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The Purpose of Adrenarche is Tumor Suppression

Jonathan W. Nyce
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Tel.: 01-484-255-1319

Abstract. The purpose of adrenarche — the flooding of the circulation with dehydroepi-androsterone sulfate (DHEAS)
in the period immediately preceding the pubertal growth spurt and the onset of adult stature— is unknown, and has
been described as “enigmatic.” This laboratory has uncovered a previously unknown, human-specific “kill-switch”
tumor suppression mechanism in which circulating DHEAS is pumped into cells that have undergone tumorigenic
mutation(s) — primarily in the TP53 tumor suppressor gene. We refer to such tumorigenic single cells as singularities.
DHEAS imported into singularities is de-sulfated to dehydroepiandrosterone (DHEA), a potent uncompetitive
inhibitor of the enzyme Glucose-6-phosphate Dehydrogenase (G6PD). G6PD is responsible for the production of most
of the NADPH required for the synthesis and maintenance of activity of anti-oxidant selenoproteins, and for the
ubiquinol that prevents ferroptosis. In singularities, uncompetitive inhibition of G6PD by DHEA rapidly becomes
irreversible, leading to ROS/ferroptosis-mediated cell death. This human-specific kill switch tumor suppression
mechanism is powered up by adrenarche immediately preceding the pubertal growth spurt— the most dramatic
increase in body stature in our species— when both males and females attain most of their adult height. Since adult
stature correlates with lifetime cancer risk, we propose that a primary purpose of adrenarche is tumor suppression.

Keywords:  adrenarche;  glucose-6-phosphate  dehydrogenase; G6PD; tumor  prevention;
dehydroepiandrosterone; DHEA; p53; TP53

Introduction

Adrenarche is a developmental stage distinct from and preceding gonadarche and pubarche (Figure
1). Itis characterized by the maturation of the zona reticularis in the adrenal gland, and subsequent secretion
into the circulation of enormous amounts of dehydroepiandrosterone sulfate (DHEAS). Accordingly, the
word adrenarche literally means “the awakening of the adrenal gland.” Despite extensive research, the
purpose of adrenarche remains unknown, and it has been called “enigmatic” by several authors [1,2].
Among primates, true adrenarche occurs only in the Hominini lineage— humans, chimpanzees and
bonobos— and the absence of adrenarche in other species typically used as animal models has hindered its
study. The levels of circulating DHEAS in humans, for example, are some 10,000-fold higher than in mice.

Adrenarche also precedes the pubertal growth spurt, which averages approximately 8 centimeters (3
inches)/year in Western children. Peak growth for girls is typically 6-12 months before the onset of
menarche, after which growth slows, such that only an additional 5-7.6 cm (2-3 inches) of growth occurs
during adulthood, on average. Boys tend to have their growth spurt later than girls. Peak growth for boys
is right before spermarche and averages approximately 9 centimeters (3.5 inches)/year [3]. Thus, adrenarche
occurs immediately preceding the onset of the most dramatic increases in body stature that occur in our
species.

In adults, height/stature is associated with lifetime risk of cancer. The ‘million women study’ followed
1,297,124 women for a median time of 9.4 years each and reported an overall 16% increase in cancer risk
for every 10 cm (4 inches) in height above average [4]. This finding was reproduced in a cohort of 144,701
Canadian women (median follow-up 12 years) by Kabat et al. [5], in 310,000 male and female UK Biobank
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participants [6], and in 22 million Koreans [7]. The increased lifetime risk of cancer for men vs. women
(Figure 2) is also driven by body size [8]. Further support for the association between stature and cancer
comes from studies of dwarf humans with Laron Syndrome — one of which studies lasted 57 years. This
work demonstrated a near total absence of cancer in these long-lived, small-bodied humans [9,10].

This laboratory has recently identified a human-specific, “kill switch” tumor suppression mechanism
that is dependent upon the DHEAS that is synthesized and secreted into the circulation at adrenarche [11-
13]. In brief, circulating DHEAS is specifically imported into cells that have suffered a tumorigenic lesion—
typically in the p53 tumor suppressor gene. Such cells— which we refer to as singularities— would
typically proceed to a neoplastic, tumorigenic state were it not for this kill switch mechanism. DHEAS that
has been specifically imported into singularities is then de-sulfated to DHEA, where DHEA’s unique
uncompetitive inhibition of Glucose-6-phosphate dehydrogenase (G6PD) leads to depletion of the NADPH
that is required for the synthesis and maintenance of activity of ROS-detoxifying selenoproteins; and for
the synthesis of ubiquinone, and its reduction to ubiquinol, that is required to prevent ferroptosis. Loss of
control of intracellular ROS accumulation and ferroptosis extinguishes the singularity while it is still in its
single cell state, before it has had the opportunity to evolve into the heterogeneous tumor cell populations
that are so difficult to eradicate. Adrenarche thus triggers the kill switch immediately preceding the
dramatic increase in stature— and therefore cancer risk— that occurs during the human adolescent growth
spurt (Figure 1).

7-8 cm/year in girls
9-10 cmfyear in boys
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Figure 1. Adrenarche triggers the human-specific kill switch tumor suppression mechanism exactly when it
is needed — immediately preceding the dramatic increase in body height that would otherwise cause an
increase in cancer risk.

In the remainder of this article, we will discuss the components of the human-specific kill switch tumor
suppression mechanism, demonstrating their evolution through the course of primate speciation,
culminating in the advent of adrenarche in the Hominini. We shall show how the evolution of the kill switch
answers many long-standing questions in human biology, such as the purpose of adrenarche, and how it
evolved despite the fact that the proximal metabolite of DHEAS, i.e., DHEA, is a powerful, rapidly
irreversible inhibitor of so fundamental an enzyme as G6PD; why anthropoid primates, including humans,
underwent selection for the loss of the ability to synthesize vitamin C; why hominoid primates, including
humans, underwent selection for dramatically high levels of circulating uric acid, precipitating risk for the
development of the debilitating disease of gout; and many more such long-standing, here-to-fore
unanswered questions in human biology.

The lex naturalis equation links speciation to lifetime cancer risk
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Recent results now indicate that every vertebrate species has evolved its own, unique, species-specific
mechanism of tumor suppression [11-15]. As is evident by comparative cancer research, evolution by
natural selection has evolved a general rule that a certain low amount of neoplastic transformation is
enabled in vertebrate animals, probably because a certain low amount of genomic instability is required so
that the process of speciation can respond to changes in the environment, or exploit new opportunities. The
low, lifetime risk of cancer in the vast majority of larger, longer-lived vertebrate animals is fairly rigidly set
at <5% [14]. Not only is the lifetime cancer risk of most vertebrates set at this low rate, but their cancer risk
as a function of time remains essentially flat throughout their lifespans. This is in sharp contrast to lifetime
cancer risk in humans, which begins to dramatically rise once we have exceeded the lifespan that has
characterized our species for more than 99% of its existence— averaging 25 years, with 88% mortality by
age 30— and reaches a value tenfold higher than the vertebrate norm [3-6]. The low, flat cancer risk of
other vertebrates with lifespans and body size equal to or exceeding that of our species— for example
elephants [14] and whales [15] — demonstrates that cancer risk is aberrant in humans (Figure 2). This
disparity recently helped to uncover an equation linking lifetime cancer risk (R) to evolutionary variables
associated with speciation, including body size (S), lifespan (Li), species-specific mechanism of tumor
suppression (T), and carcinogen exposure (E), such that in order for the process of speciation to include an
increase in body size, an equilibrating “improvement” in tumor suppression mechanism for the new
species must occur, in order to keep R at the value of the ancestral species, < 5% (Figure 3, and graphical
abstract). Natural evolution enforces this lex naturalis equation (lex naturalis, “natural law), never permitting
an increase in body size during speciation without such an equilibrating change in one of the other
variables, generally an improvement in T [12].

Lifetime Cancer Risk (%)

Figure 2. The evolutionary process of speciation maintains lifetime cancer risk in vertebrates at less than or
equal to 5% [1-6]. Human cancer incidence data [5,6].
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Figure 3. (A) The lex naturalis equation links the speciation variables of body size (S), lifespan (Li), species-
specific mechanism of tumor suppression (T), and carcinogen exposure (E) to lifetime cancer risk (R?) [7].
(B) During speciation, any increase in one of the variables, for example body size, must be offset by an
equilibrating change in one of the other variables, for example species-specific mechanism of tumor
suppression, in order to maintain lifetime cancer risk at a level no greater than that of the ancestral species,
< 5%. T is the probability that a species-specific mechanism of tumor suppression will extinguish all
singularities, and R is the probability of incurring cancer within the species’ lifetime. They are thus
represented as their reciprocals, thereby allowing manipulation of the equation, e.g., Li=T/[S][E][R].

Evolution of the human-specific kill-switch tumor suppression mechanism

Stage 1. Alu transposon-mediated origin of primates by the saltatory evolution of an adrenal gland uniquely capable
of secretion of enormous amounts of DHEA and DHEAS

It is commonly believed that primates arose as a result of the demise of the dinosaurs, which gave
early primates the ecological “space” to evolve. However, new evidence suggests that primates arose as a
direct result of the same asteroid impact that led to the demise of the dinosaurs. Thus, it is now established
that the Chicxulub impact occurred at a rare site on the Earth’s surface (the Gulf of Mexico) where
enormous natural concentrations of hydrocarbons exist(ed) [16]. The intense heat associated with this
impact converted these hydrocarbons into polycyclic aromatic hydrocarbons (PAH) [17], creating
worldwide PAH contamination (increasing E in the lex naturalis equation).

As instigators of genomic plasticity, PAH activate transposons [18-24], the movement of which within
the genome have been responsible for many speciation events. In particular, the Alu family of transposons
originated with— and is specific for— the primate lineage. At the origin of primates, PAH-stimulated
mobilization of Alu transposons induced abrupt evolutionary modification of the embryonic
adrenogonadal anlage such that, instead of androgens being produced primarily by the gonads, as in other
vertebrates, the novel primate adrenal was capable of synthesizing and secreting dehydroepiandrosterone
(DHEA). This modification is thought to have enabled the proto primate to exploit the PAH-contaminated
environment that it found itself in, by detoxifying PAH [11-13]. Thus, DHEA directly inhibits CYP1A1 and
CYP1A2, cytochrome p450 enzymes that activate PAH into DN A-reactive species [25-27]. DHEA is also a
powerful uncompetitive inhibitor of Glucose-6-phosphate Dehydrogenase (G6PD), the enzyme responsible
for producing most of the NADPH required for the synthesis and activity maintenance of the
selenoproteins involved in the detoxification of Reactive Oxygen Species (ROS), and for the synthesis and
reduction of ubiquinone to ubiquinol, required for the prevention of ferroptosis. Uncompetitive enzyme
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inhibition is unique in that, unlike other forms of enzyme inhibition, in the presence of substrate (in this
case, Glucose-6-phosphate, G6P) and inhibitor (DHEA), it rapidly becomes irreversible (Figure 4). From
British biochemist Athel Cornish-Bowden [28]:

“Cases of uncompetitive inhibition by species that are not involved in the reaction are virtually
unknown... Uncompetitive effects may not merely be mechanistically implausible but may be so detrimental
to organisms that display them that there has been evolutionary selection against such inhibition by
naturally occurring metabolites. It may therefore be worthwhile to point out that any metabolic pathway
in which uncompetitive inhibition can occur can potentially respond catastrophically to the presence of
inhibitor.”
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K3+ 18]

Where Vi is the apparent Vmax given by:
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Figure 4. Uncompetitive enzyme inhibition is unique because (1) it requires substrate [S] to bind to the target
enzyme before inhibitor [I] can bind; (2) its is not inhibited by increasing [S]; and (3) it therefore rapidly
becomes irreversible in the presence of high intracellular concentrations of substrate and inhibitor.

It has long been a puzzlement as to why humans have evolved such enormous levels of circulating
DHEAS— the highest by far in the Animal Kingdom— when its proximate metabolite, DHEA, is a
potentially irreversible inhibitor of so critical an enzyme as G6PD. This question is now resolved with the
discovery that circulating DHEAS is the core component of the kill-switch tumor suppression mechanism
that evolved in our species. This, and the other components of the kill switch mechanism that will be
discussed below, are presented collectively in Figure 5.
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Figure 5. The primate lineage underwent selection for a succession of “improvements” in the kill switch tumor suppression mechanism that marked its
origin, culminating in the evolution of adrenarche in the hominins, and in Homo sapiens with the highest levels of circulating DHEAS, and lowest DHEA
to DHEAS ratios [66-74].
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Stage 2. Vitamin C auxotrophy as a kill-switch improvement in haplorrhine primates, including humans

It has also been a long-standing puzzlement as to why anthropoid primates, including humans,
underwent selection for vitamin C auxotrophy, creating the risk of the debilitating disease of scurvy. This
question, too, is answered by the discovery that, in addition to DHEA, high G6P concentrations are also
required in order for uncompetitive inhibition of G6PD to become irreversible. That selection occurred for
the ability of primate cells to accumulate intracellular G6P inside of singularities— and thereby enhance
the effectiveness of DHEA-mediated inhibition of G6PD — is made clear by the retention of Alu transposon-
mediated inactivation of the Gulanolactone Oxidase gene (GLO) over vast stretches of evolutionary time.
The initiating substrate for the vitamin C pathway is G6P, and thus active GLO acts as a “sink” for G6P,
preventing its accumulation inside of singularities. While Alu insertion-mediated inactivation of GLO
made anthropoid primates, including humans, auxotrophic for vitamin C, it also, and more importantly
from the perspective of kill switch evolution, eliminated this sink for G6P (12). This finding finally presents
an answer to the long-standing question of why vitamin C auxotrophy was selected for in anthropoid
primates, including humans.

Stage 3. G6PC promoter modification as a kill-switch improvement in anthropoid primates, including humans

In a similar fashion to GLO, Glucose-6-phosphatase (G6PC) activity also represented a sink for G6P,
particularly in the presence of DHEA, which induces its transcription factors, PGC-1ae and HNF-4a. Gto T
transversion mutations— the signature mutations of PAH (GLO deletion also occurred in a PAH-
contaminated environment, the Paleocene-Eocene Thermal Maximum, which occurred about 56 million
years ago [12])— in the G6PC gene promoter Tetrad occurred exclusively in the anthropoid lineage,
disabling the ability of PGC-1a and HNF-4« to activate G6PC activity [Figure 6]. Thus, in a lineage-specific
manner, intracellular accumulation of G6P was enabled by this promoter modification. Together, the
inactivation of GLO and the modification of the G6PC promoter during primate evolution enhanced the
function of the primate kill-switch by disabling these sinks for G6P, enabling the accumulation of G6P to
drive uncompetitive inhibition of G6PD by DHEA to irreversibility within singularities.
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Figure u. .v.utations in the G6PC promoter that occurred exclusively in the anthropoid primate lineage disabled the DHEA-mediated induction of PGC-
la and HNF-4a, the transcription factor activators of G6PC. Along with GLO deletion, this enabled the accumulation of G6P in singularities.
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Stage 4.1Insertion of GATA-6 transcription factor binding sites into the promoter of SULT2A1 sulfotransferase and
other androgen-related genes enabled increased body size in the speciation of Catarrhine primates

There are four enzymes involved in the biosynthesis of DHEAS. Steroidogenic Acute Activating
Protein (STARD1) transports cholesterol into steroidogenic cells; Cholesterol side-chain cleavage enzyme
(CYP11A1) and 17alpha-hydroxylase/17,20-lyase (CYP17) metabolize cholesterol into DHEA; and steroid
sulfotransferase SULT2A1 converts DHEA into DHEAS. In addition, cytochrome b5 enhances the 17, 20
lyase activity of CYP17 by acting as an allosteric factor to promote association of CYP17 with its electron
donor, P450 oxidoreductase. Cytochrome b5 is preferentially expressed in the adrenal zona reticularis [29].
The promoter regions of the genes for each of these four enzymes involved in the synthesis of DHEAS, as
well as the gene for cytochrome b5, contain binding sites for the transcription factor GATA-6, the
transcription of which is in turn induced by the nuclear receptor co-activator MED1. GATA 6 insertions
into these genes occurred at the inception of the Catarrhine lineage, enabling an ~ 175-fold increase in size
of the basal Catarrhines (e.g., Aegyptopithecus zeuxis, 6.7 kg), compared to early primates (e.g., Archicebus
achilles, 38 g). Unlike catarrhines, which evolved a rudimentary precursor of adrenarche, platyrrhine
primates, such as the marmoset, and strepsirrhine primates, such as the lemur, did not evolve a specialized
zona reticularis and synthesize and secrete DHEA and DHEAS more generally in their adrenal gland [30].
Accordingly, they have levels of circulating DHEAS that are only 3% (lemur) to 7% (marmoset) those of
humans. GATA 6-mediated expression of the genes coding for DHEAS synthesis increased dramatically in
the Hominine (gorillas), and especially in the Hominini (chimpanzees and humans) lineages. In hominin
primates, GATA-6 in the adrenal zona reticularis activates tissue-specific expression of all of the genes
involved in DHEAS synthesis and secretion, and is responsible, along with MED1, for the enormous levels
of circulating DHEAS that characterize our species [31]. In addition to elevated levels of circulating DHEAS,
tissue-specific mechanisms of gene expression dramatically lowered the relative amounts of circulating
DHEA in hominin primates, especially in our species (figure 5, above).

Guidance by the lex naturalis equation to seek an additional “improvement” in the primate kill switch
that involved replacement of the antioxidant properties lost with the inability to synthesize vitamin C

By enabling the accumulation of G6P in singularities, the loss of the ability to synthesize vitamin C
and the subsequent modification of the G6PC promoter together enabled haplorrhine primates, and
descendant anthropoid primates, to survive and even to exploit the PAH-contaminated biospheres in
which they found themselves. These “improvements” to the primate kill switch also enabled the 175-fold
increase in body size (S) between early primates and basal catarrhines noted above. But the lex naturalis
equation indicated that this increase in body size up to basal catarrhines represented a limit beyond which
primate speciation could not incorporate further increases in body size without further improvements in
the primate kill switch tumor suppression mechanism. Guidance by the lex naturalis demonstrated, in fact,
that divergence of the catarrhine lineage employed a diverse array of equilibration events, with some
species emphasizing body size (e.g., gorillas), others a combination of body size and lifespan (e.g.,
orangutans), and still others, increases in E (chimpanzees, bonobos, and humans). Red meat has been
classified as a carcinogen by the IARC and others [32-34]. Diets free of red meat consumption have been
shown to be anti-carcinogenic [35,36], so gorillas and orangutans— both of which species are obligate
vegetarians— utilized their vegetarian-mediated decrease in E (and in the gorilla additional improvements
in T) in their species-specific solutions to the lex naturalis equation. Chimpanzees, bonobos and humans, on
the other hand, “spent” their improvements in kill switch function on tolerating increased E resulting from
foraging for food at fire-combusted, PAH-contaminated sites (chimpanzees, bonobos, Homo habilis) [37,38],
or harnessing fire as a tool (Homo erectus, Homo sapiens) [39] (Figure 7). In addition to foraging at fire
combusted sites, modern chimpanzees have also been shown to prefer cooked over raw foods [40,41]. These
facts, when analyzed through the lens of the lex naturalis equation, indicated that there were additional
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“improvements” to the primate kill switch beyond those that we had already identified. Since increased
body size is inefficient without a corresponding increase in lifespan, and antioxidants have been linked to
lifespan, such analysis led us to look for a replacement for the antioxidant properties that had disappeared
when primates underwent selection for loss of the ability to synthesize vitamin C.

I|_i T E =¥ Gorill
s

|_| T E |=— R Orangutan

L.
_I;
I.I.I
Il

m;\

Chimpanzee

. L ¥l Early
. I_| T E R Homo sapiens

Figure 7. Lex naturalis equations for hominid species. Gorilla speciation emphasized body size, enabled by
both a vegetarian diet (decreasing E) and a doubling of levels of circulating DHEAS compared to Pongo—
also an obligate vegetarian species— which attained less body size, but increased lifespan as compared to
Gorilla. Chimpanzees exploited fire-combusted sites to forage for PAH-contaminated food, but their
increase in E was a fraction of that experienced by humans. Accordingly, higher DHEAS levels enabled the
harnessing of fire.
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Stage 5.11Incorporation of uric acid into the primate kill switch replaced the antioxidant properties of vitamin C lost
with GLO deletion

In our search for an antioxidant that might have compensated for the loss of vitamin C, we identified
uric acid as a likely candidate. In fact, uric acid has been shown to be superior to vitamin C with respect to
the detoxification of some metabolites of PAH. For example, Uric acid was found to completely suppress
benzo[a]pyrene quinone formation at a concentration significantly less than vitamin C [42].

Just as the purpose of adrenarche has been called “enigmatic,” the purpose of high uric acid levels in
higher primates has been termed “elusive” [43]. Thus, the question has been repeatedly asked, why would
natural selection allow the accumulation of uric acid despite the physiological consequences of gout and
liver and kidney damage? Bruce Ames proposed that the high uric acid levels in humans was associated
with increased lifespan in our species [44]. Indeed, among mammals there is a positive correlation between
serum uric acid (UA) levels and life span [45]. A study from the National Institute on Aging published data
supporting this observation in which female mice genetically engineered to possess high uric acid levels
experienced significantly increased longevity compared to normal female mice [46].

That the lex naturalis equation was an effective guide in dissecting the evolution of the components of
the primate kill switch is demonstrated by the fact that when we examined the association of uric acid
biology with lifespan in primates, we discovered a published literature that corroborated such an
association. For example, in a study examining the role of uric acid as a determinant of lifespan in 22
primate species, a highly significant positive correlation was observed between uric acid concentrations
and maximum lifespan [47]. In particular, beginning in catarrhine primates, multiple selection events
occurred that successively increased the levels of circulating uric acid, enabling the exploitation of the
different variables within the lex naturalis equation described above. (Normal circulating levels of uric acid
levels in humans are 4.9-7.0 mg/dL for men and 3.9-6.0 mg/dL for women [106]. Hominoid apes have
circulating levels of uric acid similar to those of humans, while in non-primate mammals, such levels range
from 10-20 ug/ml [107].) This succession of selection events driving increased uric acid concentrations
began with an alteration in the uric acid transporter (URAT1), in which it sharply diverged mechanistically
from the high affinity, high capacity kinetics of URAT1 in basal anthropoids, and the low affinity, high
capacity kinetics of URAT1 in Strepsirrhines, to a high affinity, low capacity version of URAT1 that was
ideal for maintaining high, constant levels of circulating uric acid [48].

Subsequently, a series of mutations in the uric acid oxidase (UOX) gene drove extraordinary increases
in circulating uric acid [49], and further mutations in SLC2A9, the uric acid transporter, put uric acid import
into the cell under the control of the p53 tumor suppressor. Thus, in a normal cell with intact p53, uric acid
SLC2A9 pumps uric acid into cells in response to increases in intracellular ROS, neutralizing those ROS.
But in terms of the kill-switch, this would be detrimental as it would neutralize the ROS generated by
DHEA’s uncompetitive inhibition of G6PD. Therefore, as Itahana and coworkers discovered [50], when p53
is inactivated— as it would be in the creation of a singularity — SLC2A9 stops pumping antioxidant uric
acid, allowing ROS levels to climb in the p53-affected cell. These two mechanisms thus work in concert to
extinguish singularities. When p53 is inactivated, creating a singularity, DHEAS and G6P from the
circulation are both pumped into the singularity, driving uncompetitive inhibition of G6PD toward
irreversibility, raising ROS to toxic levels. Simultaneously, the import of uric acid is terminated, preventing
its antioxidant properties from countering DHEA-mediated increase in intracellular ROS, enabling the
extinguishing of singularities while they are still in their single cell state.
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Stage 6.1DHEAS vs. DHEA

Based upon data obtained in mice and rats, it has often been proposed that supplementation with
DHEA might prevent cancer in our species [51-65]. But, as was shown in Figure 5, above, the evolution of
the human-specific kill-switch tumor suppression mechanism depended not only on extremely high levels
of circulating DHEAS, but also on an extremely low ratio of circulating DHEA/DHEAS, an important
finding that has never here-to-fore been reported. Thus, from the Old-World Monkeys to humans, while
there has been a ten-fold increase in the concentrations of circulating DHEAS during speciation, there has
been a simultaneous 56-fold decrease in the DHEA/DHEAS ratio.

Why have constant, successive decreases in the DHEA/DHEAS ratio been selected for during primate
evolution? Unlike DHEAS, which is hydrophilic and requires active transport to enter cells, DHEA is
lipophilic, and crosses cell membranes by passive diffusion— which could trigger the kill-switch tumor
suppression mechanism in normal, healthy cells. Evolutionary selection for lower DHEA/DHEAS ratios
enabled fine tuning of the kill-switch tumor suppression mechanism by preventing DHEA from entering
normal cells “uninvited,” thereby focusing the kill-switch upon singularities, enabling our species and
those immediately preceding it to harness fire. In humans, circulating DHEA is therefore maintained at
concentrations 10,000-fold lower than circulating DHEAS [75]. Cancer suppression by DHEA in mice is
meaningless as regards cancer prevention in humans because mice did not evolve a species-specific kill-
switch based on DHEA/DHEAS. Administration of DHEA to humans bypasses 66 million years of
evolutionary selection for minimization of its serum concentration. It is thus difficult to find justification for
the fact that, in sharp contrast to the regulatory authorities in virtually every other developed nation, those
in the United States permit oral DHEA to be sold over-the-counter and online, without regulation, and
without clinical trials to assess safety [76].

Stage 7.1Adrenarche powers up the human-specific kill-switch immediately prior to the human adolescent growth
spurt, and the attainment of near-adult size, when cancer risk would otherwise increase because of the increase in
stature

Using National Cancer Institute (NCI) statistics for modern humans, Figure 8 illustrates that the
combined strategies of small body size during adolescence, followed by the activation of our species-
specific kill-switch tumor suppression mechanism immediately prior to the adolescent growth spurt, and
continuing through young adulthood (< 25 years of age) — effectively limits lifetime cancer risk to the <5%
that is the rule for vertebrate animals that was illustrated in Figure 2. Note that the low cancer incidence in
modern “young adulthood” corresponds to the primitive lifespan of about 25 years, with 88% mortality
occurring before age 30 [11], and references therein. Thus, levels of circulating DHEAS reach their peak at
about age 25, and thereafter undergo steady decline (Figure 9). This indicates that, in contrast to other
vertebrate species (e.g., elephants, whales) that evolved genetic kill-switch tumor suppression mechanisms
that remain active throughout their lifespans, humans, with their epigenetic kill-switch mechanism based
on DHEAS, proceed through the extended modern human lifespan unprotected by their species-specific
tumor suppression mechanism. These data indicate that the synthesis and secretion of DHEAS came at
some cost, such that its elimination was “writ” into our natural, species-specific lex naturalis equation.
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Figure 8. Lifetime cancer risk in humans during the natural lifespan of our species was <5%, in keeping with
other vertebrate animals, and the strictures of natural selection in the lex naturalis equation. Cancer incidence

data from the National Cancer Institute (NCI) at https://www.cancer.gov/about-cancer/causes-
prevention/risk/age.
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DHEAS is a small molecule and is therefore pharmacologically tractable

As noted above, DHEAS naturally circulates at an extremely high concentration in humans (11.5 uM;
compare to DHEA, which circulates at a concentration 10,000-fold lower). But once the primitive lifespan
is surpassed, a steady decline in circulating DHEAS occurs such that modern humans enter their extended
lifespan dramatically deficient in this core component of the human-specific kill-switch tumor suppression
mechanism. However, since DHEAS is a small molecule, it is pharmacologically tractable, such that peak
levels of circulating DHEAS can be maintained throughout the extended modern human lifespan (Figure
10). In fact, the lex naturalis equation predicts that we may be able to anticipate future evolution of our
species-specific kill-switch tumor suppression mechanism, and pharmacologically induce still further
decreases in the DHEA/DHEAS ratio (Figure 11). This can be accomplished not only by increasing the
administered dose of DHEAS to achieve supra-peak levels in the circulation, but also by inhibiting the
synthesis of DHEA by any of a number of different methods, e.g., the pharmacological application of statins
[77] simultaneously with DHEAS. While this strategy of anticipating future evolution of the DHEA/DHEAS
ratio may enhance the process of “normalization” of lifetime cancer risk for humans across the board, it
may be a particularly useful strategy to prevent the high risk of cancer in persons harboring mutations in
various tumor suppressive genes that are associated with extremely high cancer risk. These include, for
example, the association of BRCA mutations with breast cancer [78,79], and mismatch repair gene
mutations in Lynch syndrome, the most common inherited cancer which in the United States alone causes
=~ 4,200 colorectal cancers and 1,800 endometrial cancers per year [80,81].
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Emergence of transposons within the primate genome coincides with emergence of the
components of the primate kill switch tumor suppression mechanism

Only = 1-2% of the = 3 billion bases in the human genome code for proteins, while an astonishing
40-50% is derived from mobile repetitive sequences collectively known as transposons. Transposons,
nick-named “jumping genes” for their ability to incorporate copies of themselves throughout a
genome, were first discovered by Barbara McClintock in her seminal studies in maize [82]. DNA
transposons like Mariner were intensely active from about 66 million years ago to about 37 million
years ago (Figure 12), at which time their ability to transpose was extinguished in the germline DNA
of primates. While Mariner and other DNA transposons are no longer actively “jumping” within our
germline DNA, their legacy in establishing primate regulatory networks remains. But there is a

downside to this legacy. Thus, DNA transposons such as RAG1/RAG2 and piggybac can become
active during early development and cause pediatric cancers by inactivating tumor suppressor genes
[83].

The transposons that concern us here have the potential to be transcribed into RNA, reverse
transcribed back into DNA, and then re-inserted into the genome. These are known as
retrotransposons. Many retrotransposons are enriched in the dinucleotide CpG, which functions as a
binding domain for transcription modulating proteins. This enables retrotransposons to wire new
transcriptional networks by providing binding motifs in genes that were previously not targets of a
particular transcription factor, making domestication of transposons into functional cis-regulatory
elements a widespread phenomenon across both plants and animals.

Primate genomes have been modified by waves of transposon insertions during the course of
their evolution, beginning, as we have noted, with the Alu-mediated creation of a DHEA/DHEAS-
secreting adrenal gland which marked the origin of primates. SINE (Short Interspersed Nuclear
Elements) transposons are typically lineage specific, making them good markers of evolutionary
divergence. The Alu family of transposons are SINE transposons. In addition to Alu retrotransposons,
there are LINE1 and SVR retrotransposons in primate genomes. Measured by bulk, LINE-1 is the
largest transposon family in humans with an estimated 500,000 copies representing 17% of the human
genome. It is also the sole autonomous transposon in humans— that is, it can complete the entire
process of retrotransposition without help. The reverse transcriptase encoded by LINE-1 is the key
component required for its transposition process, and for the retro-transposition of Alu and SVA
transposons, which depend upon this enzyme,e for their retro-transposition.

SVA are composite retrotransposons that uniquely arose in hominoids by stepwise fusions of
three genetic elements: SINE-R, a variable number of tandem repeat (VNTR) sequence, and Alu.
There are six main SVA subfamilies known (SVA-A through F) and nearly half of the annotated =
3,700 copies are human-specific, including all of the SVA-Es and SVA-Fs. Because of their density of
CpG dinucleotides, SV A retrotransposons have been called “mobile CpG islands.” As such, they have
the capacity to effect dramatic changes in the genes near to which they insert.

The Alu family of transposons are most numerous, with more than a million copies representing
10.7% of the human genome. Because they, too, are rich in CpG dinucleotides, Alu elements have
played a major role in the regulation of tissue-specific genes. Su et al. [84] showed that Alu elements
are bound by nucleosomes that contain histones bearing marks of active chromatin, and they show
tissue-specific enrichment for the enhancer mark H3K4mel. These authors demonstrated that a
proportion of Alu elements were indeed bona fide active enhancers, showing long-range interactions
with gene promoters. Their function as enhancers increases with their age in the human genome, and
in addition to their real time role as active enhancers, there appear to be a large number that can be
considered to be proto-enhancers ready to serve as starting material for the de novo birth of future
enhancers. Alu elements have also been shown to induce an array of alternative mRNA splicing
events, termed “Aluternative splicing” [85].

The successive waves of new retrotransposon insertions have been met in human cells by the
evolution of new tools to silence those invading elements. Although almost 50% of the human
genome consists of transposons and transposon-like repetitive elements— the signature left behind
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of past insertion events— only a small proportion (<0.05%) of these remain active today, comprising
some 30-45 subfamilies of Alu, Linel and SVA transposons. In real time, transposon insertions are
deleterious and are associated with a plethora of diseases, including cancer. But over evolutionary
periods of time (i.e., tens of thousands to hundreds of thousands of years), transposon insertions
provide a large part of the genomic plasticity required for speciation to respond to changes in the
environment, or to exploit new opportunities. In the human genome, the most recently active have
been the Alu-Y and Alu-S elements [86]. These exist within a sea of inactive transposons resulting
from a number of processes that have evolved to suppress them. DNA methylation of transposon
CpG dinucleotides, for example, attracts repressive histone modifications, inactivating transposon
transcription. Since the 5-methylcytsine of methylated CpGs spontaneously deaminates to thymidine
at a high rate, DNA methylation also leads to mutational degradation of transposons. Chemically-
mediated modification can also occur at other bases in transposon DNA, and the heavy CpG
methylation pattern that characterizes transposons denies repair enzymes access to these damaged
DNA bases, degrading transposon structure and hence their mobility. There are a number of
additional ways that primate cells suppress transposons. Thus, Tiwari et al. [87] showed that the p53
tumor suppressor protein constitutively restrains human LINE1s by cooperatively engaging sites in
the 5UTR and stimulating local deposition of repressive histone marks at these transposons.
Consistent with this, the elimination of p53 or the removal of corresponding binding sites in LINE1s,
can stimulate these retroelements to become hyperactive. Since p53 is inactivated by one means or
another in virtually all human tumors, LINE1s jumping about the genome have been described as an
important mechanism of genome instability leading to cancer [88]. And in reference to immune
strategies to treat cancer, activation of LINE1 transcription has been shown to be a major mechanism
of T cell exhaustion [89]. In response to transposon infection, particularly that of LINE1, primates also
underwent a rapid expansion of the APOBEC3 family of cytosine deaminases which degrade
transposons by inducing mutations in them [90]. Yet another mechanism of transposon suppression
involves a family of zinc finger proteins that bind as transcription factors to methylated CpGs and
play a critical role in gene regulation. KRAB Zinc Finger (KZNF) genes are one of the fastest growing
gene families in primates because they represent a primary defense mechanism against newly
emergent retrotransposons. KZNF gene expansion limits the activity of newly emergent
retrotransposon classes, and this is followed, in a sort of evolutionary arms race, by selection for
mutations in these retrotransposons that enable them to evade repression by eliminating the binding
site for KZNF proteins; then, in tit-for-tat response, KZNF genes undergo selection to enable re-
repression of transposons, and so on. Jacobs et al. [91] reported that two primate-specific KZNF genes
rapidly evolved to repress SVA and LINE1 retrotransposon families shortly after these transposons
began to spread in our ancestral genome. ZNF91 underwent a series of structural changes 8-12
million years ago that enabled it to repress SVA elements. ZNF93 evolved earlier to repress the
primate LINE1 lineage, until ~12.5 million years ago when the LINE1PA3-subfamily of
retrotransposons escaped ZNF93’s restriction by removing code for the ZNF93-binding site from its
DNA.

It is of great interest that transposon insertions into the primate genome coincide with alterations
in gene expression producing “improvements” in the primate kill switch tumor suppression
mechanism, culminating in the advent of adrenarche in the Hominini, with dramatically increased
levels of circulating DHEAS and decreased levels of DHEA relative to DHEAS (Figure 12).

The harnessing of fire coincided with a dramatic increase in transposon activity in the human
genome, as compared to chimpanzees

As noted above, chimpanzees have been shown to forage for food in fire-combusted landscapes
[37,38], and to prefer cooked to raw food [92]. Thus, their exposure to PAH was much higher than
that of non-hominin primates, a fact that correlates with their much higher levels of circulating
DHEAS, and their much lower DHEA/DHEAS ratios (Figure 12). But humans harnessed fire and
used it in every aspect of their existence— to warm their habitats and ward off predators, and to heat-
process their food, all of which dramatically increased E in their lex naturalis equation. This increase
in E required equilibration during speciation within the genus Homo. Although a steady increase in
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body size did occur from the Australopithecines to and through Homo species, the intense increase in
E experienced by the Homo lineage as a result of the harnessing of fire dominated the equilibration of
the Homo lex naturalis equation, and was only made possible by still further improvements in T,
species-specific mechanism of tumor suppression, as depicted in Figure 5, above.

There is evidence that the harnessing of fire potentiated human evolution by PAH-mediated
activation of transposons. As noted above, Alu and other transposons are activated by DNA damage,
including the type induced by PAH [93-96]. PAH specifically target methylated CpG dinucleotides,
inducing DNA hypomethylation that allows transposons to jump [96-99]. Across the primate
lineages, the rate of Alu transposon insertion has differed by 15-fold, with human, chimpanzees and
bonobos showing the highest rate, and among these hominins, humans showing by far the highest
rate (3.5 times more Alu insertions in humans than in chimpanzees [100]. In terms of total transposon
insertions, there have been nearly 15,000 that are exclusive to the human genome [101] (Figure 12).
Thus, there is a linear correlation between Alu activity and increasing exposure to PAH, culminating
in the primate genus that harnessed fire as a tool. As we noted above, insertion of Alu transposons
alter the expression of genes near to which they have inserted [102,103], providing a mechanism of
action for the increased levels of circulating DHEAS in humans compared to chimpanzees, and in
chimpanzees compared to the rest of the Hominidae.
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Figure 12. Transposon insertions into the primate genome correlate with “improvements” in the
primate kill switch tumor suppression mechanism. LINE1 HS-Ta, LINE1 human-specific,
transcriptionally active; HS Alu, Human-specific Alu; TF, transcription factor.Conclusion.

The existence of species-specific mechanisms of tumor suppression precludes the pre-testing of
our proposed DHEAS maintenance protocol in non-human animals. Neither is it possible to test it in
vitro, since cancer cells have already achieved the genetic and epigenetic modifications that enabled
their escape from the kill switch. Nor can it be tested in normal cells, because the kill switch evolved
to be triggered in response to inactivation of TP53. Single cell DNA/mRNA sequencing techniques
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are not capable of analyzing such a phenomenon that occurs at a frequency of one cell in 107. From
what, then, can we derive assurance that the expense of a clinical trial involving a large number of
subjects for a long period of time is warranted? We argue that such risk is dramatically reduced by
the fact that the human-specific kill-switch tumor suppression mechanism provides answers for a list
of longstanding questions in human biology. For example, why do humans have such enormous
concentrations of circulating DHEAS when this androgen is the immediate precursor of DHEA, a
powerful inhibitor of so critical an enzyme as G6PD, and with uncompetitive reaction kinetics that
can rapidly become irreversible? This longstanding question is finally explained by the fact that
circulating DHEAS is the core component of the human-specific kill-switch tumor suppression
mechanism.

Another long-standing question in human biology is, “What is the purpose of adrenarche, a
developmental period the function of which has long been called ‘enigmatic?’” This question, too,
finds resolution in the human-specific kill-switch tumor suppression mechanism. Thus, adrenarche
focuses the powering up of the kill-switch exactly when it is needed and not before— in the
developmental period immediately preceding the onset of the adolescent growth phase, when 80%
of adult body size is achieved, with a corresponding increase in the number of cells at risk for
neoplastic transformation. The purpose of adrenarche, thus, is tumor suppression.

Another long unanswered question: “Why has the loss of GLO activity been retained by natural
selection, making humans (and other haplorrhine primates) auxotrophic for vitamin C?” As
discussed above, in order for uncompetitive inhibition of G6PD by DHEA to become irreversible, and
catastrophic to singularities, not only inhibitor (DHEA) is required, but also equal amounts of
substrate, G6P. The GLO pathway was a “sink” for G6P, working against the evolving primate kill-
switch by withdrawing this necessary co-factor for uncompetitive inhibition. Primates therefore
underwent selection for inactivation of GLO, enabling the accumulation of vitamin C within
singularities.

Why has an anthropoid primate-specific GAAT sequence motif evolved in the G6PC promoter?
Like GLO, the G6PC pathway was a sink for G6P. And thus, like the second impact of a one-two
punch, modification of the G6PC promoter eliminated this additional “sink” for G6P, enhancing the
ability of anthropoid primates to drive uncompetitive inhibition of G6PD to irreversibility in
singularities.

And why the successive deletions within the Uric Acid Oxidase (UOX) gene, and the
modification of URAT1 retention kinetics, both of which lead to accumulation of circulating uric acid,
and the painful disease of gout? Here again, this longstanding question is finally answered. UOX
deletion/URAT1 modification enabled uric acid to take the place of vitamin C as an antioxidant, and
selection for the placing of its transport protein SLC2A9 under p53 control made it an integral
component of the primate kill-switch.

We are left with a situation that may be unique in the history of cancer research— but in line
with recent identification of species-specific mechanisms of tumor suppression— where justification
for a large-scale clinical trial in humans must be based on indirect evidence consisting of the large
number of long-standing questions in human biology that are answered by the kill switch
mechanism. It is extremely unlikely that so many longstanding, unresolved questions in human
biology all intersect at kill-switch function, and obtain compelling explanation by such intersection,
if that is not where they derive their evolutionary significance. Reliance upon such data has a high
probability of being superior to that derived from animal models, as animal models have been shown
to be unreliable predictors of cancer drug efficacy in humans [104,105]. We therefore argue that the
probability that the human-specific kill switch tumor suppression mechanism described in this
manuscript— a system focused by adrenarche upon the developmental period immediately preceding the
attainment of near-adult body size and the attendant increase in cancer risk— represents a fundamental
means of tumor suppression in our species, deserving of large-scale clinical trials to test this
hypothesis.
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