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Abstract 

Recent study suggests that protofibril-formation of amyloidogenic proteins (APs) might be involved in evolvability, an epigenetic 
inheritance of multiple stresses, in various biological systems. In cancer, evolvability of multiple APs, such as p53, γ -synuclein and the 
members of the calcitonin family of peptides, might be involved in various features, including increased cell proliferation, metastasis 
and medical treatment resistance. In this context, the objective of this paper is to explore the potential therapeutic benefits of reduced 

APs evolvability against cancer. Notably, the same APs are involved in the pathogenesis of neurodegenerative disease and cancer. Given 

the unsatisfactory outcomes of recent clinical trial of A β immunotherapy in Alzheimer’s disease, it is possible that suppressing the 
aggregation of individual APs might also be not effective in cancer. As such, we highlight the adiponectin (APN) paradox that might 
be positioned upstream of AP aggregation in both neurodegenerative disease and cancer, as a common therapeutic target in both 

disease types. Provided that the APN paradox due to APN resistance under the diabetic conditions might promote AP aggregation, 
suppressing the APN paradox combined with antidiabetic treatments might be effective for the therapy of both neurodegenerative 
disease and cancer. 
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Introduction 

Emerging evidence suggests that amyloid might play an important role
in epigenetics. The concept of amyloidogenic evolvability was primarily
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escribed in yeast prions where phenotypic diversity in yeast due to amyloid- 
egulated genetic variation may be a powerful survival strategy against 
ultiple environmental stressors, which is transmissible to offspring during 

ell division [1] . Considering that both yeast and human brain that face
ultiple environmental challenges, coping with stress is a critical requirement 

n both circumstances. Based on this, we described that evolvability of 
myloidogenic proteins (APs) relevant to various neurodegenerative diseases, 
uch as amyloid- β (A β) in Alzheimer’s disease (AD) and α-synuclein ( αS)
n Parkinson’s disease (PD), might be important in the human brain [2] .
lthough evolvability may be beneficial in reproduction, neurodegenerative 
isease might be manifest through anatagonistic pleiotropy mechanism 

uring aging [3] . 
Given that both neurodegenerative conditions and cancer are exposed to 

tressful conditions associated with AP misfolding, the evolvability of APs, 
uch as p53 and γ -synuclein ( γ S), might play a critical role in various
spects of cancer pathogenesis, including cell proliferation, resistance, and 
etastasis [4] . Then, it is natural to predict that APs evolvability could be a

herapeutic target in cancer. In this context, the main objective of the present
aper is to discuss whether targeting AP evolvability can have potential 
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Figure 1. Schematic of amyloidogenic evolvability of various APs relevant 
to cancer. Diagram illustrating amyloidogenic evolvability in cancer. Cancers 
are confronted with diverse stresses. For instance, it is known that radiation 
therapy, chemotherapy and various causes of DNA damages may lead to DNA 

replication stress in the nucleus (Stress N). Furthermore, cytoplasmic stresses 
may include mitochondrial oxidative stress, proteotoxic stress, metabolic 
stress, ER stress (Stressors C), whereas extracellular stresses such as hypoxia, 
inflammation, hyperthermia, mechanical stresses, pH change (Stress E) may 
occur due to alteration of microenvironment [46–48] . In response to multiple 
stressors, protofibrillar oligomerization of APs, including p53, γ S, tau, 
AM, and CT, may be induced, which might confer resistance against each 
stressor in parental tumor cells. Subsequently, the stress information may 
be delivered from primary tumors to progeny tumors and to metastatic 
tumors by transmission of APs through a prion-like propagation, namely 
amyloidogenic evolvability. AD, Alzheimer’s disease; AM, adrenomedullin; 
AP, amyloidogenic protein. 
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therapeutic benefit against aging-associated cancers that are associated with
expressions of multiple APs. As such, common APs might be involved in
both neurodegenerative disease and cancer, assuming that similar pathogenic
mechanisms are shared between these disorders. Since APs evolvability may
be increased by the adiponectin (APN) paradox, a key phenomenon in aging-
associated chronic diseases, we suggest that the APN paradox could be a
potential target for the therapy of aging-associated cancers. 

Amyloid evolvability in cancer 

Many cancers, especially in the advanced stages, are characterized by
aberrant cell growth and metastasis, and frequently acquire a resistance against
a number of anti-neoplastic treatments, such as chemotherapy, irradiation,
and hormonal therapy. Although the precise mechanism underlying such
transformative tumor characteristics remains elusive, it is possible that
adaptation to multiple stressors associated with such therapies might be
relevant. 

Amyloidogenic evolvability could underlie the mechanism of adaptation
to multiple stressors. Among a number of APs, p53 and γ S, the 2 major
cancer-relevant APs, might be involved this phenomenon [4] . p53 is a master
regulatory protein that is ubiquitously expressed in the nucleus and regulates
various cellular processes, including apoptosis, DNA repair and cell cycle
control, in response to genotoxic stress [4] . In the majority of cancers, mutant
p53 not only loses tumor suppression, but often gains additional oncogenic
functions that endow cells with growth and survival advantages [4] . On
the other hand, γ S is a cytoplasmic protein of unknown functions that
belongs to the αS family of peptides, which was first identified as a breast
cancer-specific gene [5] . The expression of γ S has been found in a variety
of cancers, including pancreatic, liver, prostate, ovarian, bladder, lung, and
cervical cancers [5] . 

Notably, both p53 and γ S have the propensity to form amyloid-
like fibrils [4 , 5] . Supposing that p53 and γ S are primarily involved in
evolvability against nuclear and cytoplasmic stressors, respectively ( Figure 1 ),
it is reasonable to speculate that there might be other APs associated with
evolvability against extracellular stressors. In this regard, systemic amyloidosis
is associated with many extracellular APs, including immunoglobulin light
chains and serum amyloid A proteins, transthyretin, gelsolin, cystatin C,
apolipoprotein A1, and lysozyme [6] . It is also noteworthy that plasma A β

levels in patients are increased in some types of cancer [7] . 
Also, the calcitonin (CT) family of peptides may be important because the

members of this family are aberrantly expressed in various types of cancers
( Figure 1 ). For instance, expression of CT has been well characterized in
medullary thyroid cancer [8] . Furthermore, a role for CT family peptides and
receptors in prostate cancer and bone metastasis has been well established
[9] . Moreover, some members of the CT family, such as adrenomedullin
(AM) and amylin, have been implicated in the pathogenesis of pancreatic
cancer [10] . Consistent with this, AM was shown to stimulate pancreatic cell
proliferation and invasion in an autocrine manner via the AM receptor in cell
cultures [11] . Furthermore, it is noteworthy that pancreatic adenocarcinoma
has a high incidence of diabetes, profound insulin resistance, and high
circulating amylin concentrations [12] , suggesting that increased amylin
might be secreted in cancer. Collectively, these results are in line with the
role of the CT family of peptides in evolvability against diverse stressors in
the extracellular apace ( Figure 1 ). Since amyloid-fibril structures of the CT
family of peptides have been mainly investigated for amylin and CT [13 , 14] ,
further investigations might be required. 

Notably, the aggregation propensities of amyloidogenic proteins (APs)
were shown using the hemagglutinin (HA) epitope-tagged Sup35NM
domain (NM-HA) expressed in neuroblastoma cells [15] , which might be
comparable to the AP transmission to progeny cells in cancer, but not
applicable to neurodegenerative diseases since post-mitotic neurons that no
onger divide. It is important to clarify whether this is a passive phenomenon
r an active mechanism might be involved. 

nvolvement of common APs in 

eurodegenerative disease and cancer 
volvability 

Of significant importance, APs relevant to cancer are also involved
n the pathogenesis of neurodegeneration. In support of this, p53, a
entral molecular actor in cancer, has been well characterized in various
eurodegenerative diseases, including AD, PD and Huntington’s disease 
HD) [16 , 17] . In AD, levels of p53 were enhanced in the AD brain
 Figure 2 A, a), which may maintain tau hyperphosphorylation. Furthermore,
t was shown that p53 promotes neuronal death or survival via transcription-
ependent mechanisms. Moreover, soluble A β oligomers increase p53 
mount and activity promoting downstream p53 effects. The interactions of
53 with tau and A β may represent potential p53-based therapeutics for AD
18] . In PD, it was shown that dopaminergic neuron-specific deletion of p53
ene is neuroprotective in an experimental PD mouse model [19] . Finally,
onsistent with the role of p53 in the pathogenesis of HD, p53 mediated
ellular dysfunction and behavioral abnormalities in both in vitro and in vivo
odels of HD [20] . 

On the other hand, γ S, primarily identified as a breast cancer-specific
ene product, may be similarly relevant. Indeed, it was subsequently shown
hat γ S expression is elevated in the advanced stages of many types
f cancers, including breast, ovarian, lung, liver, esophagus, colon, and



114 Adiponectin paradox and cancer therapy Y. Takamatsu et al. Neoplasia Vol. 23, No. 1, 2021 

Figure 2. Histological analyses of the increased expression of APs both in cancer and in neurodegenerative disease. A, a. Immunohistochemistry shows that p53 
immunoreactivity in prostatic adenocarcinoma (left upper) is much stronger than that in normal control (left down). Scale bar = 100 μm. Immunoflorescence 
study of p53 is increased in AD brain (right upper) compared to in healthy brain (right down). Scale bar = 50 μm. b. Immunohistochemistry shows that 
γ S immunoreactivity is strongly observed in human prostatic adenocarcinoma (left upper), but is hardly detectable in normal control (left down). Scale 
bar = 100 μm. On the other hand, γ S immunoreactivity is increased in DLB (right upper) compared to in healthy brain (right down). Scale bar = 20 μm. c. 
Increased tau immunoreactivity is strongly observed in human breast cancer (left upper), but is faint in normal control (left down). Scale bar = 100 μm. 
On the other hand, tau immunoreactivity in AD (right upper) is increased creased compared to healthy controls (right down). Scale bar = 25 μm. d. 
Immunohistochemistry shows that AM immunoreactivity is strongly observed in human pancreatic adenocarcinoma (left upper), but is hardly detectable 
in chronic pancreatitis (left down). Scale bar = 100 μm. On the other hand, AM immunoreactivity is increased in AD compared to in healthy brain. Scale 
bar = 25 μm. Reprinted and modified from Kaczorowski et al. [49] (a), Farmer et al. [50] (a), Chen et al. [51] (b), Galvin et al. [52] (b), Matrone et al. 
[53] (c), Waragai et al. [54] (c), Ramachandran et al. [11] (d), and Ferrero et al. [55] (d) with permission. B, Protein aggregates accumulate in human metastatic 
melanoma. a. Immunofluorescence images with Proteostat (red) and DAPI (blue) staining on human normal skin (upper, left), samples of primitive melanomas 
(upper, right), melanoma metastases in brain (down, left) and melanoma metastases in lung (down, right). Scale bar = 30 μm. b. Quantitation of Proteostat- 
positive dots in primitive vs metastatic melanoma tissues: 6 tissues from metastatic lesions and 6 from primitive melanoma lesions were analyzed. For each 
tissue, 2 sections were quantified. T-test analysis was applied. T-test analysis, ∗∗P < 0.01 ( N = 6, data are mean ± SEM). Modified from Matafora et al. 
[30] with permission. AD, Alzheimer’s disease; AM, adrenomedullin; AP, amyloidogenic protein. 
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prostate ( Figure 2 A, b) [5] . γ S has also been implicated in the axonal
pathology of α-synucleinopathies, such as dementia with Lewy bodies
(DLB) ( Figure 2 b), neurodegeneration with brain iron accumulation, type
1, and other neurodegenerative conditions including retinal degeneration
and amyotrophic lateral sclerosis [5] . Notably, γ S related proteins, αS and
β-synuclein, neurodegeneration stimulator, and inhibitor respectively, are
also involved in the pathogenesis of cancer. Indeed, expression of αS was
observed in a variety of brain tumors showing neuronal differentiation [21] .
Furthermore, expression of α-, β-, and γ S was observed in glial tumors and
medulloblastomas [22] , and αS was also expressed in malignant melanoma
[23] . 

In addition to γ S, tau, the major AP expressed in AD ( Figure 2 A,
c) and other tauopathies, might be involved in evolvability against the
cytoplasmic stressors ( Figure 1 ). Indeed, tau is expressed in many cancers,
such as pancreatic, colon, lung, breast, and prostate cancers ( Figure 2 A,
c) [24 , 25] . Of an interest, tau mutations might be related to genome
nstability and loss of chromosome integrity [26] . Regarding cancer-related 
ecreted APs, increased expression of AM was increased not only in tissues of
ancreatic cancer, but also in AD brain [27] ( Figure 2 A, d). Furthermore,
mylin was shown to interact and co-deposit with A β and tau protein 
n AD brain, thereby contributing to diabetes-associated dementia [28] . 

oreover, protofibrillar CT oligomers induced both impaired LTP and 
MDA-mediated neurotoxicity, suggesting that that CT might contribute 

o neurodegeneration [29] . Taken together, it is likely that virtually all 
Ps are commonly involved in both neurodegenerative disease and cancer 
athogenesis, indicating that a shared mechanism of evolvability might be 
perant in 2 distinctly different types of disorders. 

Although APs are characterized by formation of amyloid fibrils in the 
athogenesis of neurodegenerative disease, it is unclear whether increased 
xpression of APs is associated with aggregation or fibrillar formation 
n cancer ( Figure 2 A). Providing that AP-protofibrils with intrinsically 
isordered protein structural diversities might be beneficial for cancer 
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evolvability, the fibrillar formation of APs are also involved in cancer.
Consisted with our hypothetic view, accumulation of amyloid aggregates was
shown in metastatic melanoma [30] . Thus, it is speculated that expression of
APs is associate with fibrillar formation in other cancers. 

As far as we know, there are presently little papers referring to the
functional connection between APs aggregation and either cancer or
neurodegenerative diseases. In this regard, however, one possibility is that
structural alteration of APs at monomer level might be relevant to the stress
resistance. In support of this notion, it was shown that expression of γ S
monomer assesses by western blot analysis was correlated with resistance
against irradiation in cultured cells [31] . Further investigations are definitely
warranted. 

Targeting amyloid evolvability in cancer therapy 

Presuming that amyloidogenic evolvability might be critical in various
aspects of cancer development, this mechanism might represent an important
therapeutic target. For this, a dose reduction of APs either at the mRNA
level by antisense oligonucleotide technology (ASO) [32] or at the protein
level by immunotherapy might reduce formation of AP protofibrils, resulting
in reduced amyloidogenic evolvability, and leading to delayed cancer
progression. Based on a view that the functions of p53 in the cancer
pathogenesis might be altered due to the protein misfolding, Silva et al.
proposed that inhibiting p53 aggregation through various approaches,
including the use of small-molecule and peptide stabilizers of mutant p53,
zinc administration, gene therapy, alkylating and DNA intercalators, and
blockage of p53-MDM2 interaction, might be therapeutic for cancers
[33 , 34] . This is consistent with our view suggesting that decreasing
evolvability of p53 against nuclear stresses might enhance the effects of cancer
therapies and mitigate cancer recurrence. 

However, as described above, different APs might be simultaneously
involved in evolvability against diverse stressors in multiple cellular locations,
including the nucleus, cytoplasm, and the extracellular space. Therefore, we
presume that simultaneous interference with the aggregation of several APs
might be necessary for proper therapeutic efficacy. One may even argue that
suppressing the aggregation of APs might be necessary, but not sufficient, for
the effective treatment of cancer. Indeed, the situation might be comparable
to that of neurodegenerative disease, in which recent difficulties of AD clinical
trials using A β immunotherapy suggests that inhibition of aggregation of
A β may be not be sufficient for the therapy of AD [35] . 

Role of the APN paradox in the pathogenesis of 
the aging-associated cancer 

Provided this rationale, we specifically highlight a possible role for
the APN paradox in promoting aggregation of APs ( Figure 3 ). APN is
a multifunctional adipokine that suppresses inflammation and sensitizes
insulin receptor signaling [36] . Although APN is protective in many
experimental systems, APN is detrimental in aging-associated circulatory
diseases, including chronic heart failure and chronic kidney disease, the so-
called APN paradox [36] . Currently, the mechanism of the APN paradox
is poorly understood. However, it was described that the down-regulation
of APN receptor, AdipoR1 might be attributed to insulin/APN resistances
[37] . Thus, given the comorbidity of AD with type 2 diabetes mellitus
(T2DM) [38] , it is possible that hyperadiponectinemia due to APN and
insulin coresistance in T2DM might underlie the APN paradox. 

Emerging evidence suggests that the APN paradox is also the case with
other aging-associated diseases, including neurodegenerative disease and
cancer. In the nervous system, APN may be involved in evolvability in
reproduction, which might later be manifest as neurodegenerative disease,
such as AD through the antagonistic pleiotropy mechanism in aging [36] .
Supporting this, hyperadiponectinemia was correlated with amyloid imaging
f brain in normal aging [39] , suggesting that the APN paradox might play
n important role including aggregation of APs in the early stage, such as mild
ognitive impairment, in AD. In cancers, a recent prospective cohort study
howed that significantly higher serum APN concentrations were observed 
n incident cancers, and were independently associated with cancer-related
eaths in T2DM, indicating that the APN paradox might be manifest in
ancer comorbid with T2DM [40] . 

Given that common APs are involved in both neurodegeneration and
ancer, the APN paradox might also occur in cancer pathogenesis during
ging. It is generally believed that APN may exert its anticarcinogenic effects
ncluding regulating cell survival, apoptosis, and metastasis via a plethora of
ignaling pathways [41] . Similar to the stimulating effect of the APN paradox
n APs aggregation in AD, APs evolvability in cancer might be promoted by
he APN paradox ( Figure 3 ). 

argeting the APN paradox for cancer therapy 

Accumulating evidence suggests that hyperadiponectinemia due to APN 

esistance under the diabetic conditions might result in APN paradox, leading
o aging-associated chronic diseases, including neurodegenerative diseases 
36] and cancers [40] . Therefore, it is reasonable to predict that reducing
he APN paradox by preventing APN signaling might be beneficial to the
herapy of cancer ( Figure 3 ). For this, one possible therapeutic strategy is
 dose reduction of APN either at the mRNA level by ASO [32] or at the
rotein level by immunotherapy might reduce formation of AP protofibrils,
ight prove effective. 

Alternatively, APN signaling might be improved at the level of the APN
eceptors to potentially relieve APN resistance. As such, it is worth noting
hat resveratrol up-regulates renal AdipoR1 and -R2 expression in diabetic
b/db mice, improving complications such as diabetic nephropathy [42] .
urthermore, it is also possible the sensitivity of APN receptor signaling
athway might be increased through modification of signaling molecules 
hereby. In this context, APPL1, adaptor protein containing pleckstrin 
omology domain, phosphotyrosine binding domain and leucine zipper 
otif, might be interesting [43] . 

It is also worth noting that the use of metformin, anti-T2DM drug, has
een associated with a reduced risk of developing cancer and an improvement
n overall cancer survival rates in meta-analyses, indicating that metformin
an be used as an adjuvant treatment for various cancers associated with
2DM, including hepatocellular carcinoma, pancreatic, endometrial, breast, 

nd colorectal cancer [44 , 45] . Collectively, we predict that suppression of
he APN paradox through decrease of APN expression, combined with
 treatment of T2DM, might be a therapeutic strategy against cancers
ssociated with T2DM ( Figure 3 ). 

oncluding remarks 

Given that the common APs might be involved in the pathogenesis of
eurodegenerative disease and cancer through evolvability, both mechanisms 
nd therapeutic strategies may be similar between the 2 disorders. Thus,
ndings relevant to either neurodegenerative disease or aging-associated 
ancer might be collectively beneficial to a mutual understanding both types
f conditions. In AD, despite the apparent neurotoxicity of A β supported by
any experimental models, the outcomes of multiple recent clinical studies

f A β immunotherapy have been unsatisfactory [35] . In this regard, tau
ight be additionally important beyond A β alone. Alternatively, it might be

ossible that suppression of protein aggregation of APs may be not sufficient
or the therapy of AD. If the same is applied to cancer, suppressing expression
f individual APs, such as p53, γ S, tau and CT family of peptides, might be
ot efficient for the therapy of cancer. 

As discussed above, accumulating evidence suggests that the APN paradox 
ight be critical not only for circulatory diseases but also neurodegenerative
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Fig. 3. APN paradox as a therapeutic target of cancer: a hypothetic view. It is assumed that aging-associated neurodegenerative disease featured with neuronal 
cell death and neuroinflammation, might be an antagonistic phenomena phenomenon derived from amyloidogenic evolvability physiologically regulated 
by APN in development/reproduction. Supposing that amyloidogenic evolvability of cancer occurs in aging, it is predicted that APN paradox caused by 
hyperadiponectinemia under the diabetic conditions might lead to enhanced amyloidogenic evolvability associated with APs fibrillar formation. Accordingly, the 
APN paradox might be a therapeutic target by either decreasing APN expression or increasing the sensitivity of APN receptor signaling pathways. Furthermore, 
supposing that T2DM may be situated upstream of hyperadiponectinemia, combined therapy with a T2DM anti-diabetic agent might be more effective (Tx). 
AP, amyloidogenic protein; APN, adiponectin; T2DM, type 2 diabetes mellitus. 
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disease and cancer, in which T2DM may play a stimulatory role. Therefore, it
is predicted that suppressing the APN paradox by decreasing APN expression,
combined with a T2DM anti-diabetic treatment, might be considered for
the therapeutic strategy against both neurodegenerative disease and cancer
associated with T2DM mechanisms. Since human aging is distinct from those
of animals, there are currently no appropriate experimental models to evaluate
our hypothetic view that APN paradox might be a potential target for the
therapy of aging-associated diseases, including neurodegenerative disease and
cancer. Thus, better understanding of this issue might be a central issue in
GeroScience. 
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