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Hepatoblastoma (HB) is associated with aberrant activation
of the f-catenin and Hippo/YAP signaling pathways. Overex-
pression of mutant 3-catenin and YAP in mice induces HBs that
express high levels of c-Myc (Myc). In light of recent observa-
tions that Myc is unnecessary for long-term hepatocyte prolif-
eration, we have now examined its role in HB pathogenesis using
the above model. Although Myc was found to be dispensable for
in vivo HB initiation, it was necessary to sustain rapid tumor
growth. Gene expression profiling identified key molecular dif-
ferences between myct’* (WT) and myc™'~ (KO) hepatocytes
and HBs that explain these behaviors. In HBs, these included
both Myc-dependent and Myc-independent increases in fami-
lies of transcripts encoding ribosomal proteins, non-structural
factors affecting ribosome assembly and function, and enzymes
catalyzing glycolysis and lipid bio-synthesis. In contrast, tran-
scripts encoding enzymes involved in fatty acid B-oxidation
were mostly down-regulated. Myc-independent metabolic
changes associated with HBs included dramatic reductions in
mitochondrial mass and oxidative function, increases in ATP
content and pyruvate dehydrogenase activity, and marked inhi-
bition of fatty acid B-oxidation (FAO). Myc-dependent meta-
bolic changes included higher levels of neutral lipid and acetyl-

* This work was supported by National Institutes of Health Grants 5RO1
CA174713 (toE. V. P.)and TROT CA204586 and 1R01 DK100287 (to S. P. M.).
This work was also supported by a predoctoral research award from The
Children’s Hospital of Pittsburgh of UPMC Research Advisory Committee
(to L. R. E.). The authors declare that they have no conflicts of interest with
the contents of this article. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Health.

® This article was selected as a Paper of the Week.

(5] This article contains supplemental Figs. $1-512 and supplemental Table S1.

The raw and processed original data reported in this paper have been deposited
in the NCBI Gene Expression Omnibus under GEO Series accession number
GSE87578.

" To whom correspondence should be addressed: Division of Hematology/
Oncology, Children’s Hospital of Pittsburgh of UPMC, Rangos Research
Center, Rm. 5124, 4401 Penn Ave., Pittsburgh, PA 15224. Tel.: 412-692-
6795; Fax 412-692-5228; E-mail: procev@chp.edu.

SASBMB

DECEMBER 16, 2016+ VOLUME 291+-NUMBER 51

CoA in WT tumors. The latter correlated with higher histone
H3 acetylation. Collectively, our results indicate that the role of
Myc in HB pathogenesis is to impose mutually dependent
changes in gene expression and metabolic reprogramming that
are unattainable in non-transformed cells and that cooperate to
maximize tumor growth.

Hepatoblastoma (HB)? is the most common pediatric liver
tumor (1). Although quite rare, its incidence is increased ~15-
fold in very low birth weight infants (2). An even higher inci-
dence (up to 5000-fold relative risk) occurs in individuals with
genetic predispositions such as familial adenomatous polyposis
(FAP) who also have high rates of colorectal cancer (CRC) later
inlife (3, 4). FAP is often associated with inactivating mutations
in the adenomatous polyposis coli (APC) tumor suppressor
gene, which encodes a critical component of the Wnt/3-
catenin signaling pathway (5). In these cases, mutant APC fails
to interact with B-catenin, which is instead stabilized and trans-
located to the nucleus, thus mimicking constitutive Wnt signal-
ing. Intranuclear B-catenin associates with the transcription
factor LEF/Tcf4 (6) and activates numerous target genes
including c-Myc (Myc), which collectively promote transfor-
mation (7).

The molecular underpinnings of FAP and its HB and CRC
predisposition (8) have guided our understanding of the more
common sporadic form of HB. In contrast to the germ line APC
mutations associated with familial HB and CRC, ~85% of spo-
radic HBs harbor acquired 3-catenin mutations, mostly in exon
3-encoded amino acids, that also relieve B-catenin of its APC-

2 The abbreviations used are: HB, hepatoblastoma; HCC, hepatocellular carci-
noma; CRC, colorectal cancer; FAP, familial adenomatous polyposis; YAP,
Yes-associated protein; Oxphos, oxidative phosphorylation; HDTVI, hydro-
dynamictail vein injection; SB, Sleeping Beauty; OCR, O, consumption rate;
PDH, pyruvate dehydrogenase; FAO, fatty acid (palmitate) -oxidation; RP,
ribosomal protein; AMPK, AMP-activated protein kinase; ACLY, ATP citrate
lyase; FAM, 6-carboxyfluorescein.
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dependent regulation and allow for its constitutive nuclear
localization (9, 10).

Most sporadic HBs also demonstrate nuclear localization of
Yes-associated protein (YAP), a component of the Hippo tumor
suppressor pathway that communicates with the Wnt/S-
catenin pathway (10, 11). Hippo regulates the size, prolifera-
tion, and survival of normal organs and tissues and affects
tumor growth (12). Hippo activation promotes the cytoplasmic
sequestration of YAP, whereas Hippo inactivation causes
nuclear translocation of YAP, association with the transcrip-
tional enhancer associate domain (TEAD) factor, and activa-
tion of genes such as cyclin E and survivin (13, 14). YAP nuclear
localization does occur in other liver cancers, but it is only in
HB that it interacts with B-catenin (10). Overexpression of
mutant forms of B-catenin and YAP in murine livers closely
recapitulates pediatric HB (10, 11). Myc is a key target of
B-catenin/Tcf4 and is deregulated in these experimental HBs
and human HBs, and it could be a significant determinant of HB
tumorigenesis (15, 16).

Myc is frequently overexpressed in other tumors where it has
been proposed to promote the synthesis of macromolecular
precursors and other anabolic changes necessary to support
biomass accumulation and growth (17, 18). Consistent with
this, genes encoding ribosomal proteins and rRNAs are primary
targets of Myc and are consistently up-regulated in response to
enforced Myc overexpression, as are genes involved in glycoly-
sis and glutaminolysis (18, 19). Mitochondrial biogenesis and
oxidative phosphorylation (Oxphos) are also Myc-dependent,
particularly in vitro (20-22). However, much less is known
about the role of Myc in tumors such as HB where it is not
necessarily the inciting oncogene but is nonetheless deregu-
lated (10, 15, 16).

The function of Myc in normal cells appears to be more con-
text- and tissue-dependent than in transformed cells. For
example, myc haplo-insufficient mice experience longer sur-
vival and accumulate less severe age-related degenerative
changes than their wild-type counterparts (23). In contrast,
global myc loss is embryonic lethal (24), whereas chronic Myc
inhibition in adult mice is associated with long-term survival
and only mild and reversible toxicities (25). Consistent with this
latter finding, we have shown Myc to be dispensable for the
ability of hepatocytes to replicate 50 —~100-fold and repopulate
the diseased liver in a murine model of hereditary tyrosinemia
(26). In this latter context, myc '~ (KO) hepatocytes showed
modestly lower expression of ~15% of transcripts encoding
40S and 60S ribosomal subunit proteins, a tendency to be
more reliant on fatty acid oxidation as an energy source fol-
lowing fasting and a propensity to accumulate intracellular
neutral lipid. These features were more pronounced follow-
ing transplantation.

We now demonstrate that, in contrast to normal hepatic
regeneration, Myc is an important determinant of HB patho-
genesis in the context of mutant B-catenin and YAP overex-
pression. Rather than being required for tumor initiation, how-
ever, endogenous Myc maintains high rates of tumor growth.
This role involves coordinating and maximizing ribosomal bio-
genesis, glycolysis, and lipid metabolism to keep space with
increased biosynthetic needs.
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Results

Tumor Growth but Not Initiation Is Myc-dependent—Sleep-
ing Beauty (SB) vectors encoding oncogenic forms of 3-catenin
and YAP (10, 27) were delivered to the liver by hydrodynamic
tail vein injection (HDTVI) to KO mice and age-matched
mycd™*7°* (W'T) littermates (26). All WT mice succumbed to
aggressive, multi-focal HBs within ~16 weeks (WT HBs),
whereas mean survival of KO mice exceeded 22 weeks, at which
time the study was terminated (Fig. 1, A—C). The smaller size of
tumors in this latter group (KO HBs) reflected this slower
growth rate (Fig. 1, A and B).

In WT HBs, the normal lobular architecture was replaced by
small nodules that were indistinct from the surrounding paren-
chyma and were identifiable only by their appearance. Some
areas resembled fetal HB with mitoses, whereas others resem-
bled pleomorphic fetal HB or even hepatocellular carcinoma
(HCCQ) (Fig. 1D). Individual cells varied in size from small with
scant cytoplasm and uniform nuclei without nucleoli to larger
cells with moderate nuclear pleomorphism and mitoses.
Marked nuclear unrest and size variation were a common find-
ing in the surrounding liver parenchyma.

KO HBs were more distinct and readily distinguishable from
surrounding liver and also possessed a more pronounced nod-
ular pattern. Microscopically, tumors were composed of uni-
form cells with eosinophilic cytoplasm, small round to oval
nuclei, and indistinct nucleoli. Scattered mitoses were evident
with virtually no atypical forms. Overall, the HBs resembled the
fetal subtype with mitoses (crowded fetal pattern). Other KO
HBs showed a more trabecular arrangement of tumor cells with
moderate to marked nuclear pleomorphism and prominent
nucleoli and increased nuclear-cytoplasmic ratio. This pattern
had features resembling pleomorphic fetal HB with a close
resemblance to HCC in some areas. Individual cells in both WT
and KO HBs were also notably smaller than normal hepatocytes
(Fig. 1E).

Myc protein was highly expressed by WT HBs but not by KO
HBs (Fig. 1F), indicating that the latter did not originate from a
minority population of hepatocytes that failed to excise myc.
Transcriptional profiling showed some changes in N-Myc and
L-Myc transcripts in KO tumors (supplemental Fig. S1A) and 2—-3-
fold increases in L-Myc protein in HBs (supplemental Fig. S1B).
No expression differences were detected in other genes previously
shown to complement the growth defect of myc /'~ fibroblasts
(28, 29) (supplemental Fig. S1B).

Reduced Mitochondrial Function and Mass in WT and KO
HBs—Myc supports mitochondrial energy metabolism, which
can affect tumor growth (17, 18, 21, 22, 30). However, oxygen
consumption rates (OCRs) in both WT and KO HBs were
reduced relative to their corresponding livers but somewhat
more so in the former group (Fig. 2, A and B). Virtually all the
difference was attributable to the attenuated activity of Com-
plex II. Non-denaturing, blue native gel electrophoresis and
enzymatic activity profiling of isolated mitochondria showed
no differences among electron transport chain Complexes I-IV.
However, Complex V activity was slightly but significantly
higher in WT HBs (supplemental Fig. S2). These results were
consistent with the Warburg effect (31) and perhaps reflected

SASBMB

VOLUME 291-NUMBER 51+-DECEMBER 16,2016



Coordinated Biosynthetic Pathways in Hepatoblastoma

A B p= 0.0364 c

':l-: 08 . WT KO
)

= =04

R KO n=28 g _,g,_

2 = 03 -

=1 a ()

(2] P value <0.0001 o 0.2

+« 504 m % \i

: =

e 0.1

o n=21 s -

& 0 : : . . —oo T y W

0 50 100 150 200 WT KO SR PR

F

5
@

WT
LTLTLTLTLT

LTLTLTLTLT

i

e

WT -%"’7 1 72kD
PRI A : e
e 52kDa E h ‘°‘My°
o ‘42kDa—‘ | - ‘G om—

e
=8

by L3
S Wt
£

'a®8

KO YA

“ v
0’
(Y !
TP,
3‘49

o2 a9i DS {

FIGURE 1. Properties of WT and KO tumors. A, survival curves of WT or KO mice inoculated with mutant B-catenin + YAP SB vectors by HDTVI. The study
was terminated at week 22. B, liver weights from the survival curves shown in A. The results include all surviving KO mice. C, gross appearance of typical tumors
arising in WT and KO livers. Note that although the depicted WT and KO tumor are of comparable size and appearance, they were obtained at different times
due to the slower growth of the latter. D, histologic appearance of WT and KO HBs. Sections were stained with H&E. WT tumors showed small indistinct nodules
with variation in nuclear size and frequent mitoses resembling pleomorphic fetal or HCC-like morphology. KO tumors were more distinct with a
predominance of small uniform cells with abundant, eosinophilic cytoplasm and uniform small nuclei with inconspicuous to absent nucleoli and many
mitoses. E, lower power view of H&E-stained section of normal liver-tumor border emphasizing the size differences between tumor cells (center and
upper right) and normal hepatocytes (lower left). The crowded fetal morphology is more apparent. There was also significant nuclear unrest and variation
in size in the liver surrounding the nodules. f, immunoblots for Myc protein in livers (L) and HBs (T) from WT and KO mice. GAPDH was included as a

loading control. Error bars indicate = S.E.

an increased need for ATP production by the more rapidly
growing WT HBs.

Similarly elevated levels of ATP in WT and KO HBs were also
consistent with the Warburg effect and suggested that HBs
derive more ATP from glycolysis than normal livers (Fig. 2C).
This implied that the slow growth rate of KO HBs was not due
to a chronic lack of ATP as reported for Myc-KO fibroblasts
(22). Further supporting this idea was the finding that levels of
the phosphorylated, activated form of AMP-dependent protein
kinase, which helps to maintain energy homeostasis by down-
regulating energy-consuming biosynthetic processes and ena-
bling energy-consuming processes such as proliferation (21,
31), were markedly and equally decreased in both WT and KO
HBs. (Fig. 2D).

The similarity of electron transport chain function in livers
and HBs (supplemental Fig. S2), suggested that the attenuated
Oxphos of HBs might not only be a result of reduced AMPK
activity but also of fewer mitochondria per cell. Indeed, mito-
chondrial DNA content was reduced by ~65—80% in all tumors
regardless of Myc status (Fig. 2E). This was confirmed by trans-
mission electron microscopy, which also showed similarly sized
mitochondria in all cases examined (supplemental Fig. S3).

Potential Rate-limiting Pathways for Tumorigenesis—To
identify gene expression differences between WT and KO HBs
that might explain their disparate growth rates, we performed
RNA sequencing on representative tumors. Rather than the 102
differentially expressed transcripts that distinguish WT and
KO hepatocytes (26), WT and KO HBs differed by 685 tran-
scripts (g < 0.05, where g represents adjusted p values) (supple-
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mental Fig. S4). Thus, either directly or indirectly, Myc regu-
lates the expression of a much larger subset of genes in rapidly
dividing HBs than in normal hepatocytes.

Ingenuity Pathway Analysis (IPA) was used to group these
and additional relevant transcripts (p < 0.05 but g > 0.05) into
functional categories. Of >600 queried pathways, the top three
(p = 107 "*-10"%) involved signaling by eukaryotic initiation
factors (elFs), p70S6K, and the mammalian target of rapamycin
(mTOR) (32, 33). These included transcripts encoding 74 of 86
ribosomal proteins (RPs) comprising the 40S and 60S ribo-
somal subunits, nearly all of which were up-regulated in HBs
(Fig. 3A and supplemental Fig. S5). As a group, these were
increased more in WT HBs than in KO HBs relative to their
corresponding hepatocytes (5.2-fold increase versus 3.6-fold
increase, respectively; p < 0.0001 as determined by ratio  test).

Transcripts encoding non-structural ribosomal factors that
positively affect translation were also up-regulated in tumors
but were only modestly affected by Myc levels (p = 0.049) (Fig.
3B). Importantly, eI[F4EBP3, a negative regulator of eIF4E,
which represses translation by inhibiting the assembly of the
elF4F initiation complex (32, 33), was the only down-regulated
transcript in this category (supplemental Fig. S6). Thus, WT
and KO HBs differ significantly in the degree of RP transcript
up-regulation but hardly at all with respect to transcripts
encoding non-structural proteins involved in preinitiation
complex formation and polysome assembly and stability.

Transcripts encoding glucose transporters and glycolytic
enzymes were also more highly overexpressed in WT HBs
(11.2-fold versus 8.9-fold in KO HBs: p = 0.0004: Fig. 3C and
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FIGURE 2. Mitochondrial function in WT and KO livers and HBs. A, typical Oroboros Oxygraph 2k respirometer tracings in paired sets of WT (top) and KO
(bottom) livers and tumors. Vertical blue lines indicate the points of addition of the Complex | substrates pyruvate (P), malate (M), and glutamine (G) and the
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represents total rates of oxygen consumption or the individual activities of Complex | or Complex Il in response to their respective substrates. Total activity was
calculated based on the spike in oxygen consumption following the addition of succinate. Complex Il activity was derived by calculating the residual O,
consumption remaining after rotenone addition (horizontal orange lines in A). C, ATP levels. n = 4-5 samples/group. D, AMPK and phosphorylated AMPK
(pPAMPK) levelsin tumors (T) and livers (L). Liver and tumor lysates, like those shown in in Fig. 1F, were assessed for total AMPK or its active (phospho-Thr'”2) form.
GAPDH served as a control for protein loading. E, mitochondrial mass in livers and HBs. Two different probe sets (probe set 1 and probe set 2) were used to
amplify mtDNA from two unique genomic regions using a TagMan-based approach. mtDNA content was normalized to a nuclear DNA target that was

amplified by a similar approach. n = 4-6 samples/group. Error bars indicate = S.E.

supplemental Fig. S7, A and B). Thus, as was true for RP tran-
scripts, those involved in glycolysis were regulated by both
Myc-dependent and Myc-independent processes.

Aside from several pathways deemed unlikely to be hepato-
cyte-specific, such as those involving leukocyte activation (26),
8 of the top 14 remaining pathways distinguishing WT and KO
HBs from hepatocytes involved fatty acid metabolism or cho-
lesterol synthesis (supplemental Fig. S8) (p < 10~ %). The major-
ity of transcripts involved in fatty acid biosynthesis were up-
regulated in both WT and KO tumors and encoded such critical
proximal enzymes as ATP citrate lyase (ACLY), acetyl-Co-A
carboxylase (ACAC), and fatty acid synthase (FASN) (Fig. 4A
and supplemental Fig. S9). Concomitantly, multiple transcripts
in the reciprocal fatty acid B-oxidation (FAO) pathway were
down-regulated in tumors including carnitine palmitoyltrans-
ferase-2 (CPT2), very long-chain acyl-CoA dehydrogenase

26244 JOURNAL OF BIOLOGICAL CHEMISTRY

(VLCAD), and trifunctional protein (HADHA/HADHB) (Fig.
4B and supplemental Fig. S10).

FAO also occurs in peroxisomes, which, although incapable
of producing energy, can still pass chain-shortened medium-
chain fatty acids and acetyl-CoA to mitochondria for further
oxidation. Peroxisomal FAO-related transcripts were also
down-regulated in tumors including those for the fatty acid
transporter ATP-binding cassette-D3 (ABCD3), acyl-CoA
oxidase-1 (ACOX1), and peroxisomal bifunctional protein
(EHHADH) (Fig. 4B and supplemental Fig. S10).

Mostly up-regulated in tumors were transcripts encoding
enzymes participating in cholesterol biosynthesis including
3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) and
HMG coenzyme A reductase (HMGCR), the rate-limiting
enzyme of the mevalonate pathway (Fig. 4C and supplemental
Fig. S11). Transcripts for Cyp7b1 and Cyp46al, needed for the
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FIGURE 3. Transcriptional pathways that distinguish WT and KO HBs include those involved in ribosomal biogenesis, translational control and
glycolysis. A, transcripts encoding RPs. Relative to WT hepatocytes, WT tumors up-regulated RP transcripts by an average of 5.2-fold versus 3.6-fold for KO HB
(p < 0.0001). Red = up-regulated; green = down-regulated. B, transcripts identified by IPA as belonging to pathways involved in signaling by elF2, elF4,
p70S6KJ, and mTOR. Each of these pathways also contained numerous RP transcripts, which are now included in A. As a group, these transcripts were similarly
up-regulated in WT and KO HBs. C, transcripts encoding glycolytic enzyme. Relative to their corresponding livers, WT HB transcripts were up-regulated by an
average of 11.2-fold, whereas KO HB transcripts were up-regulated by an average of 8.9-fold (p = 0.0004). Panels A-C also contain additional transcripts that did
not meet the false discovery rate threshold but were nevertheless differentially expressed at a level of p < 0.05 (see supplemental Figs. S5-57 for the identities

of each set of transcripts).

production of bile acids from cholesterol (34), were the most
down-regulated in tumors, implying that HBs are more likely to
utilize free cholesterol for anabolic purposes than for excreted
products such as bile acids. The extent to which fatty acid syn-
thesis, FAO, and cholesterol synthesis transcripts were regu-
lated was similar in WT and KO tumors (p = 0.05).

Our transcriptional profiling indicated that HBs undergo
both Myc-dependent and Myc-independent up-regulation of
glucose utilization. The resulting carbon is then channeled into
lipid biosynthetic pathways, which are up-regulated in a largely
Myc-independent manner. Newly synthesized lipids are pro-
tected from metabolic consumption by the Myc-independent
down-regulation of FAO. In support of this, the rate of
[*H]palmitate B-oxidation was lower in HBs, particularly in KO
HBs (Fig. 4D).

HBs also demonstrated significant Myc-independent up-
regulation of pyruvate dehydrogenase (PDH)-mediated oxida-
tion of [**C]pyruvate (Fig. 4E). This suggests that HB metabolic
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reprogramming drives glucose to acetyl-CoA, which is then
converted to citrate, shunted to the cytoplasm, and reconverted
to acetyl-CoA by ACLY for use in fatty acid synthesis. However,
acetyl-CoA levels were significantly lower in KO HBs than WT
HBs (Fig. 4F). Downstream products of acetyl-CoA metabolism
were also lower in KO HBs, namely intracellular lipid stores
(Fig. 4G) and acetylated nuclear histones (Fig. 4H). The latter
utilize cytoplasmic acetyl-CoA as the source of their acetyl
groups (35). These findings suggest a paucity of glucose-derived
acetyl-CoA as being a critical factor that limits tumor growth in
Myc KO HBs.

Glutamine uptake and conversion to a-ketoglutarate are fre-
quently elevated in tumors and serve as a key source of citrate-
derived acetyl-CoA and TCA cycle intermediates, which can-
not otherwise be adequately provided by the diminished supply
of glucose-derived pyruvate (36, 37). We therefore examined
the expression of six transcripts involved in glutamine trans-
port and glutaminolysis (supplemental Fig. S124). Only those
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H3 (p = 0.038). Error bars indicate = S.E.

encoding the liver-specific glutamine transporter Slc1A5 and HBs. More likely, any increase in glutamine uptake likely
glutamine dehydrogenase (Glud1) were elevated in HBs. Most  reflects increased protein and/or nucleic acid biosynthetic
notably, transcripts encoding the rate-limiting enzyme gluta- demands.
minase 2 (Gls2) were markedly reduced in HBs (supplemental . i
Fig. S12B). Discussion

Next, we assessed by immunoblotting the expression of Gls2 B-Catenin and YAP deregulation is a hallmark of HBs, which
and Gludl and showed that both enzymes, but particularly Gls2, commonly overexpress Myc (10, 15). A direct causal role for
were reduced in both WT and KO HBs (supplemental Fig. S12C).  B-catenin and YAP in HB pathogenesis has recently been dem-
Finally, we quantified the combined activities of these enzymes, onstrated (10), and we have confirmed that Myc is highly
which sequentially release two ammonium ions during the gluta-  expressed in WT HBs (Fig. 1F and supplemental Fig. S14).
mine-to-a-ketoglutarate conversion process. Consistent with the Relative to control livers, most WT and KO HBs expressed
foregoing results, overall conversion was significantly reduced in  higher levels of L-Myc (supplemental Fig. S1B), which can res-
both WT and KO HBs (supplemental Fig. S12D). Taken together, ~cue myc™ /'~ murine fibroblasts (38). However, the transcrip-
these findings indicate that glutaminolysis does not appear to  tional activation domain of L-Myc is only 5-10% as active as
play a significant role in supplying alternate TCA substrates in  that of Myc, and L-Myc is poorly transforming (39). It seems
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possible that the slower growth rates of KO tumors and their
overall lower level of expression of Myc targets may reflect the
inferiority of L-Myc as a transcriptional activator. We were
unable to document differential expression of any other tran-
scripts that encode negative regulators of Myc proteins or that
complement myc '~ fibroblasts (28, 29). Thus, like myc '~
fibroblasts, KO tumors grow at a low basal rate, suggesting that
Myc provides an additional growth stimulus beyond that
needed to support basal, non-neoplastic functions. Ribosomal
biogenesis and protein translation, both of which are highly
energy-consuming processes, increase as a consequence of Myc
overexpression and are rate-limiting determinants of many
tumor types (40, 41). Unsurprisingly, therefore, transcripts
encoding nearly 90% of all structural components of the 40S
and 60S ribosomal subunits were elevated in both WT and KO
HBs, although as a group, they were more highly expressed in
the former (Fig. 3A and supplemental Fig. S5). This indicated
that both Myc-dependent and Myc-independent pathways play
distinct roles in this regulation. In contrast, transcripts encod-
ing factors involved in translation-related processes such as
cap-dependent initiation, mRNA start codon selection, and
preinitiation complex assembly and stabilization (32, 33) were
up-regulated in HBs regardless of Myc status, whereas a prom-
inent negative regulator, e[FAEBP3, was down-regulated (Fig.
3B and supplemental Fig. S6). Thus, the control of HB transla-
tion involves the coordination of ribosomal structural compo-
nents and associated factors that are necessary for the assembly
of functional polysomes. That the former group is subject to
significant Myc-dependent regulation, whereas the latter group
is not, may reflect the participation of many of its members in
processes other than translation (33, 42) Both the inability to
fully maximize ribosomal biogenesis and the disparate stoichi-
ometries of the structural and functional components of the
translational machinery may contribute to the slower growth
rate of KO HBs and perhaps to inefficiencies or loss of fidelity in
global protein synthetic rates.

Our studies on mitochondrial function, substrate flux,
acetyl-CoA levels, and metabolic pathway transcriptional pro-
filing also point to a growth-limiting role for glucose-derived
acetyl-CoA in Myc KO HBs. The Warburg effect involves a shift
of ATP synthesis from the mitochondria to the cytosol, which
was clearly manifested by changes in Oxphos, particularly in
more rapidly growing WT HBs (Fig. 2B). An often under-ap-
preciated aspect of the Warburg effect is that, even in the face of
oxidative glycolysis, the TCA cycle continues to produce essen-
tial substrates such as citrate for biosynthetic purposes. Cyto-
solic acetyl-CoA-derived citrate is used to synthesize lipids
needed by rapidly proliferating cells. The primary source of
mitochondrial acetyl-CoA is pyruvate, produced by glycolysis
and provided to the TCA cycle by PDH. PDH generates NADH,
which must be reoxidized to NAD ™" by Complex I. We found
that HBs up-regulated PDH activity in a Myc-independent
manner (Fig. 4E) and maintained Complex I-driven respiration
but displayed reduced Complex II-driven respiration (Fig. 2, A
and B). Because Complex II also fulfills the role of succinate
dehydrogenase, HBs simultaneously down-regulate the distal
TCA cycle while continuing to drive pyruvate through the
proximal TCA cycle, thereby allowing the shunting of citrate to
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the cytosol for conversion to acetyl-CoA and, ultimately, lipids.
In turn, these are protected from degradation by down-regulat-
ing both mitochondrial and peroxisomal FAO. Although Myc is
not required for significant reprogramming of either the mito-
chondrial machinery that produces the acetyl-CoA or the cyto-
solic machinery that utilizes it, it is clearly required for repro-
gramming glycolysis, the pathway that produces the starting
substrate (pyruvate). We thus propose that KO HBs have a
pyruvate supply chain deficit that limits the production of
acetyl-CoA, which in turn compromises lipid synthesis, a pro-
cess that is ATP-dependent. Interestingly, KO HBs maintained
steady-state ATP levels that were equivalent to WT HBs (Fig.
2C). The somewhat higher Complex II activity in KO versus
WT HBs (Fig. 2B) may indicate that the former balance their
lower glycolytic capacity in a Myc-independent manner by up-
regulating Oxphos to maintain ATP levels in the face of
reduced glycolysis.

Also Myc independent was the ~65—80% reduction of mito-
chondrial mass seen in all HBs (Fig. 2E and supplemental Fig.
S3). Although perhaps reflecting the overall smaller size of HB
cells (Fig. 1E), recent findings conducted on numerous human
cancers of various types (including HCCs) compiled from The
Cancer Genome Atlas indicate that this may in fact be a more
widespread phenomenon (43). The reduced mitochondrial
content of HBs may therefore represent a general strategy for
altering metabolism, particularly with regard to adopting the
Warburg effect and its coincident down-regulation of Oxphos.
Another possibility is that, relative to HBs, hepatocytes may
possess inherent excess mitochondrial capacity as a way of rap-
idly adapting to the metabolic fluctuations that the liver typi-
cally experiences in response to fasting, feeding, and xenobi-
otic-mediated tissue damage. Such plasticity could well be
subverted by tumor cells to provide a highly responsive and
energetically advantageous way to adapt rapidly to constant
fluctuations in environmental and metabolic cues (21, 22).

In summary, our work shows murine HBs to be highly Myc-
dependent for growth but not initiation. Metabolic studies and
transcriptional profiling revealed three categories of alterations
that distinguish tumors and livers in general and WT and KO
tumors specifically. The first includes Myc-independent alter-
ations involving ATP levels, mitochondrial mass, PDH activity,
and certain gene expression profiles. Because these are quite
similar in WT and KO HBs, they do not appear to explain their
differential growth rates. The second category of changes is
Myc-dependent and affects lipid and acetyl Co-A content.
Acetyl-Co-A is a key substrate that connects catabolic path-
ways (primarily glycolysis and FAO) to those providing energy
(the TCA cycle) and anabolic substrates. Acetyl Co-A also coor-
dinates the expression of a large suite of genes involved in cell
cycle control, ribosomal biogenesis, and metabolism via epige-
netic regulation at the level of histone acetylation (44). The
acetyl Co-A disparity between WT and KO tumors (Fig. 4F)
could potentially account for many of the observed differences
that would be reinforced by Myc and its acetylation-dependent
activation of gene expression (Fig. 4H). Finally, the third cate-
gory of changes is clearly Myc-dependent and includes changes
in Complex II activity and transcripts encoding RPs and glyco-
lytic enzymes (Figs. 2B and 3, A and C). Fig. 54 summarizes

JOURNAL OF BIOLOGICAL CHEMISTRY 26247



Coordinated Biosynthetic Pathways in Hepatoblastoma

Glucose

ATP é _ = Glycolytic
: entymes
Pyruvate
eone N
o AcCoA ACATL o Aceto-AcCoA
GLs2 A
| \ FAO HMGCS2
| Ketones
TCA Cycle «<— — — citrate \

cPT2
ACLY b
\ CPTY
ACC1 N

Aceto-AcCOA h OR gy Malonyl CoA W =

N
FASN v
HMGCS1 | S
HMG-CoA V v LPL CD36
HMGCR® Chromatin Palmitate E""[“_""”’
modification i palmitate
Mevalonic acid 1
I Neutral 1
lipid -
v AoV

1
Cholesterol ————— - —> Membranes

Transcript or pathway up in tumors
Transcript or pathway down in tumors

- -; ]- Myc-dependent

*/*: rate-limiting step

B

FASN HMGCR ACLY
$*0.00 “ p*0.048 p=0.052
@ —_— $=0002 bad r—
i g i
13 13 “
§ 2 g
: 8w s
2 2
3 5. i
-4 < -3
L T L T * S 1 L 1
wr ) Twr X0
HMGCS2
. I 700003
" <
§ ) § § 1o
i i f o
g ! ¢
:. | JETeN
3 i, 2w
f .
L T L T
wr L
CD36
9+0.0005
™ 20008 £+0.0005

Relative expression
Relative expression

-

=
o

3
N

3
1
8

Relative expression

wr xo wr X0 wr xo

FIGURE 5. Myc-dependent and Myc-independent pathways in HB tumorigenesis. A, summary of relevant tumor pathways and targets. ATP generated by
the up-regulation of glycolysis in tumors is sufficient to offset the overall loss of ATP generated by reduced Oxphos. B, relevant levels of expression in
hepatocytes and HBs of the transcripts encoding the enzymes depicted in A. Data were taken from the results shown in Fig. 4 and supplemental Fig. S9. Error
bars indicate = S.E. The abbreviations used are: FASN, fatty acid synthase; HWGCR, HMG-coenzyme A reductase; ACLY, ATP citrate lyase; ACC1, acetyl-CoA
carboxylase; HMGCS1 & 2, HMG-coenzyme S synthase, cytoplasmic and mitochondrial, respectively; ACAT1&2, acetyl-CoA acetyltransferase: mitochondrial
and cytoplasmic, respectively; CD36, receptor for thrombospondin, oxidized low density lipoprotein, oxidized phospholipids, long-chain fatty acids, and native
lipoproteins; LPL, lipoprotein lipase; CPT1a, carnitine palmitoyltransferase 1A; CPT2, carnitine palmitoyltransferase; PDH, pyruvate dehydrogenase.

some of these ideas, and Fig. 5B depicts the actual expression
levels obtained for several of the key transcripts.

Notably, many of the differences between WT and KO HBs
represent an extension or exaggeration of those seen in non-
transformed hepatocytes (26). For example, WT and KO hepa-
tocytes differentially express only 12 RP transcripts, and the
latter accumulate neutral lipids only under fasting conditions.
These results argue that many Myc targets are subject to a basal
level of Myc-independent regulation that suffices to address the
proliferative and metabolic demands imposed by normal
stresses such as regeneration. In contrast, the unremitting pro-
liferative and anabolic demands imposed by transformation
may stress these capabilities beyond typical physiologic limits.
These changes require high levels of Myc expression and poten-
tially explain the phenomenon that has been termed “oncogene
addiction” (45).

Experimental Procedures

Animal Studies—Animal studies were performed in accord-
ance with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals Institute for Laboratory Animal
Research (ILAR) Guide for Care and Use of Laboratory Ani-
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mals. All experiments were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the University of
Pittsburgh.

C57BL6 myc™" (WT) mice (46) and hepatocyte-specific KO
mice were housed and maintained under standard conditions
(26). Genotyping was confirmed on DNA isolated from livers at
the time of sacrifice (26).

SB vectors encoding mutant forms of human B-catenin (A90)
and YAP (S27A) were delivered to the livers of 6 — 8-week-old
WT and KO mice via HDTVI (10, 27). Animals were eutha-
nized at the recommendation of a veterinarian when tumor
burdens caused obvious distress. Otherwise healthy-appearing
animals were euthanized at the study’s conclusion (22 weeks).

Respirometry Studies—~50 mg of tumor or liver was dis-
rupted in ice-cold MiR05 buffer (110 mm sucrose; 0.5 mMm
EGTA; 3 mm MgCl,; 60 mMm potassium lactobionate; 20 mm
taurine; 10 mm KH,PO,; 20 mm HEPES, pH 7.2; and 1 mg/ml
fatty acid free BSA) (20). OCR was quantified in 2 ml of Mir05
buffer containing ~40 ug of tissue lysate and 10 um cyto-
chrome ¢ using an Oroboros Oxygraph 2k instrument (Oro-
boros Instruments, Inc., Innsbruck, Austria). Malate (5 mm),
pyruvate (5 mm), ADP (5 mm), and glutamate (10 mm) were
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sequentially added to initiate electron flow. Upon reaching a
plateau OCR, 10 mm succinate was added to assess the com-
bined activity of Complex I + I Finally, rotenone (0.5 um) was
added to inhibit Complex I and to obtain a pure assessment of
Complex II activity. Final activities were normalized to total
protein (47).

RNA Sequencing and Analyses—RNA purification, pro-
cessing, and sequencing were performed as described previ-
ously using Qiagen RNeasy columns (Qiagen, Inc., Valencia,
CA) (26). Paired-end single-indexed sequencing (~75 bp) was
performed on an Illumina NextSeq 500 sequencer (San Diego,
CA). Read counts were normalized across all samples, and differ-
entially expressed genes were determined by adjusted p values (g
values) with a threshold of 0.05. Raw and processed original data
have been deposited in the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (48) and accessi-
ble through GEO (https://www.ncbi.nlm.nih.gov/) at accession
number GSE87578.

PDH, Acetyl Coenzyme A, FAO, and Glutaminase Assays—
PDH complex activity was measured in fresh liver and tumors.
50-80 mg of tissue was minced in 4 ml of ice-cold DMEM
lacking glucose, glutamine, and pyruvate and passed several
times through an 18-gauge needle. 0.5-ml aliquots were placed
into 0.5 ml of 2X assay buffer (final concentration: 1.1 mm
EDTA, 1.2 mm DTT, 1.6 mm NAD, 0.0075% sodium pyrophos-
phate, 0.6 mm pyruvate, and 0.15 uCi of [1-'*C]pyruvate/ml in
DMEM). Tubes were sealed with rubber stoppers fitted with
a central hanging basket (Kimble-Chase Life Science and
Research Products, Rockwood, TN) containing a 25-mm glass
microfiber filter (Whatman/GE Healthcare) soaked in 0.5 M
KOH. Reactions were incubated in a rocking 37 °C water bath
and stopped by injecting 0.5 ml of 4.0 M perchloric acid through
the stopper. *CO, was collected on the filters for 40 min at
37 °C and quantified by scintillation counting.

Acetyl-Co-A was measured using a fluorometry-based assay
as recommended (Sigma-Aldrich, MAK039). 200-600 pug of
total liver and HB lysates was incubated with the assay mix
containing acetyl-Co-A substrates, conversion enzyme mix,
and fluorescent probe detector. Reactions were performed in
triplicate in 96-well plates at 37 °C for 15 min, and fluorescence
intensities were measured at A, = 535/A,,,, = 587 nm. The
readings were normalized to input protein content.

FAO was measured as previously described (26). ~50 mg of
tissue was minced in SET buffer (250 mMm sucrose, 1 mm EDTA,
10 um Tris-HCI, pH 7.4) and subjected to five passes in a Potter-
Elvehjem homogenizer on ice. Reactions contained 5 ul of
homogenate in 195 ul of reaction buffer (100 mm sucrose, 10
mM Tris-HCl, 5 mm KH,PO,, 0.2 mMm EDTA, 0.3% fatty acid-
free BSA, 80 mm KCl, 1 mm MgCl,, 2 mM L-carnitine, 0.1 mm
malate, 0.05 mm coenzyme A, 2 mm ATP, 1 mm DTT, pH 8.0,
125 um palmitate, and 1 uCi of *H-labeled BSA-conjugated
palmitate (Perkin Elmer)). Reactions were incubated at 37 °C,
and then stopped with 40 ul of 1 M KOH. Following incubation
at 60 °C for 1 h to hydrolyze newly synthesized acyl-carnitine
esters, 40 ul of 4 mMm perchloric acid was added for an additional
hour on ice. Following organic extraction(49), water-soluble
FAO products, including >°H,O and [*H]acetyl-CoA, were mea-
sured by scintillation counting. Glutaminase assays were per-
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formed with a Glutaminase Microplate Assay Kit (Cohesion
Biosciences, Inc., London, UK) using the directions provided by
the supplier.

Immunoblotting and Immunofluorescence Staining—Immu-
noblotting was performed as previously described (26). All anti-
body information is shown in supplemental Table S1. Immu-
noblots were developed using a SuperSignal™ West Pico
Chemiluminescent Substrate kit (Thermo Fisher).

Quantification of mtDNA—10 ng of total DNA was used in a
TagMan-based assay. Two PCR primer sets were used to
amplify mtDNAs. Probe set 1 amplified 101 bp of the cyto-
chrome c¢ oxidase I gene encoded by the 16,295-bp murine
mitochondrial reference genome (GenBank™ accession no.:
NC_005089) (forward primer, 5-CCAGATATAGCATTC-
CCACGAATA-3’; reverse primer, 5'-CCTGCTCCTGCTTC-
TACTATT-3"). The product was detected with the probe:
5'-/56-FAM/TCCTACCAC/ZEN-CATCATTTCTCCTTCT-
CCT-31ABKFQ/-3"). Probe set 2 amplified 90 bp of the
mitochondrial D-loop region (forward primer, 5'-AATCTAC-
CATCCTCCGTGAAACC-3'; reverse primer, 5'-TCAGTTT-
AGCTACCCCCAAGTTTAA-3") (50) and was detected with
the probe: 5'-/56-FAM-CGCCCACCA/ZEN/ATGCCCCTC-
TTC-3IABKFQ/-3". Reactions were normalized to a 73-bp PCR
product of the nuclear apolipoprotein B gene using the follow-
ing primers: forward, 5'-CACGTGGGCTCCAGCATT-3’;
and reverse, 5'-TCACCAGTCATTTCTGCCTTTG-3" whose
product was detected with the TagMan probe: 5'-/Cy5-CCA-
ATGGTCGGGCACTGCTCAA-Black Hole Quencher 2-3'.
All primers and probes were synthesized by IDT, Inc. (Cor-
alville, TA). PCR reactions were performed on a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, Inc.)
using the following conditions: 95 °C for 10 s; 40 cycles at 95 °C
for 15 s; and 60 °C for 60 s.

Author Contributions—H. W, J.L., L.R.E,, S.K, J.D,, J.T,, L.J,,
M.F, R.U, and S. B. carried out the experiments. H. W., S. P. M.,
E.S. G, and E. V. P. analyzed the data. S. R. and D. B.-S. carried out
histopathological and electron microscopic examination of tumors.
E.V.P,E.S. G, and H. W. devised experiments and wrote the paper.
All authors reviewed the results and approved the final version of the
manuscript.

Note Added in Proof—The heat maps in the version of this article that
was published as a Paper in Press on October 13, 2016 have been
revised to conform to the more standard format of displaying gene
expression changes.
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