quantitation is average percentage of TUNEL-positive cells in 10 high-powered fields for ANT or T samples 24 h after treatment (n = 3 ANT saline, n = 3 ANT
diquat, n = 4 T saline, n = 5 T diquat, data represented as univariate scatter plot with median, unpaired two-tailed t-test, ANT saline versus diquat P = 0.006,
T saline versus diquat P = 0.003). Lower panel: Representative MYC staining of LT2-MYC tumors 24 h after saline or 50 mg/kg diquat treatment. Quantitation is
percent of tumor samples with MYC-positive score 1+ to 4+ after diquat treatment (n = 6 saline, n = 10 diquat, 6 h and 24 h combined, 1+ corresponds to 1–50%
of tumor cells staining positive for MYC, 2+ = 51–74%, 3+ = 75–84%, 4+ = 85–100%, unpaired two-tailed t-test, P = 0.02). For all images, scale bar is 50 lm.

B, C Western blot analysis of MYC protein expression in LT2-MYC tumors (T) and adjacent non-tumor (NT) 6 h (B) and 24 h (C) after 50 mg/kg diquat treatment (n = 2
samples/condition).

Source data are available online for this figure.
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GCLC and inhibits GSH synthesis, thereby contributing to GSH

depletion in tumor cells (Fig 6). In vivo inhibition of miR-18a results

in upregulation of GCLC and a corresponding increase in GSH abun-

dance in tumor tissues. Another MYC-dependent miRNA, miR-23a/

b, has been implicated in the regulation of GLS, the enzyme that

converts glutamine to glutamate [14]. We propose that a MYC-regu-

lated miRNA network of miR-23a/b and miR-18a shapes the utiliza-

tion of glutamine in MYC-driven tumors.

GSH and GSSG were two of the most depleted metabolites in our

global profiling. In addition to downregulation of GCLC, we found

increased expression of glutaredoxin GLRX5 and a very small, but

significant, increase in GGT1 expression in tumors compared to

non-tumor tissues (Fig 2B and D). Thus, it is possible that GSH

depletion in MYC-driven liver tumors results from multiple mecha-

nisms, including decreased synthesis, elevated S-glutathionylation,

and elevated gamma-glutamyl cycling, although we did not find

strong metabolic support for the latter two mechanisms. Whether

MYC regulates glutaredoxin activity or gamma-glutamyl cycling is

unknown. However, a recent report on the same LT2-MYC model

used in this study [45] found that Ggt1 transcript exhibits MYC-

dependent upregulation that is independent of transcriptional acti-

vation (Appendix Table S4). It is thus possible that MYC regulates

other genes involved in GSH metabolism, perhaps also through

post-transcriptional means, such as miRNAs.

In this study, [13C]-glutamine tracing experiments identified

several metabolic differences between tumor and non-tumor tissues.

We observed increased incorporation of [13C]-glutamine carbons

into multiple metabolites, including the TCA cycle intermediates

alpha-ketoglutarate and malate, as well as pyruvate, in tumors rela-

tive to adjacent non-tumor tissues (Fig EV3C). The TCA cycle is an

important biosynthetic hub for proliferating cancer cells [46].

Accordingly, prior studies of MYC-overexpressing cell lines have

characterized the flux of glutamine carbons away from the TCA

cycle and into biosynthetic pathways, a process known as

cataplerosis [10,12]. Thus, the differences in [13C]-glutamine tracing

we observed between tumor and non-tumor tissue may reflect meta-

bolic reprogramming that enhances glutamine utilization for biosyn-

thesis in MYC-driven liver tumor cells. Further studies are needed to

define which pathways downstream of glutamine uptake or synthe-

sis are critical for the proliferation and survival of MYC-driven liver

tumors (Fig 6).

In addition to the post-transcriptional regulation by miR-18a

described in this study, GCLC is also transcriptionally regulated. The

GCLC promoter contains several regulatory elements, including an

E-box, which may be bound by MYC or NRF2. Using cultured cells,

different groups have shown opposing transcriptional effects of

MYC binding to the GCLC promoter [47,48]. Thus, it is likely that

GCLC expression is regulated both directly via MYC and indirectly

via a MYC-regulated miRNA, miR-18a, in a context-specific manner

as shown in this study. However, a recent study of MYC-dependent

gene expression in the LT2-MYC model [45] classified GCLC as

having “secondary” (i.e., non-transcriptional) MYC-dependent

repression (Appendix Table S4), lending further support to the

miRNA-dependent regulation described here.

MYC indirectly regulates GLS via suppression of specific miRNAs

[14]. Similarly, MYC indirectly regulates splicing of the key glyco-

lytic enzyme PKM2 via RNA processing enzyme expression [7].

Interestingly, we find that HNRNPA1, an RNA processing protein

that regulates both PKM2 splicing [7] and miR-18a processing [33],

is upregulated in LT2-MYC tumors in a MYC-dependent manner

(Fig EV4C). In addition to its capacity for direct transcriptional

regulation, MYC may orchestrate tumor-specific metabolic repro-

gramming through indirect, RNA-dependent means (i.e., through

miRNAs and the regulation of RNA processing enzymes such as

HNRNPA1). These multiple levels of regulation may enable MYC to

fine-tune metabolic pathways to coordinate anabolic processes;

future studies should investigate this possibility.

We found that miR-18a expression is elevated in human HCC

and correlates with altered GSH pathway gene expression [36]

(Fig 4A–C). Further, we found that HCC patients with high serum

and tissue AFP, a marker of aggressive disease, exhibit lower GSH

abundance in their tumor tissues than patients with low AFP (Fig 4E

and F). MiR-18a and AFP are strongly correlated in human HCC

(Fig 4D). Taken together, high tumor miR-18a expression and/or

high serum or tissue AFP levels may indicate tumor GSH synthesis

suppression due to MYC activation. Future studies should elucidate

the utility of stratification of HCCs by their miR-18a or GSH status

for exploring novel treatment strategies.

GSH is a major scavenger of reactive oxygen species (ROS) [26]

and plays a critical role in detoxification of potential alkylating

agents in the liver [49]. A corollary of depleted GSH in MYC-driven

liver tumors may thus be increased sensitivity to ROS or alkylating

agents, which can no longer be efficiently cleared from the tissue.

Previous studies have shown that tumor cells may be able to survive

loss of certain antioxidants by upregulating compensatory antioxi-

dant systems such as thioredoxin [50] or NRF2 [51,52]. We found

that MYC-driven liver tumors are sensitive to acute oxidative stress,

as evidenced by cell loss, increased cell death, and a reduction in

MYC expression in tumors following treatment with diquat (Fig 5).

Whether GSH depletion in MYC-driven tumors will render them

more sensitive to chemotherapeutic drugs that rely on GSH for their

detoxification is an important area for further investigation.

Figure 6. Summary of miR18a-dependent regulation of GSH metabolism
in MYC-driven murine liver tumors.
MYC suppresses GCLC via miR-18a. Attenuated GCLC contributes to GSH
depletion. Relative flux of glutamine-derived carbons to other downstream
pathways, such as the TCA cycle and protein synthesis, remains to be determined
(dotted line).
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In summary, our work describes a novel example of meta-

bolic reprogramming by MYC in vivo. We show that MYC atten-

uates GCLC via miR-18a in a mouse model of liver cancer,

contributing to GSH depletion and sensitivity to oxidative stress.

Future studies on the role of GSH depletion or GCLC attenuation

for tumor cell survival may identify novel treatment strategies

for MYC-expressing tumors.

Materials and Methods

Ethics statement

All protocols regarding animal studies were approved by the UCSF

Institutional Animal Care and Use Committee (IACUC). Husbandry

and housing were maintained by the UCSF Laboratory Animal

Resource Center (LARC). Animals were handled in accordance with

standards set forth by the Association for Assessment and Accredita-

tion of Laboratory Animal Care (AAALAC). ARRIVE guidelines [53]

were consulted to accurately report the animal experiments

described below.

LT2-MYC tumor generation and regression

LT2-MYC (LAP-tTA × TetO-MYC, FVB/n background from Taconic

Biosciences) double-transgenic mice have been described [22]. Male

LT2-MYC mice were bred and maintained on doxycycline (200 mg/kg

doxy chow, Bio-Serv, ad libitum feeding) to suppress oncogene

expression. At 8 weeks of age, doxycycline was removed from the

diet (mice were placed on normal chow, ad libitum feeding) to

induce MYC expression and tumorigenesis. Mice were monitored

weekly for tumor development by inspection and palpating the

abdomen. Average time to tumor detection was 10 weeks. To

induce tumor regression, mice were placed back on a diet

containing 200 mg/kg doxycycline, ad libitum feeding. Mice were

euthanized as per ethical guidelines (i.e., reaching a body condition

score, BCS, of 2 or less), and tumors or adjacent non-tumor tissues

were flash-frozen in liquid nitrogen or prepared for histology as

described below.

For histology, mouse livers were fixed in 4% paraformaldehyde

in PBS at 4°C for 24 h and then switched to 70% ethanol. Paraffin-

embedded blocks and hematoxylin and eosin-stained slides were

prepared at the Gladstone Histology and Light Microscopy Core

Facility.

mRNA microarray

Total RNA from four samples per genotype (LT2 Control, LT2-MYC)

was extracted as per manufacturer’s instructions (mirVanaTM miRNA

isolation kit, Ambion). RNA quality was assessed using a Pico Chip

on an Agilent 2100 Bioanalyzer (Agilent Technologies). Three LT2

Control and four LT2-MYC samples were selected for Agilent stock

mouse 44K (014868) array analysis—one LT2 Control RNA sample

did not meet quality selection criteria and was thus removed from

downstream applications. Sample preparation, labeling, and array

hybridizations were performed according to standard protocols from

UCSF Shared Microarray Core Facilities and Agilent Technologies

(http://www.arrays.ucsf.edu; http://www.agilent.com). RNA was

amplified and labeled with Cy3-CTP using the Agilent Low RNA

Input Fluorescent Linear Amplification kits following the manufac-

turer’s protocol (Agilent). Labeled cRNA was assessed using

Nandrop ND-100 (Nanodrop Technologies Inc.). Cy3-labeled target

was hybridized to Agilent whole mouse genome 4x44K Ink-jet arrays

(Agilent). Hybridization samples were randomized on the 4x44K

format to correct any batch bias. Hybridizations were performed for

14 h, according to the manufacturer’s protocol (Agilent). Arrays

were scanned using the Agilent microarray scanner (Agilent), and

raw signal intensities were extracted with Feature Extraction v9.5

software (Agilent). Primary normalization and data extraction were

performed by the Microarray Core Facility. Briefly, single channel

data were normalized using quantile normalization method. No

background subtraction was performed, and the median feature

pixel intensity was used as the raw signal before normalization.

Metabolic analyses

Mass spectrometry analysis was performed to obtain global

biochemical profiles of LT2 control liver tissue and LT2-MYC liver

tumor tissue (Metabolon Inc., Durham, NC, USA). Flash-frozen

tissue samples from seven mice were provided for each group.

Samples were extracted and prepared for analysis using Metabolon’s

standard solvent extraction method. The extracted samples were

split into equal parts for analysis on the GC/MS and LC/MS/MS

platforms. Technical replicate samples were created from sample

homogenates. The mView product specification includes all detect-

able compounds of known identity (named biochemicals). The

Metabolon-generated dataset (Dataset EV1) used in this study

comprises a total of 334 named biochemicals. Initial statistical anal-

ysis was carried out by Metabolon. Briefly, following log transfor-

mation and imputation with minimum observed values for each

compound (described previously in [54–56]), Welch’s two-sample

t-test was used to identify biochemicals that differed significantly

between control liver tissue and tumor tissue.

For the [U-13C]-glutamine isotopic tracing analyses (Fig 2E),

MYC liver tumors were generated through hydrodynamic transfec-

tion of 8-week-old FVB/n male mice (Taconic Biosciences)

(Fig EV3), as described previously [28]. Five weeks following

hydrodynamic transfection, 14 total mice were randomized into two

groups (seven mice per group; labeled versus unlabeled glutamine).

The labeled glutamine (Cambridge Isotope Laboratories Inc., CLM-

1822) or unlabeled glutamine (Sigma) was administered via i.v.

injection, as described previously [11]. Fifteen minutes after the

final dose, the animals were euthanized and liver tumor and adja-

cent non-tumor tissues were flash-frozen and analyzed using a

slight modification of previously described procedures [57]. Briefly,

100 mg of frozen tissue were extracted in 300 ll of 40:40:20 acetoni-

trile:methanol:water with 1 nM final concentration of d3-N
15 serine

(Cambridge Isotope Labs). Manual disruption of tissue was

performed via TissueLyser using a 5-mm stainless steel bead for

30 s (Qiagen). Metabolite-containing supernatant was separated

from insoluble tissue debris by refrigerated centrifugation at

20,000 g for 10 min. An aliquot of the supernatant was then injected

into an Agilent 6460 QQQ LC-MS/MS for targeted single-reaction

monitoring (SRM)-based quantitation of metabolites. For separation

of polar metabolites a Luna 5-mm NH2 column (Phenomenex,

50 × 4.6 mm) was used for normal-phase chromatography. The
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mobile phase was as follows: Buffer A, acetonitrile; Buffer B, 95:5

water/acetonitrile with either 0.1% formic acid or 0.2% ammonium

hydroxide plus 50 mM ammonium acetate for positive and negative

ionization mode, respectively. The flow rate for each run started at

0.2 ml/min for 5 min, followed by a gradient starting at 0% B and

increasing linearly to 100% B over the course of 45 min with a flow

rate of 0.7 ml/min, followed by an isocratic gradient of 100% B for

17 min at 0.7 ml/min before equilibrating for 8 min at 0% B with a

flow rate of 0.7 ml/min. MS analysis was performed with an electro-

spray ionization (ESI) source on an Agilent 6430 QQQ LC-MS/MS.

The capillary voltage was set to 3.0 kV, and the fragmentor voltage

was set to 100 V. The drying gas temperature was 350°C, the drying

gas flow rate was 10 l/min, and the nebulizer pressure was 35 psi.

Representative metabolites were quantified by integrating the area

under the curve for the SRM of the transition from precursor to

product ions at associated collision energies and normalized to

internal standards and external standard curves. Expected expres-

sion of MYC and GCLC were confirmed in samples taken from the

same tumors (Fig EV3A).

Microarray and metabolomics statistical analyses

Method for processing raw data into normalized expression values:

Differential gene expression and metabolite abundance between

LT2-MYC tumors and LT2 control tissue was performed using the

limma R package [58]. Genes or metabolites that were significantly

different between these groups at a false discovery rate of 0.05 were

extracted for downstream analyses. Pathway enrichment within this

set of genes or metabolites was quantified using the Fisher’s exact

test based on annotations from the Kyoto Encyclopedia of Genes

and Genomes (KEGG) [25]. Significantly enriched pathways were

identified at a P-value cutoff of 0.05.

Gene expression values for human liver tumor samples [36,40]

were sourced from the Gene Expression Omnibus (GEO) site (acces-

sion codes GSE14520 and GSE22058, respectively). For GSE14520,

data from the two array platforms were combined, and batch correc-

tions performed with ComBat from the sva R package [59]. Differen-

tial gene expression between the non-tumor (NT) and tumor (T)

groups (GSE22058, Fig 4A) was quantified using the limma R pack-

age [60]. Correlation plots of gene expression in tumors were gener-

ated using the gplots R package (GSE22058, Fig 4B and D) or Excel

(GSE14520, Fig EV5A and B). Correlation P-values were generated

using unpaired, two-sided t-tests.

Human orthologs of dysregulated glutathione pathway genes in

mice were identified using homology group definitions compiled

and published by the Mouse Genome Database Group [61]. Heat-

maps and clustering analyses were performed using the gplots and

cluster R packages, respectively.

Raw metabolite abundance values were obtained for the tumor

samples from [39]. Missing values were imputed with the minimum

abundance across all samples for the respective metabolites. The

resulting metabolite levels were then normalized to those from

matched distal non-tumor samples from the same patients, and log-

transformed. The tumor samples were dichotomized based on AFP

expression using a cut-point at the 50th percentile mark and statisti-

cal significance of the differences in metabolite abundance between

the groups was determined using a Mann–Whitney U-test in the

limma R package [60].

Raw metabolite abundance values were obtained for the

tumor samples from [40]. Raw metabolite abundance values

were log-transformed, and missing values imputed using the K-

nearest neighbors algorithm within the impute R package [62]; R

package version 1.44.0. Statistical significance of the differences

in metabolite abundance between the MH and HpSC groups

were quantified using a Mann–Whitney U-test in the limma R

package.

Glutathione assay

The GSH-Glo Glutathione Assay kit (Promega) was used as per the

manufacturer’s instructions. Briefly, flash-frozen tissue samples

were homogenized in ice-cold PBS containing 2 mM EDTA (1 ml

PBS/EDTA per 10 mg tissue) using a Dounce homogenizer. The

extracts were centrifuged at 4°C (10,000 g, 10 min), and the super-

natant was collected and used immediately for the assay at a dilu-

tion of 1:10 in PBS/EDTA. Luminescence was read on a Tecan

Safire II plate reader.

Protein preparation and Western blot analysis

Cultured cells or flash-frozen tissues were homogenized in ice-cold

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris–HCl

pH 7.6, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40,

0.1% SDS, 2 mM EDTA) containing COMPLETE protease inhibitor

cocktail (Roche) and phosphatase inhibitors (Santa Cruz Biotech-

nology). Protein concentrations were determined by performing

DC Protein Assay (Bio-Rad) using BSA as standard. Protein

extracts were resolved using 4–12% Bis-Tris SDS–PAGE gels (Invit-

rogen) in a Bolt apparatus with 1× MOPS buffer (Invitrogen).

Transfer to nitrocellulose membranes (Life Technologies) was

performed on an iBlot apparatus (Invitrogen). Membranes were

probed with primary antibodies overnight on a 4°C shaker and

then incubated with horseradish peroxidase (HRP)-conjugated

secondary antibodies, and signals were visualized with ECL (Bio-

Rad). The following primary antibodies were purchased and used

as indicated by the manufacturer: AFP (Thermo Scientific,

710486); c-MYC (MYC) (Abcam, ab32072); GCLC (Santa Cruz, sc-

22755); GSS (Sigma, HPA054508); GLRX5 (Sigma, HPA042465);

GGT1 (Sigma, HPA045635); GSR (Invitrogen, PA5-29945); G6PD

(GeneTex, GTX101212); HNRNPA1 (Sigma, HPA001609); b-actin
(actin) (Santa Cruz, sc-47778, HRP). MYC and AFP antibody use

for Western blot with samples from the LT2-MYC model was

published previously [23]. Actin antibody use for Western blot

with samples from murine liver cancer cell lines was published

previously [24]. All Sigma antibodies (GSS, GLRX5, GGT1,

HNRNPA1) were selected based on Western blot validation (hu-

man tissue only) in the Human Protein Atlas (www.proteinatlas.

org). The antibodies for GCLC, GSS, GLRX5, GGT1, G6PD, and

HNRNPA1 are supported for Western blot application (reactivity:

human) by Antibodypedia (www.antibodypedia.com). The anti-

body for GSR is supported for Western blot application (reactivity:

human and mouse) by Antibodypedia (www.antibodypedia.com).

Because metabolic enzymes are highly conserved, we assumed

that antibodies that were validated for Western blot application in

human tissue would also be appropriate for application in murine

tissue.
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Murine liver tumor cell lines

The EC4 conditional line used in Fig 3A and C was a gift of D.

Felsher at Stanford University. Similar lines were described previ-

ously [29]. EC4 cells were grown in high glucose DMEM supple-

mented with 10% fetal bovine serum and 1× each of glutamine,

non-essential amino acids, and sodium pyruvate. To turn off trans-

gene expression in EC4 cells, 8 ng/ml doxycycline (Sigma) in fresh

media was added to cells. The LT2M cell line used in the in vitro

LNA experiment (Fig 3E) was isolated and established from an

LT2-MYC mouse liver tumor by Dr. Andrei Goga at UCSF. After

establishing this line, it was grown and expanded further in RPMI

1640 media supplemented with 10% fetal bovine serum. To make

the immortalized LT2MR cell line used in the luciferase experiments

(Fig 3D), LT2M cells were engineered to stably express RAS by

retroviral infection with pMSCV-HRAS V12 virus. No cell line used

in this article was authenticated prior to use. All lines were tested

monthly for mycoplasma contamination and found to be negative.

Real-time quantitative PCR

Total RNA from liver samples or cultured cells was extracted using

mirVanaTM miRNA isolation kit (Ambion) and DNase treated with

Turbo DNA-free DNase Treatment kit (Ambion) as per manufac-

turer’s protocol. For analysis of mRNA transcripts, cDNA was

synthesized from one microgram of DNase I-treated total RNA using

iScriptTM cDNA synthesis Kit (Bio-rad). Real-time PCR was

performed using TaqMan probes (Applied Biosystems) for Gclc

(Mm00802655_m1), and Gapdh (Mm99999915_g1) as endogenous

control. For analysis of miRNAs, cDNA was synthesized from 10 ng

of DNase I-treated total RNA using the TaqMan microRNA reverse

transcription kit (Applied Biosystems PN4366596) with RT primers

from TaqMan sets for miR18a (Cat #002422), and snoRNA202 (Cat

#4427975) as endogenous control. The reaction mix was prepared

according to the protocol. Real-time PCR was performed using

TaqMan Universal Master Mix II, no UNG (Applied Biosystems PN

4440041) according to the protocol, using 1.33 ll of undiluted cDNA

per reaction and RNA-specific Taqman hydrolysis probes. Samples

were run in triplicate on a Real-Time Thermal Cycler (Bio-Rad Labo-

ratories), and variation was calculated using the DDCt method with

respective endogenous controls. Significance of differences in gene

expression was determined by performing unpaired, two-sided

t-tests on the replicate 2�DDCt values for each gene in control and

experimental groups.

Luciferase assays

A 467-bp fragment of the Gclc 30 UTR containing the putative

miR-18a binding site was PCR amplified from genomic DNA of

LT2MR cells [24]. The following primers were used to amplify the

Gclc 30 UTR fragment: GCLC 30 UTR-Short_For: caccGGCATTCCAG
AGTTTCAAATGT and GCLC 30 UTR-Short_Rev: CAGCCTGTCAAT

CTGCTCCT. To make the mutated binding site construct, four bases

of the putative miR-18a binding site on Gclc 30 UTR were mutated

using site-directed mutagenesis, as per manufacturer’s instructions

(QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent). The

following primers were designed (miR-18a seed sequence is under-

lined and the mutated bases are in bold): Forward: TGCCCTCCG

TGGGTGAGGTAGCAGACCTGTGATATTTC; Reverse: GAAATATCA

CAGGTCTGCTACCTCACCCACGGAGGGCA. The PCR products (Gclc

30 UTR WT and mutant) were then cloned by Topo cloning into

pMSCV-Luciferase reporter vectors.

LT2MR cells were plated in each well of a 12-well dish,

75,000 cells/well. Co-transfection of the pMSCV-Luciferase reporter

vector containing the Gclc 30 UTR (WT or mutant) (1 lg/well), a

Renilla-Luciferase (Renilla-Luc) reporter construct (100 ng/well),

and either mir-18a mimic (50 nM) or control mimic (50 nM) was

carried out. Dharmafect Duo (Dharmacon) was used as a transfec-

tion reagent. The Dual Luciferase Reporter Assay System (Promega)

was used as per product instructions. 250 ll of Passive Lysis buffer

(Promega) was added to each well of the 12-well plate, 48 h post-

transfection. The plate was covered with aluminum foil and placed

in �20°C overnight. Luciferase assays were performed on a lumi-

nometer. Firefly luciferase activity was normalized to Renilla rela-

tive luminescence units (RLUs) for each sample. Six wells were

treated per condition, and the experiment was repeated three times

overall.

Locked nucleic acid experiments

LT2M cells were plated in each well of a 6-well dish, 75,000 cells/

well. Cells were transfected with 50 nM of either control or 18a

LNA (Exiqon) using RNAiMax transfection reagent (Invitrogen) as

per manufacturer’s instruction. Cells were trypsinized and pelleted

48 h post-transfection. Pellets were lysed and protein extracts made

for subsequent Western blot analysis. Three wells were treated per

condition, and each well was prepared independently for Western

blot analysis. The experiment was repeated twice overall.

LT2-MYC mice from three separate litters were induced at

8 weeks of age, by taking mice off doxy chow. After 8 weeks of

tumor induction, mice were randomized into experimental groups.

The mice received either miR-18a (n = 4) or control (scramble)

(n = 4) LNA, 25 mg/kg in saline, delivered in six i.p. injections over

3 weeks (two injections per week). Mice were euthanized and

tissues collected 2 days after the final injection, at ~11 weeks induc-

tion total. Tumor and adjacent non-tumor tissue were flash-frozen

for subsequent analyses. One mouse that received the 18a LNA

treatment did not have appreciable tumor burden at euthanization

(i.e., not enough tissue for downstream analysis) and so was not

included in further analyses.

Diquat experiments

LT2-MYC mice from multiple litters were induced at 8 weeks of

age, by taking mice off of doxy chow. After 10–12 weeks of tumor

induction, mice were randomized into experimental groups. The

mice received 50 mg/kg diquat in saline, or saline alone, delivered

once by i.p. injection. Mice were euthanized and tissues collected

at 6 h (two experimental cohorts, saline n = 4, diquat n = 4) and

24 h (four experimental cohorts, saline n = 8, diquat n = 14)

following treatment. Tumor and adjacent non-tumor tissue were

flash-frozen for subsequent analyses. Additional tissue was

collected for histology, as described below. Mice had variable levels

of tumor burden (from none to majority of liver tissue) when euth-

anized; thus, not all samples were available for all downstream

analyses.
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Histological analyses of murine liver tumor samples

Mouse liver tissue samples were fixed in 4% paraformaldehyde

in PBS at 4°C for 24 h and then switched to 70% ethanol. Paraffin-

embedded blocks and hematoxylin and eosin-stained slides were

prepared at the Gladstone Histology and Light Microscopy Core

Facility. TUNEL staining was performed using the ApopTag

Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore/

Calbiochem) according to the manufacturer’s instructions.

Immunohistochemical staining of MYC (Abcam ab32072; dilution

as indicated by the manufacturer) was performed following

xylene deparaffinization, rehydration, heat-induced epitope

retrieval with 10 mM sodium citrate buffer (0.05% Tween, pH

6.0), quenching of endogenous peroxidase activity by hydrogen

peroxide incubation, and blocking in 5% normal goat serum in

PBS. Goat anti-rabbit IgG-biotin secondary antibody was used as

indicated by the manufacturer (Santa Cruz, sc-2040). Samples

were detected with VECTASTAIN Elite ABC Reagent (Vector

Labs) and Vector DAB substrate kit (Vector Labs) and counter-

stained with hematoxylin.

To quantify cell loss, slides were blinded and a pathologist

(K.J.E.) assessed the approximate total acellular tissue area (includ-

ing abnormalities such as stroma, fat, and necrosis) in 10–30 high-

power fields for each sample. To quantify cell death, slides were

blinded and the first author (B.A.) counted the number of

TUNEL-positive cells in 10 high-power fields for each sample. For

MYC staining, the following scale was established by K.J.E. to quan-

tify MYC-positive cells in tumor tissues: 1+ (1–50% of tumor cells

staining positive for MYC); 2+ (51–74%); 3+ (75–84%); 4+ (85–

100%). K.J.E. performed the MYC quantification on blinded slides.

Statistical analysis

Statistical analyses of human and mouse gene expression and

metabolite profiling are described above. Unless otherwise noted in

the appropriate figure legend, for all other comparisons, unpaired,

two-sided t-tests were used. We generally used two-sided t-tests

because we assumed a normal distribution in which an effect could

be measured in either direction. We used one-sided t-tests when

we assumed a normal distribution in which an effect could be

measured in one direction. We used Mann–Whitney U-tests when

we assumed that the data were not normally distributed (Fig 4A, E

and F). For the large (profiling) data sets, the distribution and vari-

ance of the data meet the assumptions of the statistical test used.

No statistical method was used to predetermine sample size. The

investigators were not blinded to allocation for the in vivo diquat

and isotopic tracing experiments. The investigators were blinded to

allocation for the in vivo 18a LNA experiments. For all in vivo stud-

ies, mice were randomized to treatment groups when tumors were

detected by visual inspection or abdomen palpation in one or more

representative animals. For LT2-MYC studies, mice were random-

ized within cages, to minimize skewing effects from litters. We did

not use statistical methods to assess whether our data met the

assumptions of the tests used. We did not calculate an estimate of

variation within each group of data, nor did we assess whether the

variance was similar between groups that were statistically

compared.

The sample size for all experiments (in vitro and in vivo) was not

chosen with consideration of adequate power to detect a prespeci-

fied effect size. For in vitro studies, all completed experiments are

reported. For in vivo studies, the number of indicated mice repre-

sents the total number of mice processed for each experiment. Mice

with excessive tumor burden at the start of an in vivo study, as indi-

cated by swollen abdomen or low BCS, were removed from the

study and euthanized as per ethical guidelines. For the 18a LNA and

diquat treatment studies, mice were euthanized at the study

endpoint as indicated, unless they failed to meet the predetermined

UCSF IACUC quality-of-life guidelines (i.e., BCS < 2). No mice that

completed the studies’ predetermined duration were excluded from

analyses. No samples were fully processed for metabolomic, qPCR,

Western blot, or immunohistochemical analysis and then excluded.

Data availability

Primary data

Gene expression values for human liver tumor samples [36,40] are

available from the GEO site (accession codes GSE14520 and

GSE22058, respectively). Metabolite abundance values for human

liver tumor samples were shared upon request to the respective

authors [39,40]. miRNA expression values for murine liver tumors

[24] are available at GEO accession code GSE44570. mRNA expres-

sion values for LT2-MYC tumor formation and regression [23] are

available at GEO accession code GSE28198. Metabolomic profiling

data for LT2-MYC tumors are available as Dataset EV1 with this

article.

Referenced data

Summary data of MYC-dependent regulation of glutathione pathway

genes (Appendix Table S3) were extracted from Supplemental Data

published previously [45].

Code availability

All codes used for this project have been deposited to Github

(https://github.com/snjvb/liver_glut_met).

Expanded View for this article is available online.
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