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MY C proto-oncogene dysregulation alters metabolism, translation, and other functions in ways
that support tumor induction and maintenance. Although Myc*/~ mice are healthier and longer-

lived than control mice, the long-term ramifications o

f more complete Mycloss remain

unknown. We now describe the chronic consequences of body-wide Myc inactivation initiated
postnatally. “MycKO” mice acquire numerous features of premature aging, including altered body
composition and habitus, metabolic dysfunction, hepatic steatosis, and dysregulation of gene sets
involved in functions that normally deteriorate with aging. Yet, MycKO mice have extended
lifespans that correlate with a 3- to 4-fold lower lifetime cancer incidence. Aging tissues from

normal mice and humans also downregulate Myc and
gene sets seen in MycKO mice. Normal aging and its
highly linked via Myc.

In brief

gradually alter many of the same Myc target
associated cancer predisposition are thus

Wang et al. show that the postnatal elimination of My causes premature aging and the

deterioration of age-sensitive functions. Yet, these mi

ce have extended lifespans and a reduced

cancer incidence. Gradual Myc downregulation accompanies normal aging in many tissues. Thus,

the strong relationship between aging and cancer can
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be severed by eliminating a single gene.
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INTRODUCTION

Precisely how the c-Myc oncoprotein (hereafter Myc) contributes to the pathogenesis of
cancer has been well chronicled.:2 Tumors often deregulate MYC, which encodes a basic
helixloop-helix-leucine zipper (bHLH-ZIP) transcription factor that, upon dimerizing with
its partner protein Max, binds to “E boxes” in its target genes’ promoters and enhances
transcription.3~7 Negative regulation by Myc-Max is mediated by interaction with and
suppression of positively acting transcription factors such as Miz1.6:8:2 Much Myc-mediated
regulation involves context-dependent control over cell-cycle progression, metabolism,

and translation.#%:10-14 The magnitude of each of these reflects Myc protein levels, its
accessibility to and affinity for E boxes, and their occupancy by competing factors.6:11
Secondary roles for Myc-mediated tumorigenesis include the promotion of angiogenesis and
immune system evasion.15-18 Continuous Myc expression is usually needed to maintain
high rates of proliferation 6:13.14,19-23

Less is known about Myc’s roles in normal development, since germline Myc inactivation in
mice is embryonic lethal due to placental, hematopoietic, and vascular defects.24-27 In adult
mice, body-wide Myc inhibition by the dominant interfering “Omomyc” causes reversible
aplastic anemia, colonic epithelial hypoplasia, and the regression of lung neoplasms.2!
However, neither the degree of Myc’s incapacitation nor its long-term consequences were
described. Tissue-specific Myc inactivation has demonstrated differential dependencies,
although the observation times were again limited.1227-30 Thus, the long-term consequences
of Myc inactivation remain unknown.

Relative to Myc** mice, Myc*'~ mice viable, are smaller, age more slowly, have longer
lifespans, and develop fewer age-related pathologies.3! Their longevity may reflect a

lower cancer incidence.32:33 Whether survival was influenced by slower aging rather than
altered Myc levels is unclear, since aging is the strongest independent predictor of cancer
development.31:32:34.35 These findings raise questions concerning Myc’s role in maintaining
normal body homeostasis and imply that the consequences of Myc loss are incremental.27:31
The small number of transcript differences between Myc*~ and Myc*’* mouse tissues also
suggested that half-normal levels of Myc can exert normal or near-normal control over its
target genes.11:31 Partial Myc expression might therefore forestall deleterious phenotypes in
a dose-dependent manner.2”

We describe here the body-wide, near-complete elimination of Myc initiated at
weaning.2>27 Unlike Myct~ mice, “MycKO” mice age prematurely yet live longer than
wild-type (WT) mice while displaying a 3- to 4-fold lower lifetime cancer incidence.
Transcriptional profiling in 3 tissues sensitive to Myc loss and/or aging shows widespread
and early-onset dysregulation of genes involved in mitochondrial and ribosomal structure/
function, oxidative stress, aging/senescence, DNA damage recognition/repair, and mRNA
splicing, which is consistent with that in Myc™'~ hepatocytes and murine embryonic
fibroblasts (MEFs).12-14.23,31.36-38 The transcriptomic changes resemble and precede by
several months those arising during normal aging, including changes in both Myc itself and
its target genes. The link between aging and cancer is therefore genetically maintained by
Myc.
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RESULTS

Near total-body MycKO mice

B6.12956- Mycim2FwaMmjax micel329 (Figures S1A and S1B) were crossed with

B6.129- G ROSA) 26Sortm1(cre/ERT2) Tyj/J mice, which express a ROSA26-driven Cre
recombinase-estrogen receptor (CreER) transgene.39 Progeny strains with one or two copies
of CreER were examined to determine how copy number influenced Myc excision efficiency
initiated at weaning (ca. 4weeks). Because TagMan-based assays (Figures SIA-S1D)
performed 2 weeks after tamoxifen administration showed Myc locus excision efficiency

in some cases to be dependent on CreER copy number (Figure S1E), subsequent studies
were performed with mice carrying two copies of CreER (Figures S1E and S1F and Table
S1). Tamoxifen-treated offspring of B6.129S6- Myc!™2FW&|Mmjax 3 C57BL/6 mice with
intact Myc genes served as wild-type (WT} controls. Myc transcript levels correlated well
with the degree of Myc deletion (Figure S1E and Table S1). Follow-up gPCR/qRT-PCR
studies indicated Myc loss persistence beyond 30 months, although in some tissues it was
incomplete and less prominent (Figure S1F and Table S1). Myc protein was reduced in
certain tissues with a proliferative compartment (Figures S1G and S1H).

MycKO mice age prematurely, survive longer, and have a lower cancer incidence

Growth rates and body masses of WT and MycKO cohorts remained indistinguishable

until ~10 months of age, when they diverged in both sexes. They then converged at 18—

20 months, when body masses began their age-related decline (Figure 1A). MycKO mice
showed earlier decreases in lean mass and increases in adiposity and fat:lean mass ratios that
explained the otherwise identical weights of younger mice. Thus, the overall body habitus
of younger MycKO mice prematurely assumed that of older WT mice.40 In females, the
differences became less pronounced as WT and MycKO mice eventually acquired the same
overall body composition. Although male MycKO mice showed the same tendencies, the
differences from WT mice persisted throughout life.

My KO mice developed alopecia and achromotrichia as early as 3-4 months of age,

which first appeared peri-orbitally and/or peri-nasally (Figures 1B-1D and Video S1).

In WT mice, achromotrichia comprised alternating dark and light gray hairs, whereas in
MycKO mice, all hairs were uniformly light gray, occurred in patches, and resembled those
from melanocytespecific MycKO mice (Figure 1E).4142 Some hair shafts also comprised
alternating light-dark segments. Skin from alopecic areas showed epidermal thickening,
hyperkeratinization, loss of surface invaginations, and reduced numbers of hair follicles
and sebaceous glands (Figure S2A). Focal regions of perifollicular, senescence-associated
b-galactosidase-positive cells were also noted (Figure S2B).

MycKO mice, particularly younger males, were generally weaker, less coordinated, and less
active (Figures 1F-1H). However, the magnitude of these differences, when they were first
detected, and their duration were age-, sex-, and test-type dependent. For example, reduced
grip strength, first noted in 3-month-old male MycKO mice, did not persist beyond about
10 months (Figure 1F). This occurred in parallel with the premature muscle mass loss and
its eventual equalization as WT mice aged (Figure 1A). Lessened ability to balance on a
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Rotarod apparatus was noted in MycKO mice of both sexes by 11 months and persisted

in males (Figure 1G). Beginning at 13-16 months, male MycKO mice also showed less
treadmill endurance (Figure 1H).%3 Finally, diurnal ambulatory activity of MycKO mice was
reduced in younger animals and decreased further by 20 months in MycKO females (Figure
11). MycKO mice thus acquired age-related features and behaviors earlier than WT mice,
although at different rates.*-47 These differences either persisted or converged as WT mice
aged.

Bone marrow failure accompanies Myc loss in both the embryo and the adult,21.25:27 and
My KO mice showed mild-moderate anemia and leukopenia within 10-15 days of initiating
tamoxifen treatment (Figures S3A and S3B). The accompanying bone marrow hypoplasia
reflected that this was well tolerated (Figure S3C). The peripheral findings resolved within
several weeks despite the long-term persistence of Myc loss (Figures S3A and S3B).2L
However, the bone marrow of some MycKO mice remained hypoplastic and resembled that
of middle-aged normal animals (Figure S3C). Inactivating Myc prior to weaning and/or
attaining weights of 15-16 g was associated with severe and usually fatal pancytopenia.
Thus, the bone marrow’s greatest Myc dependency declines during the first month of life.2’

Myc loss is associated with transient flattening of the intestinal epithelium and abnormal
crypts.21:28.48 We observed similar changes in the colons in young MycKO mice (ca. 2.5
months) that normalized by 5-6 months despite the persistence of Myc gene loss (Figure
S3D).

Non-alcoholic fatty liver disease (NAFLD) increases in the context of age-related
dyslipidemia, obesity, and insulin resistance.36:49 Neutral lipid accumulation also follows
Myc (and Mycn) loss/inhibition in a variety of cells and tissues and in livers lacking

other members of the “Extended Myc Network” such as ChREBP and/or Mix,.14:50-53

Yet, the contribution of aging to Myc-dependent NAFLD development is unknown,13:14.29
Consistent with this, the neutral lipid and triglyceride content of 5-month-old My KO livers
was higher than that of WT controls and rivaled that of even the oldest WT mice (Figure

2). These differences became less pronounced as the excess hepatic lipid in MycKO livers
was eventually matched by WT mice, indicating that MycKO livers show acceleration of an
otherwise normal age-related process.

Despite aging prematurely, MycKO mice lived significantly longer than WT mice (Figure
3A). Postmortem necropsies showed that 58.1% of WT animals had tumors, with 64.3% of
these resembling B cell lymphomas (Figure 3B).33:34 These were frequently of high grade,
were associated with hepatosplenomegaly, and often displayed leukemic dissemination. In
contrast, only 17.3% of MycKO mice had obvious tumors (p < 0.0001). The tumor spectra
of the cohorts were similar, and in the few cases where mice had two or more tumors,

they were histologically indistinguishable lymphomas (Figures 3C-3H). The 3.4-fold lower
cancer incidence observed in MycKO mice is consistent with the Myc dependency of most
can-cers.12-14.19.2150.54 Thys  jts most striking aspect was that it was dissociated from the
premature aging phenotype.
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Lymphomas involving 2 organs from 3 MycKO mice were examined for Myc protein.
Control tissues included a WT normal liver with low to undetectable endogenous Myc levels
and a hepatoblastoma (HB) with high levels.14:55 Myc levels in MycKO lymphomas ranged
from undetectable-low to severalfold higher than in HB (Figure 3I). Intact and amplified
Mye gene loci were detected even when they expressed little protein (Figure 3J). Thus, some
tumors arising in MycKO mice originate in rare cells with intact Myc alleles that retain the
ability to be amplified.

MycKO mice display metabolic and mitochondrial dysfunction

Age-related deterioration of mitochondrial structure and function affects organelle size,
electron transport chain (ETC) activity, fatty acid p-oxidation (FAO), and redox balance,
which are compounded by aging-related co-morbidities such as obesity, NAFLD, and insulin
resistance.37%6-63 Conversely, mitochondrial dysfunction and its excessive production of
reactive oxygen species (ROS) can accelerate aging.61:63.64 mtDNA and protein content

and ETC function are reduced in individuals with type 2 diabetes, metabolic syndrome,

and NAFLD.%2:65 Myc’s roles in these processes include its maintenance of mitochondrial
structure and function and the oxidation of glucose, glutamine, and fatty acids.56-72 Linked
to this is ROS overproduction in response to the ETC dysfunction associated with both over
and underexpression of Myc.69.71-74

High nocturnal respiratory exchange ratios (RERS) of the youngest WT mice indicated near-
complete reliance on glucose as the primary energy source (Figure 4A). Normally, RERs >1
are seen in juvenile mice and following post-starvation re-feeding, where they signify high
levels of both de novo fatty acid synthesis (FAS) and glucose utilization.”> 76 The lower,
adult-like nocturnal RERs of MycKO mice during this time indicated their disproportionate
reliance on FAO and/or reduced FAS efficiency. A glycolysis — FAO switch following
hepatocyte-specific loss of Myc may increase fatty acid uptake in excess of that needed

for FAQ, with the difference being stored as neutral lipid that causes NAFLD (Figure
2).13.14.23,29 The overreliance of MycKO mice on FAO suggested the loss of Myc-dependent
glycolysis, reduced provision of pyruvate for mitochondrial ATP production, or pyruvate’s
diversion into other pathways.57:71.77-79 Regardless of the cause(s), the RERs of younger
MycKO mice resembled those of older animals. The differences persisted as mice aged but
became more erratic, with the lower RERs of the latter now observed during the day.

WT and MycKO RERs converged during fasting, indicating that both groups responded
similarly when demands for FAO were high. Re-feeding was again associated with low
MycKO RERs, emphasizing the lifelong overreliance on FAO and/or suboptimal glucose
utilization. MycKO mice also showed higher levels of serum ketones in the face of normal
glucose and lactate levels (Figure 4B). Finally, younger MycKO mice episodically reduced
water and food intake (Figure 4C and Data S1). While the latter might have forced a
somewhat greater reliance on FAO in the youngest mice (Figure 4A), it seems unlikely that
it fully explains the lower RERS, given that they persisted and were not associated with
hypoglycemia (Figure 4B). Myc compromise thus promotes dysfunctional glycolysis and
oxidative phosphorylation (Oxphos) and FAO dependency.8:51-53.69.71,72
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Less efficient FAO accompanies aging and correlates with adiposity, NAFLD, ketosis,
hyperglycemia, and insulin resistance.69:80 |n contrast, glycolytic and Oxphos dysfunction
following Myc inhibition is accompanied by increased FAO that maintains ATP

levels 12.13.23,51,52,71,72.81 | ower RERs of young My cKO mice might reflect an integration
of these opposing factors that favors FAQ. The convergence of aging WT and MycKO
RERs (Figure 4A) might also indicate a more rapid age-related decline in FAO in the latter
group balanced by persistently high FAO needed to maintain dysfunctional mitochondria.
Although baseline fasting glucose levels were similar in the two groups following a
glucose challenge, younger MycKO mice displayed the exaggerated hyperglycemia and
hyperinsulinemia that characterizes type 2 diabetes (Figures 4B and 4D). MycKO mice thus
demonstrate defects in glucose metabolism consistent with their greater reliance on FAO.
Eventual age-related metabolic compensation appears to be the result of other defects.

Liver, white adipose tissue, and skeletal muscle mitochondria from 5-month-old mice were
assessed for complex | and 11 function.12-14 Complex | responses of MycKO liver and
adipose tissue mitochondria were lower than those of WT mitochondria (Figure 4E). No
differences were observed in succinate-driven complex Il activities. In livers, where signals
were sufficiently strong,82 AycKO palmitoyl CoA-driven oxygen consumption rates (OCRs)
were again lower, thus suggesting a generalized complex | dysfunction.

Carnitine-long-chain fatty acid (LCFA) conjugation and the bidirectional transport of acyl
carnitines across mitochondrial membranes are key steps in FAO.83 Complex | disorders are
associated with elevated serum levels of 3-hydroxy-C14-carnitine (C14-OH), which reflects
inefficient LCFA oxidation.83 Indeed, a mass spectrometry-based evaluation of 51 serum
acylcarnitines in 5-month-old mice documented higher C140H levels in the MycKO group
(Figures 4F and S4A). This difference disappeared by 20 months of age and was replaced
by 12 new changes, mostly involving the accumulation of even longer chain (C16 and

C18) serum acylcarnitines, suggesting a progressive deterioration of the FAO pathway in
aging MycKO mice akin to that of aging humans with type 2 diabetes (Figures 4G and
S4B).84 The normalization of C14-OH in this older cohort likely reflected reduced C14
pools resulting from accumulated longer-chain precursors and their defective oxidation to
shorter-chain acylcarnitines. Aging cohorts continued to show aberrant serum acylcarnitine
profiles that were consistent with the observed NAFLD, low RERs, and insulin resistance
of young MycKO mice (Figures 2, 4A, 4D, and S5). Twenty-month-old MycKO mice also
accumulated C5-carnitine (Figure S4B), suggesting errors in mitochondrial branched-chain
amino acid (BCAA) catabolism and implying a broadening of energy-generating defects in
aging MycKO mice.8 Supporting this was a significant negative enrichment of FAO-related
gene sets in 20-month-old MycKO livers and negative enrichment in 5- and 20-month-old
My KO mice for BCAA catabolic pathway-related gene sets (Figure 4H).

Blue native gel electrophoresis (BNGE) of ETC complexes and /7 situ enzymatic
measurements showed no significant cohort- or age-related structural or functional
differences (Figures 5A and 5B).55:72:86 However, tissue- and age-dependent differences
between WT and MycKO mice were found among a subset of important and, in some
cases, rate-limiting Myc-regulated glucose transporters and glycolytic enzymes (Figure
5C).14.71.78.87 The Glutl glucose transporter, whose gene is a Myc target,’® and Glut48”
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were regulated oppositely in 5-month-old MycKO livers, whereas Glut2 did not change.
Glut4 is expressed at low to undetectable levels in the liver, suggesting that it might be

a negative Myc target.8” This also appeared true in MycKO skeletal muscle, where Glut4
is the major transporter.8” Also demonstrating differences in expression between WT and
My KO 5-month-old mice was the muscle-specific phosphofructokinase isoform PFK-M,
which contrasted with no change in liver-specific PFK-L. Finally, pyruvate dehydrogenase
(PDH) activity appeared to be increased in 5-month-old MycKO livers by virtue of its
reduced level of phosphorylation (pPDH), whereas in skeletal muscle, this activity was
decreased.”® Tissue-specific increases in PDH activity might represent responses to the
impaired hepatic function of complex | that increases acetyl-coenzyme A availability and
ETC activity (Figures 4E-4H).

Twenty-month-old mice also showed tissue-, cohort-, and age-specific differences (Figure
5C). Lower Glutl levels originally observed in MycKO livers and skeletal muscle persisted
only in the latter tissue of older mice, whereas the initially higher levels of Glut4 expression
in MydKO mice remained elevated in both sets of older tissues. Elevated PFK-M levels also
persisted. Neither PDH nor pPDH levels changed in livers, whereas pPDH levels in MycKO
skeletal muscle were reduced, as observed in 5-month-old livers.

Myc overexpression and underexpression both promote ROS.23:72:74 |n the former case,
hyperactive mitochondria with a normal ETC simply generate more ROS, whereas in the
latter case, ETC dysfunction increases electron “leakage.”®9:70:88 A,cKO primary MEFs23
generated more ROS and superoxide, indicating that disproportionate amounts originated in
mitochondria (Figures 5D and 5E). These findings and others (Figures 4A, 4E, 4F, 4G, S4,
and S5) argue that younger MycKO mice acquire mitochondrial and ETC functional defects
normally observed in aged WT mice.

RNA-seq differences between WT and MycKO tissues correlate with phenotypes

RNA sequencing (RNA-seq) was performed on liver, mesenteric white adipose tissue,
and skeletal muscle from 5-month-old mice because they are Myc dependent for

tissue homeostasis and/or because they undergo age-related changes (Figures 1A and
1B).31:32,36-38,89 \ge first verified the dysregulation of multiple Myc target genes in these
MycKO tissues using gene set enrichment analysis (GSEA). The results were consistent
with the previously documented inactivation of Myc (Figure S1E and Table S1), although
enrichment patterns were tissue specific (Figures S6A-S6F).14

The paucity of gene expression differences between WT and Myc*/~ tissues likely reflects
low basal Myc levels in WT tissues and/or modest effects of Myc haploinsufficiency

on high-affinity targets.11:19.31 To capture the greatest possible variation among WT and
MycKO tissues, to avoid bias, and to identify functional categories, we performed GSEA.
Seven particularly noteworthy categories were identified, with all having been previously
identified in association with aging, senescence, or conditional Myc inactivation (Figures 6A
and S7 and Data S1).2356-58,90-97

The first category, “translation/ribosomal structure and function,” contained gene sets
encoding ribosomal subunits and factors involved in translation and the synthesis/processing
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of rRNAs and tRNAs (Figures 6A and S7A). A second category, “mitochondrial structure
and function,” encoded components of the mitochondrial membrane, the matrix, the
ETC, and mitochondrial ribosomes (Figures 6A and S7B). We previously identified

these categories in MEFs and hepatocytes lacking Myc and/or extended Myc network
members.6.:12-14.23

An “oxidative stress response” category (Figures 6A and S7C) encoded transcripts
pertaining to the redox-responsive transcription factor NFE2L2/NRF2, the generation of
superoxide, and the response to hydrogen peroxide previously documented in other MycKO
cells and tissues.23:29.70.86

Also, strongly dysregulated in 5-month-old MycKO tissues were transcript categories
associated with aging and senescence (Figures 6A, S7D, and S7E). A 79-member subset
selected for its near-universal association with aging was also dysregulated in MycKO liver
and adipose tissue in ways that, again, marked them as possessing an “older” transcriptional
profile (Figures 6B and 6C and Data S1). Also identified were gene sets known to be
enriched in tissues from individuals with types 1 and 2 diabetes and cancer (Figures 6D

and 6E and Data S1). In MycKO tissues, the former sets were generally dysregulated in the
directions seen in diabetic tissues, whereas in the latter, the directions of enrichment were
opposite those seen in cancers and thus consistent with a low cancer risk (Figure 3B).

“DNA damage recognition and repair” comprised the sixth GSEA category in MycKO
tissues (Figures 6A and S7F). This category pertains to recognition/repair of radiation-
induced lesions, DNA breaks and other damage, and telomere/shelterin complexes and

was dysregulated in MycKO MEFs, which show abnormal responses to DNA damage.23
Monogenic disorders involving these genes include Werner syndrome, Nijmegen break
syndrome, and “telomeropathies,” such as dyskeratosis congenita and aplastic anemia,
which are associated with premature aging and cancer.%598-100 |n most cases, genes in

My KO tissues were enriched in the same direction as occurs in these human conditions and
in MyckO MEFs.23 MycKO livers also showed more double-stranded DNA breaks (Figure
6F). These findings indicate that Myc oversees interconnected pathways that participate

in the recognition/repair of DNA damage and that are dysregulated in premature aging
syndromes with high cancer susceptibility.

Enriched in MycKO livers were gene sets encoding spliceosome components, which
orchestrate intron-exon junction recognition, lariat formation/removal, and exon-exon
ligation (Figures 6A and S7G).101 However, we initially found no evidence increases in

the frameshifts or indels that accumulate during aging and senescence as a result of aberrant
splicing.20:91.102

Myc target gene dysregulation in MycKO mice occurs with normal aging

Knowing that ~10% of the transcript differences of Myct’~ mice originate from direct
Myc targets,3! we compared RNA-seq profiles of similarly aged WT and MycKO cohorts.
Focusing on previously enriched gene sets permitted two major observations. First, more
differences existed between WT and MycKO liver and adipose tissues at 5 months than

at ~20 months (Figure 7A and Data S1). This indicated that much of the dysregulation of

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 10

young MycKO tissues eventually occurred in older WT tissues, thus equalizing the previous
differences. Indeed, many gene sets that distinguished the livers and adipose tissues of
younger and older WT mice were dysregulated following Myc loss. This Myc-dependent
transcript fingerprint of young mice was consistent with their age-related features (Figures
1A, 2, and 4)'32,36,76,94

Muscle of young WT and MycKO mice again showed much of the same Myc-dependent
gene set enrichment previously seen in livers and adipose tissue (Figure 7A). However,
many of these, notably in the “aging” category, were enriched in directions opposite those
seen in livers and adipose tissue. Also seen was a more pronounced gene set enrichment in
WT and MycKO muscle at 20 months of age than in liver and adipose tissue and particularly
for gene sets from the “translation/ribosomal structure and function” and “mitochondrial
structure and function” categories. This suggested that GSEA differences in muscle were
less equalized during aging. Indeed, the greater directional change in the enrichment of some
gene sets in muscle, from down in young MycKO mice to up in old mice, appeared to result
from aging-related declines in WT mice (Figure 7A).

The 79-member aging-associated transcript set (Figures 6B and 6C and Data S1) was
re-examined in older livers and adipose tissues, where differences between WT and MycKO
were again noted, although they were less pronounced than those of 5-month-old tissues
(Figure 7B and Data S1). This again suggested that aging-related gene signatures associated
with younger MycKO tissues appear in WT tissues by 20 months of age.

More comprehensive assessments of types 1 and 2 diabetes-associated gene sets than

used previously (Figure 6D) were performed on young and old tissues. Tissue-specific
dysregulation of these was again observed among tissues from young mice (Figure 7C

and Data S1). This persisted in older mice, although the numbers and identities of the

gene sets and the enrichment levels changed in tissue-specific ways (Figure 7C). Thus, the
dysregulation of these gene sets was already quite extensive in young MycKO mice and
remained so throughout life. Similar analyses of a larger number of gene sets associated with
and/or deregulated in cancer also showed enrichment in MycKO tissues (Figures 6E and 7D
and Data S1).

As already noted, the “RNA splicing” gene set category was enriched in young MycKO
livers but was unassociated with any changes in non-canonical mRNA splicing. Although
only 8 such gene sets remained enriched at 20 months of age (Table S2), significant
increases in non-canonically spliced transcripts were now observed (Figure 7E). Thus,
aberrantly spliced transcripts accumulated only in older livers and thus likely required
additional age-dependent and Myc-independent functions as well as tissue context.

A previous comparative study of young and old micel03 showed significant age-related
declines in Myc transcripts in 12 of 90 (13.3%) single-cell populations from 23 tissues
(Figure 7F and Data S1). Thirty-five of 58 Myc target gene sets (60.3%) from the
MSigDB database were also dysregulated in one or more single-cell populations of most
of these tissues (Figure 7G and Data S1). Where the directionality of dysregulation could
be determined, it usually correlated with the age-related declines in Myc levels. These
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results thus documented extensive age-related alterations of direct Myc target gene transcript
collections that would not have been anticipated based solely on Myc expression changes.

The above single-cell RNA-seq data were used to search the ENCODE and ChEA
databases.104105 We found that 89.5% of genes whose expression changed significantly
during normal aging were direct Myc targets, and 67.2% of chromatin immunoprecipitation
sequencing (ChlP-seq)-confirmed direct Myc target genes from ENCODE and ChEA
significantly altered their expression during aging (Figure 7H).

Myc expression also declines during the propagation of primary human fibroblasts, and the
accompanying senescence can be prolonged or hastened by enforcing or inhibiting Myc,
respectively.23:108 Upon querying the GTEx database, which contains RNA-seq results from
numerous normal human tissues, we found age-related declines in Myc expression to be
common, particularly in adipose tissue, sigmoid colon, and leukocytes (Figure 71). Myc
transcripts were also lower in older individuals’ fibroblasts, as noted previously in murine
fibroblasts.196:107 Consistent with Myc’s role in maintaining the replication of most cell
types, a previous study of >650 primary human fibroblast lines showed that those from older
individuals become senescent sooner than those from younger individuals.22:23.27,51,108
Interrogating the above samples with the collection of direct Myc target gene sets from

the MSigDB database (Figures S6A-S6C) confirmed that positively regulated Myc target
gene sets were negatively enriched in older tissues, and negatively regulated gene sets

were positively enriched (Figure 7J). Thus, in both mice and humans, normal aging and
senescence are commonly associated with Myc downregulation and appropriate changes in
its target genes. The deliberate Myc inactivation and the ensuing dysregulation of its target
genes in young MycKO mice thus accelerated the changes that otherwise occur with normal

aging.

DISCUSSION

By postponing Myc inactivation until weaning, we have avoided the factors that contribute
most strongly to prenatal demise while allowing ourselves to assess the consequences of its
loss on multiple, interdependent whole-body phenotypes.24:26.27 While differing from the
method previously used to generate Myct’~ mice,3! our approach permitted a comparison of
the 2 mouse strains over their lifetimes.

MycKO mice presented 2 disadvantages. First, Myc’s contributions to the substantial growth
and development of the immediate postnatal period could not be determined (Figures S3A—
S3C) (data not shown).2! Second, the prominence of MycKO phenotypes may be skewed in
favor of tissues with the highest and most persistent Myc loss. The partial re-appearance of
intact Myc alleles suggested that stem cell populations with incomplete Myc excision and
proliferative advantages are responsible (Figure S1F and Table S1). Similarly, infrequent
My cKO mouse tumors appeared to originate from a minority population of cells that
retained Myc (Figures 3l and 3J). Myc’s excisional variability might reflect the degree to
which tamoxifen penetrates different tissues, the efficiency of its activation, and differential
accessibility of the Myc locus to CreER.199 Nonetheless, our approach provided a means

to assess the life-long consequences of global Mycloss on health and fitness. Our studies
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also demonstrate that some pathologies and phenotypes observed with tissue-specific and/or
prenatal Myc inactivation are replicated when inactivation is delayed.1427.29.42 Certain
phenotypes of Myc*'~ mice that we did not observe, such as an overall reduced body size,
are likely determined during embryogenesis.27:31

Myc inactivation in adults and juveniles causes bone marrow hypoplasia, peripheral
cytopenias, colonic epithelial flattening, and villous atrophy (Figure $3).21:24-28.110 \\/hjle
the other findings resolved, bone marrow continued to resemble that of aged mice (Figure
S3C). The normal weights of young MycKO mice and the absence of steatorrhea provided
evidence that any malabsorption did not impair growth (Figure 1A and not shown). These
observations point to Myc’s variable importance at different developmental stages and that
deleterious consequences of its loss are often mitigated when inactivation is delayed and/or
incomplete.6

Relatively young MycKO mice often displayed progressive age-related phenotypes.
Appearing at different times and sometimes influenced by gender, they included increased
fat:lean mass ratios, alopecia and achromotrichia, and reduced strength, endurance, and
balance (Figure 1). Notable additional findings include NAFLD, glucose intolerance,

and mitochondrial dysfunction, with a preferential reliance on FAO (Figures 1, 2, and
5D).46.56,61.62,64 Mitochondrial abnormalities and steatosis occur in mice with hepatocyte-
specific Myc loss of relatively short duration, with the current findings confirming and
extending these earlier ones by showing that the maximal hepatic lipid content accumulates
earlier in MycKO mice (Figure 2).13.14.29 Age-related changes in skin (Figure S2) also
recapitulate some of the milder consequences of melanocyte-specific Myc KO.42 Many of
the abnormal phenotypes of MycKO mice are thus attributable to interactions between Myc
inactivation and normal aging phenotypes (Figure S8).

While the extended lifespan of Myct’~ mice was originally ascribed to a lower cancer
incidence, their relative youthfulness may also have contributed.3! Aging and cancer
therefore remained temporally linked. Neoplasms are common in normal aging mice,

and age is the strongest independent predictor of cancer development.32:34.35 This
association is exaggerated in human and murine disorders of premature aging despite

the chronological youthfulness of affected individuals.93:96:99.111.112 Highlighting this
relationship is the critical contribution of Myc to cancer pathogenesis.26:13-15 The lower
lifetime cancer incidence of MycKO mice (Figure 3B) indicates that its strict association
with aging is maintained by a single gene, namely Myc. The reduced cancer incidence and
increased longevity of MycKO mice are even more remarkable given that several of their

associated co-morbidities are independent risk factors for cancer development and shortened
lifespan.93.99.113-116

Given Myc’s link to cancer, the dissociation of aging and neoplasia in MycKO mice
raised the question of how occasional tumors do arise (Figure 3B).11:13.14.54 The variable
levels of their Myc expression suggested that at least some originated from a minority
population of cells with intact Myc alleles (Figures 31 and 3J). Whether tumorigenesis

in MycKO mice is reduced due to a lower initiation rate or a slower growth rate

(Figure 3B) requires further investigation, since roles for Myc in both steps have been
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demonstrated.13.14.19.23.54 Aside from Myc’s loss, indirect mechanisms may contribute to
the low cancer incidence in MycKO mice. These potentially include the suppression of Myc
target genes by Max-Mxd family heterodimers or by cross-binding members of the MIx
Network.814117 A7yeKO cells could have higher baseline rates of neoantigen generation
resulting from DNA damage response/repair and mRNA splicing defects that could enhance
immune surveillance (Figures 6A, 7A, 7E, STF, and S7G).23:118-120 glower AMycKO tumor
growth might allow for longer periods of neoantigen presentation and immune response
maturation.12-14 However, the degree to which anti-tumor immunity is actually enhanced
might be limited given the Myc dependence of T cell expansion.12

The relationships among Myzc, aging, and cancer likely cannot be explained by any single
mechanism, since many of the gene sets under Myc’s control functionally converge upon
the “hallmarks” of both aging and cancer (Figures 6A, 7, and $8).37:61,92,94,97,122-125

Both normal aging and Myc loss generate ROS production due to progressive ETC

decline and/or increased reliance on FAO (Figures 4A and S8).63:88.126 Excessive ROS

and impaired ribosomal biogenesis/translation both accelerate aging.%” Nuclear and mtDNA
damage, aberrant splicing, and senescence also increase in the face of aging and

My loss.90:91.102.127-130 Genotoxic ROS also inhibit translation, thus highlighting how
individual Myc- and/or age-linked functions crosstalk and influence one another (Figure
88).131

Do MycKO mice better mimic normal aging than other models, which are largely based
upon rare monogenic disorders of DNA damage recognition/repair?132-133 Importantly, the
aging of MycKO mice directly reproduced the dysregulation of Myc target genes that
normally accompanies aging in mice and humans and that correlates with declines in Myc
itself (Figures 6 and 7). These findings indicate that Myc inactivation in juvenile mice
prematurely re-creates the dysregulation of its downstream target genes and the aging-like
deterioration of their collective functions with similar molecular and phenotypic outcomes
(Figures 7F=7J and S8).

The aging-related enrichment of Myc target genes involved more tissues than did the
declines in Myc. There are at least 3 explanations for this finding. First, in some tissues,
Myc paralogs might play a larger role in regulating these gene sets. Although none of

the above cells or tissues expressed significant levels of Mycn, some expressed Mycl,
which sometimes declined during aging when Myc itself did not. Myc target gene sets
may therefore be preferentially responsive to Myc/in certain tissues. Second, some

Myc targets may be selectively sensitive to one or more Mxd proteins.8:11 Finally, MIx
Network members might displace Myc-Max complexes in some tissues and modify Myc’s
transcriptional impact.6:11

“Heterozygous advantage” applies to genes such as those encoding a. and  globins and the
cystic fibrosis transmembrane conductance regulator, where single mutant alleles protect
against malaria and diarrheal diseases, respectively, whereas mutational homozygosity

can be lethal 134137 Afyc hemizygosity’s association with a spectrum of health benefits
versus the pathologies of MycKO mice is consistent with Myc being a somewhat different
example of heterozygous advantage, despite its association only in the experimental context
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described here.11:25.27.31 Nonetheless, single-nucleotide polymorphisms far upstream of

the Myc coding region can significantly affect its expression and correlate with cancer
susceptibilities.138:139 Normal declines in Myc might thus have very different lifetime
consequences depending upon its genetically predetermined initial levels. The heterozygous
advantage of Myc might thus relate more to the genetic constraints upon its normal
expression, which would become increasingly consequential as its levels decline with age
and reach pathologic thresholds at different times.

Although inhibiting Myc to treat cancer has proved elusive, the finding that Myc™~ mice
displayed increased longevity, a lower cancer incidence, and additional health dividends
provides additional incentive to pursue this objective.31:140-142 However, the current work
suggests that caution is warranted in the use of Myc inhibitors, particularly to extend
longevity.143 Our work thus raises questions that will need to be confronted before such
inhibitors can be employed clinically, particularly in children, where even short-term
treatment with traditional chemotherapeutics can accelerate aging.144 Among these is

the degree to which Myc inhibition unintentionally accelerates aging, whether certain age-
associated phenotypes will be differentially manifested, and whether some phenotypes can
be “rejuvenated” when Myc expression is restored. Another question is whether MycKO
phenotypes will appear when Myc inactivation is implemented later in life. Finally, might
young age be a contraindication when cancer therapy demands that Myc inhibition be both
efficient and prolonged? More refined evaluation in appropriate experimental and clinical
settings will likely be necessary before answers to such questions are forthcoming.

Limitations of the study

Among this study’s unanswered questions are how the pathways that are affected by Myc’s
loss cooperate to promote premature aging and the nature of their tissue dependencies
(Figure S8). Myc-dependent alterations in mitochondrial and ribosomal structure and
function, energy metabolism, and genome integrity drive both normal and premature aging.
In our model, Myc inactivation is also not 100% efficient, and whether more complete Myc
elimination remains compatible with extended longevity and allows better cataloging of

all potential phenotypes remains unknown. Residual Myc expression may mask additional
phenotypes, as seen with Myc*/~ mice. In addition, those described here may be incomplete
and/or milder than what is potentially achievable. Some tissues that were not carefully
examined may also possess overlooked abnormalities. Finally, it remains unclear how
delaying Myc inactivation until later in life affects the age-related findings we have reported.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—All additional information and requests for resources, reagents, and
methods should be directed to the lead contact, Edward V. Prochownik (procev@chp.edu).

Materials availability—All unique reagents generated in this study will be made available
from the lead contact (E.V.P.) and may require a completed materials transfer agreement.
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Data and code availability—All raw RNA-seq files have been deposited in the NCBI
Gene Expression Omnibus!® and are accessible through GEO Series accession number
GSE223676 database (https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE223676 ).
Data underlying the display items in the manuscript, related to Figures 1, 2, 3, 4, 5, 6,

7, and S1-S7 are available as Data S1 — Source data. The original full-length western

blots for Figures 31, 5C, and S1G have been deposited in Mendeley Data (https://doi.org/
10.17632/4t9xbmxszn.1).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models—Animal work was conducted in compliance with the Public Health
Service Policy on Humane Care and Use of Laboratory Animal Research (ILAR) Guide

for Care and Use of Laboratory Animals. All experimental procedures, diets and tests were
approved by the Institutional Animal Care and Use Committee (IACUC) at the University
of Pittsburgh. All mice were housed in a specific pathogenfree facility, maintained under
standard conditions at UPMC Children’s Hospital of Pittsburgh. The B6.129S6- Mycim2Fwa
Mmjax mouse strain, in which the second and third exons of the Myc gene are flanked by
loxP sites, was originally obtained as a gift from I. Moreno de Alboran.13.14:29 These were
crossed with the B6.129- GI(ROSA)26Sortm1(cre/ERTZ2)TyjA strain, which expresses a Cre
recombinase-estrogen receptor (CreER) fusion transgene under the control of the ROSA26
promoter.39. 2 MycLoxP/LoxP progeny strains were derived, containing one or 2 CreER
transgene copies, which allowed for a determination of the efficiency of Myc excision in
response to CreER dose. CreER activation and Myc excision were initiated at the time of
weaning in mice that had attained a weight of 15 g or greater. Each mouse received 5 daily
i.p. injections of freshly-prepared tamoxifen (75 mg/Kg) in corn oil. To ensure the complete
metabolism and excretion of tamoxifen and to avoid any of its non-specific side effects, we
allowed at least 8 wks before initiating any testing other than that specifically designed to
confirm the extent of Mycexon 2 excision and full-length Myc transcript expression (Figure
S1). As a further control for any long-term effects of tamoxifen treatment, control (WT)
mice for all studies consisted of the offspring of matings between B6.129S6- M)ycim2Fna)
Mmijax and wild-type C57BL/6 mice treated with tamoxifen in the manner described above.
Equal numbers of males and female were used for all studies that were conducted during the
entire lifetimes (Figure 3).

Myc excisional efficiency was determined using a quantitative TagMan-based qPCR assay
that compared the exon 2 : exon 1 ratio using tissues from the above mice and standard
curves generated with known ratios of WT and MycKO DNAs as described previously
(Figures S1IA-S1E).13.14.29 Cre-ER transgene copy number was determined by a separate
TagMan-based assay using the primers listed in Figure S1D. 10 ng of total DNA was

used in each TagMan assay. 3 primer sets were designed to amplify regions to identify
specifically unfloxed, floxed (WT) and My KO alleles. All primers and probes (Figure S1D)
were synthesized by IDT, Inc. (Coralville, IA). PCR reactions were performed on CFX96
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Touch™ Real-Time PCR Detection System (Bio-Rad, Inc.) using the following conditions:
95 °C for 5 min; 10 cycles at 95 °C for 20 s, and 65 °C~60 °C (decreasing by 0.5 °C per
cycle) for 15 s, and 68°C for 10 s; 40 cycles at 95 °C for 15 s, and 60 °C for 1 min.

METHOD DETAILS

Derivation and propagation of primary murine embryo fibroblasts (MEFs)—
Briefly, 10-12 e14 embryos from pregnant WT mothers were decapitated, eviscerated,
rinsed in PBS, placed into sterile 0.25% trypsin-EDTA and incubated 1 hr at 37C as
described previously.23:155 They were then finely minced and digested for an additional
1-2 h at 37C before transferring to fresh Dulbecco’s modified minimum essential

medium (DMEM) containing 10% FBS, 100 mM glutamine and penicillin/streptomycin

as previously described.5% After expanding for 3-4 days, these early passage cells were
trypsinized and frozen at —80C to serve as subsequent stocks. These primary MEFs were
designated as passage 1. To excise the floxed Mycalleles from the above cells, in vitro
culturing was continued in fresh medium containing 500 nM 4-hydroxytamoxifen (4-OHT)
(Sigma-Aldrich, St. Louis, MO), which was changed daily. On day 8 an aliquot of cells
was harvested, DNA was isolated as described below and the ratio of WT and MycKO Myc
alleles was calculated using the same approach as described above for individual mouse
tissues. Under these conditions, Myc allele excision routinely exceeded 95%.23

Strength and endurance testing—Strength testing was performed using

a Grip Strength Meter (Harvard Apparatus, Holliston, MA) according

to the direction of the supplier. Rotarod testing (SPW Industrial,

Laguna Hills, CA) was based on a modification of the standard

operating procedure from Jackson Laboratories: https://www.jax.org/-/media/jaxweb/
files/research-and-faculty/tools-and-resources/peripheral-neuropathy-resource/rotarod.pdf?
la=en&hash=78228ECB294E38BC773843500CDE2E8C99A96316. Briefly, animals were
initially placed on the slowly rotating rod (5 rpm) and maintained at this speed

for 20 sec. The speed was then increased by 5 rpm increments each lasting 20 sec. The
recorded numbers indicate the total time that each mouse was able to maintain its balance.

Treadmill performance—Treadmill performance was monitored with a Columbus
Instruments Exer 3/6 apparatus (Columbus, OH). Groups of 6 mice at a time (3 WT and

3 MycKO) were evaluated according to a published protocol.16 Briefly, mice were allowed
to run along a treadmill (elevated 10° from the horizontal) at a gradually increasing pace
until reaching exhaustion, which was defined as the time at which they preferred to rest for
>5 sec. upon an immobile metal shock plate at the bottom of the treadmill. The total distance
run until reaching the point of exhaustion was recorded for each animal.

Metabolic cage profiling—These were performed essentially as described previously.2?
Briefly, control and MycKO mice of the indicated ages were housed individually in
metabolic cages (Columbus Instruments) and allowed to acclimate for 24 hr while being
provided ad /ib access to water and a standard mouse chow containing 5% fat (Picolab
5053; LabDiet, St. Louis, MO, USA). VO, and VCO5 were recorded every 20 min over
the subsequent 48 hr along with food intake and overall activity. At the conclusion of
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this observation period, mice were starved overnight (12 hr) and then provided with a
standard diet for 24 hr followed by a high-fat diet (45%) for an additional 24 hr while
again monitoring RERs. Data analyses were performed with a web-based analysis software
package CalR (https://calrapp.org/cite.html).

Glucose tolerance tests and serum glucose, lactate, and ketone
measurements—Mice were fasted for 5 hr. at which time whole blood glucose, lactate
and ketone levels were obtained using meters and compatible strips according to the
directions provided by the suppliers (Glucose AimStrip Plus, Germaine Laboratories, Inc.
San Antonio, TX; Lactate Plus Analyzer, Sports Resource Group, Inc., Hawthorne NY;
Keto-Mojo Ketone Meter, Keto-Check, Inc. Napa, CA). To perform glucose tolerance tests
and to measure insulin levels, the above mice were injected with 2g of dextrose/kg body
mass with blood glucose levels being subsequently measured at the indicated times. Serum
insulin levels were measured using an Ultra Sensitive Mouse Insulin ELISA Kit according to
the directions provided by the supplier (Crystal Chem, Elk Grove Village, IL).

ImageJ quantification of ORO staining—ORO- and hematoxylin-stained tissue
sections were imaged on a Leica DFC7000T microscope with 5x and 40x magnification.
Multiple overlapping images of each section were acquired for the full area. The images

of each section were joined using the stitching plugin of the open source software
F1J1.157-159 After subtracting background from each image, color de-convolution1®® was
performed in F1JI where the colors were specified in advance from ROIs respectively
corresponding to unstained tissue, strongly stained tissue and the slide background.
Quantification of Oil-Red-O positive staining was performed as described in ImageJ
documentation (https://imagej.nih.gov/ij/docs/examples/stained-sections/index.html). Higher
resolution images were acquired at 5x magnification(Figure 2C).

Nucleic acid isolation—DNAs and RNAs were isolated from mouse tissues using
DNeasy and RNeasy kits, respectively according to the directions of the supplier (Qiagen,
Inc. Germantown, MD). Exceptions to this were made in the case of adipose tissue and
skeletal muscle for which we utilized a RNeasy Lipid Tissue extraction Kit and QlAzol
Lysis Reagent (Qiagen, Inc., Germantown, MD), respectively. Total RNAs were reverse
transcribed using a SuperScript IV First-Strand Synthesis System according to the directions
of the supplier (Thermo Fisher Scientific, Pittsburgh, PA). To determine the degree of Myc
transcript reduction in control and MycKO tissues, 2 separate TagMan-based qRT-PCR
assays were performed that compared the exon 2: exon 1 ratio signals in each WT and
MycKO tissue (Figures S1D and S1E).

Blue native gel electrophoresis (BNGE), in situ enzymatic assays for ETC
enzymatic function—Non-denaturing gel electrophoresis was performed largely as
described previously.>®72 Briefly, purified mitochondria (approx. 1 mg of total protein),
were lysed by the addition of digitonin and then incubated on ice for 20 min. Coomassie
blue solution (5% Coomassie blue G250 in 750 mM 6-aminocaproic acid) was added and
the suspension was then centrifuged at 14,000 x g for 20 min at 4°C. The supernatant
was diluted in the supplier’s buffer, loaded onto a 3-12% Native PAGE Novex Bis-Tris
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gel (Life Technologies, Carlshad, CA) and electrophoresed for 4 hr at 4C at 80 V. Gels
were then stained with Bio-Safe Coomassie G250 (Bio-Rad, Hercules, CA) for 30 min
and de-stained exhaustively in deionized water. Stained gels were scanned and the imaged
using an AlphaEaseFC 2200 scanner and AlphaEaseFC software. Enzymatic assays for
mitochondrial complexes and super-complexes were performed as previously described
for Complex I (NADH ubiquinone oxidoreductase), Complex 111 (CI1I) (decylubiquinol
cytochrome ¢ oxidoreductase), Complex IV (CIV) (cytochrome c oxidase) and Complex
V (ATPase).”2 Band intensities were measured and quantified using Image J software and
normalized with their corresponding bands on the Coomassie stained blue native gel.

ROS assessment—CM-H,DCFDA and MitoSOX™ Red dyes were utilized to measure
reactive oxygen species (ROS) levels (Molecular Probes, Eugene, OR, USA) according to
the manufacturer’s protocol. This was achieved by exposing monolayer cultures of mouse
embryonic fibroblasts (MEFs) maintained at a temperature of 37 °C. Quantifications were
performed on 6 biological replicates comprising 20,000 cells/sample using a BD LSRII flow
cytometer (Becton-Dickinson Biosciences, San Jose, CA, USA) and results were analyzed
using FlowJo v10 software. This was done as described in Wang et al.23

B-galactosidase staining—Tissue sections were stained for B-galactosidase using a
Senescence Detection Kit (ab65351) according to the directions of the supplier (Abcam,
Inc., Waltham, MA).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting—At
the time of sacrifice, individual tissues were removed, and immediately placed on ice. They
were then divided into small sections, snap-frozen in liquid nitrogen and maintained at —80C
for long-term storage. To prepare samples for SDS page, tissue fragments were disrupted

in PAGE buffer using a Bullet Blender as previously described.55161 Protein concentration
was quantified using the Bradford reagent (Bio-Rad, Inc., Hercules, CA). Electrophoresis,
semi-dry blotting and protein detection was performed as previously described.>® Antibodies
used for the detection of specific proteins were used largely according to the directions of
the suppliers and are shown in Table S3.

Immunohistochemistry and immunohistofluorescence staining—All tissues
were fixed in 10% formalin, paraffin embedded and cut into 4 um thick sections for standard
hematoxylin/eosin staining or immunostaining procedures as previously described (Wang
2022). Prior to staining for Myc, heat-induced antigen retrieval was performed using a
citrate buffer (pH 6.0) for 30 minutes. Sections were incubated with a rabbit anti-Myc
antibody (1:250; N262, SantaCruz) at 4C for 72 hours. A biotinylated secondary antibody
was used to amplify the signal using an avidin—biotin substrate (Vector Laboratories, Inc.,
Newark, CA). Immunohistofluorescence staining for yH2AX was done as described in
Wang et al?3.

Transcriptional profiling—RNAs were purified from omental adipose tissue, liver and

skeletal muscle as described above followed by DNAase digestion.13.14.23 RIN values were
determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City, CA) and
only those with values of >8.5 were processed further. Sequencing libraries were generated
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with a NEBNext Ultra Directional RNA Library Prep kit according to the supplier’s
directions (New England Biolabs, Beverly, MA). Sequencing was performed as previously
described on a NovaSeq 600 instrument (Illumina, Inc., San Diego, CA) by Novagene,

Inc. (Sacramento, CA).13:14.23 QOriginal data were deposited in the NCBI Gene Expression
database and are available through the Gene Expression Omnibus (GEO)>* under accession
number GSE223676.

To identify differentially expressed transcripts, we utilized CLC Genomic Workbench
version 21(Qiagen) and mapped raw reads to the GRCm38.p6 mouse reference

genome. Functionally related and differentially expressed groups were identified using
clusterProfiler (R package version 4.2)149.150 py first screening the MSigDB data bases
(http://www.gseamsigdb.org/gsea/msigdb/as described previously.13:14 We also screened the
Enrichr collection to identify additional groups of gene sets that were either absent from or
underrepresented in MSigDB (http://amp.pharm.mssm.edu/Enrichr).146-148 Representative
gene sets along with their normalized enrichment score (NES) and q values were displayed
graphically using the Ridgeline plot application from Clusterprofiler (https://rdrr.io/bioc/
enrichplot/man/ridgeplot.html).

To identify non-canonically spliced transcripts, we utilized the nf-core/rnaseq-3.4

analysis pipeline with the percentage of non-canonical splices being calculated from
multi-qc of STAR section pct_noncanonical_splices = num_noncanonical_splices/total
reads*100.151.152 Tabula Muris Consortium mosue single cell RNAseq data to evaluate

the expression of Myc and Myc targets expression were obtained from https://figshare.com/
ndownloader/files/27856758 and analyzed as described.103:162 Myc transcript levels in
tissues obtained from young and old human tissues were downloaded from the GTEXx Portal
(GTEx Analysis V8 release: RNAseq gene TPMs by tissue) (https://gtexportal.org/home/
datasets dbGaP: phs000424.v8.p2).163

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were performed using R software v4.2.0164 (R
Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism v9.00
(GraphPad Software Inc., USA). The ComplexHeatmap and ggplot2 packages were utilized
for boxplot and heatmap visualizations, while the survminer package was used for survival
curve plotting. The number of samples per group (n) for each experiment is indicated either
in the figure legend or within the figure itself. A two-tailed, unpaired t-test was employed

to assess significant differences between normally distributed populations, while a two-tailed
Mann-Whitney exact test was used for non-normally distributed populations. A p-value
below 0.05 was considered statistically significant. Significance is denoted as follows: * = p
<0.05, ** = p <0.01, *** =p < 0.001, **** = p < 0.0001, and “ns” indicates not significant.
Detailed statistical analysis information can also be found in each figure legend.
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Highlights
Postnatal body-wide deletion of the Myc gene in mice causes premature aging

“MycKO” mice dysregulate numerous genes involved in aging, senescence,
and cancer

MycKO mice live longer and have a low lifetime cancer incidence

Normal aging in mice and humans is associated with Ayc downregulation
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Figure 1. Young MycKO mice display aging-related phenotypes
(A) Weight and body composition of male and female WT and MycKO mice. Each point

represents the mean of measurements performed on 10-20 animals performed over 2-3
days. Times during which differences existed between the two groups are indicated by gray
shading.

(B) Premature alopecia in MycKO mice.

(C) Premature achromotrichia in MycKO mice.

o
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(D) Appearance of representative WT and MycKO mice. See Video S1 for additional
examples.

(E) Close-up images of fur from 20-month-old WT and MycKO mice showing the
interspersion of dark and gray strands in the former cohort versus the greater uniformity

of gray color among individual strands in the latter.

(F) Four-limb GripMeter testing performed on male and female animals. n = 9-13.

(G) Rotarod testing of WT and MycKO mice. n = 5-14.

(H) Treadmill running. Cohorts of WT and MycKO mice were allowed to maintain a
continuous pace on an automated treadmill until becoming exhausted. n = 6-13.

(1) Diurnal activity of WT and MycKO mice of the indicated ages as measured in metabolic
cages. n = 5-10 males and 5-10 females at each age. White and gray-shaded regions of the
plots denote day and night, respectively. (A, F, G, and H) Unpaired t test; (B and C) log
rank test; (1) ANOVAI45; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars:
standard error of the mean (SEM).
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Figure 2. MycKO mice prematurely develop NAFLD
(A) Representative oil red O (ORO)-stained liver sections of WT and MycKO mice.

(B) Quantification of ORO-stained sections. At least 3 liver sections from 4 or 5 mice were
scanned, quantified, and combined.

(C) Higher-power magnification of the sections from (A) showing a greater prominence of
large lipid droplets in MycKO livers.

(D) Triglyceride content of WT and MycKO livers. (B and C) Unpaired t test, *p < 0.05,
***p < 0.001. Error bars: standard deviation (SD).
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Figure 3. MycKO mice have extended lifespans and lower cancer incidence
(A) Natural lifespans of WT and MycKO male, female, and all mice.

(B) Incidence of associated gross pathologies in WT and MycKO mice at the time of

demise.

Lung

(C) High-grade lymphoma from a MycKO mouse forming a nodular mass adjacent to a loop

of bowel.

(D) Well-differentiated MycKO colonic adenocarcinoma.

(E) High-grade MycKO lymphoma replacing normal liver parenchyma.
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(F) Probable MycKO plasmacytoma.

(G) Splenic MycKO lymphoma.

(H) Lymphoma from the mouse in (G) effacing a lymph node adjacent to the pleural surface.
(1) Myc protein expression. Control tissues included normal liver and a hepatoblastoma.>®
Lymphomas from three MycKO mice (#1 to #3) were sampled from the two indicated sites.
(J) Mycalleles in MycKO lymphomas (1). Myc copy number quantification was performed
on several sections of each tumor (Figure S1). DNAs from WT and MycKO primary MEFs
(n = 4 each) served as controls for two copies or zero copies, respectively, of an intact Myc
allele.23 (A) Log rank test; (B) unpaired t test, **p < 0.01, ***p < 0.001, ****p < 0.0001;
ns, not significant; (J) error bars: SD.
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Figure 4. Metabolic defects in MycKO mice are consistent with premature aging
(A) Respiratory exchange ratios (RERs) calculated from the formula RER = VCO,/V0,.2°

At 60 h, mice were fasted for 12 h and then provided with ad /ib standard (re-feed) or
high-fat diets (HFD) for consecutive 24 h periods. Each point is the mean of n = 11-13
mice/group £ 1 SE.

(B) Fasting glucose, lactate, and ketone levels.

(C) Hourly food and water intake (A).
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(D) Glucose tolerance tests (GTTs) and serum insulin levels. Mice were fasted for 5 h and
then administered a single i.p. bolus of glucose. n = 5.

(E) Oraboros respirometry results performed on mitochondria from the indicated WT and
MycKO tissues. Pyruvate responses were determined following the addition of malate and
ADP, whereas total complex | activity was determined following the subsequent addition to
glutamate 12:13.23

(F) Fifty-one serum acyl carnitine levels in 5 month-old WT and KO mice obtained after
overnight fasting. n = 5 mice/group. Also see Figures S4 and S5.

(G) The same serum acyl carnitines were assessed in ~20-month-old WT and KO mice as
described in (F). n = 5 mice/group. Boxes indicate significant intergroup differences. Also
see Figures S4 and S5.

(H) Gene set enrichment analysis (GSEA) for liver transcripts involved in FAO from
20-month-old MycKO mice and additional negative enrichment in 5- and 20-month-old
MycKO mice for genes comprising the BCAA catabolic pathway. Results were generated
from RNA-seq data obtained from liver, adipose tissue, and skeletal muscle of each of the
indicated cohorts, but were significant only in the liver as shown. (A and C) ANOVA,145 (B,
D, E, F, and G) unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error
bars: SD.
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Figure 5. ETC structure and function and glucose handling differ between WT and MycKO
livers and skeletal muscle

(A) BNGE profiles of liver and skeletal muscle ETC complexes I-1V, complex V, and
supercomplexes (SCs) from mitochondria of 5- and 20-month-old mice.”2 SCs comprise
higher-order assemblies of complexes 1, I11, and V.72
(B) /n situenzymatic activity of complexes I, 111, IV, and V from (A).”2

(C) Immunoblot analyses of proteins involved in glucose and pyruvate transport and
metabolism from the tissues shown in (A) and (B).
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(D) ROS production by WT and MycKO MEFs measured by the oxidation of CM-
H?DCFDA.2n=6.

(E) Mitochondrial-specific ROS production measured by the superoxide-mediated oxidation
of MitoSOX red. n = 6. Unpaired t test, ****p < 0.0001.
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Figure 6. Tissues from 5-month-old MycKO mice are enriched for aging- and senescence-
associated transcripts

(A) GSEA from tissues of 5-month-old WT and MycKO mice.146-148 clusterProfiler
displays representative examples of the most recurrent and prominent of the gene sets
within each category.149:150 Numbers to the right of each profile indicate its normalized
enrichment score. Curves shown in gray and lacking enrichment scores indicate gene sets
that were not significantly enriched. Values >0 along the abscissas indicate gene sets

that were upregulated in MycKO tissues, whereas values <0 indicate gene sets that were
downregulated. See Figure S7 for standard GSEA plots of these.
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(B and C) GSEA and heatmap for transcripts that correlate with aging in most tissues and
across species in livers and adipose tissue of 5-month-old WT and MycKO mice.

(D) Gene sets associated with types 1 and 2 diabetes selectively enriched in the indicated
tissues of 5-month-old MycKO mice.

(E) Gene sets associated with cancer selectively enriched in the indicated tissues of 5-month-
old MycKO mice.

(F) Examples of immunostaining for y-H2AX in the indicated mice depicting double-
stranded DNA breaks. Shown are merged micrographs: y-H2AX immunostaining (red) and
DAPI staining (blue).
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Figure 7. Gene expression differences in young and old mouse tissues reflect declines in Myc and
Myc target genes

(A) Age- and Myc-dependent gene set enrichment differences among 5- and 20-month-old
WT and My KO tissues. n = 5. The total number of gene sets for which significant
enrichment was observed is indicated beneath each category. Colored lines within each
category represent a single gene set, the top 30 of which are shown for each category. Data
S1 lists all relevant gene sets and others depicted here.

(B) Heatmap for the 79 transcripts shown in Figures 6B and 6C that correlate with aging in
most tissues examined and across species.
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(C) Heatmap of individual gene sets related to types 1 and 2 diabetes, including those
depicted in Figure 6D from 5- and 20-month-old WT and MycKO mice.

(D) Heatmap for the expression of individual gene sets related to cancer, including those
depicted in Figure 6E from 5- and 20-month-old WT and MycKO mice.

(E) Transcriptome-wide quantification of non-canonically spliced transcripts.149-152
Unpaired t test, *p < 0.05.

(F) Significant declines in Myc transcript levels in 12 of 90 single-cell populations derived
from 23 individual young (1-3 months) and old (18—-30 months) mousetissues.193 Results
are expressed as q values based upon correlation coefficients that compared transcript levels
across aging populations.

(G) Overrepresentation analysis of 58 Myc target gene sets analyzed using the above-cited
single-cell RNA-seq data from young versus old mice.103 Gene sets for which significant
dysregulation was observed in at least 40 of the 90 single-cell populations are shown,
although 74 of the cell populations (82.2%) showed enriched representation of at least one
gene set (Data S1). Down-reg. sets, downregulated in response to Myc overexpression;
Up-reg. sets, upregulated in response to Myc overexpression; ND, sets comprising both
positive and negative targets whose overall direction of response could not be determined.
(H) Overlap between direct Myc target genes and those that undergo significant age-related
changes in expression (q < 0.05).104.105 Gene expression differences were compared from
76 single-cell populations derived from 23 tissues from 1- to 3- and 18- to 30-month-old
mice.103 (1) Myc transcript differences in young and old human tissues. Results are from the
Broad Institute’s GTEXx database.

(J) Enrichment of Myc target gene sets (see Figures S6A-S6C) in aging and senescent
human tissues and cell lines. (E and I) Unpaired t test, *p < 0.05, **p < 0.01, ****p <
0.0001.
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