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Conditions such as Alzheimer’s (AD) and Parkinson’s diseases (PD) are less prevalent in cancer survivors and, overall,

cancer is less prevalent in subjects with these neurodegenerative disorders. In addition to epidemiologic data, there is

also evidence of a complex biological interconnection, with genes, proteins, and pathways often showing opposite

dysregulation in cancer and neurodegenerative diseases.
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1. Cancer and Neurodegenerative Diseases

The World Health Organization (WHO) highlights cancer as one of the most common causes of death, which accounted

for almost 10 million deaths worldwide in 2020 . Overall, estimates indicate that one in five persons will get cancer in

their lifetime before 75 years of age and one in ten will die from the disease.

The incidence and prevalence of neurodegenerative diseases are also high. Alzheimer’s disease (AD) is a

neurodegenerative disorder characterized by brain β-amyloid plaques and neurofibrillary tangles formed by

phosphorylated tau (P-Tau) protein deposits. AD is the most frequent neurodegenerative disease and affects 24 million

people worldwide. The second most frequent neurodegenerative disease is Parkinson’s disease (PD), characterized by

Lewy bodies and neurites formed by alpha-synuclein deposits. PD has a prevalence of 1% in people older than age 60,

and of 3% in people aged 80 years or older . There is also increasing interest, in the literature, on multiple sclerosis

(MS). Despite being an inflammatory demyelinating disease, MS can also be viewed as a neurodegenerative disease

because of the cascade of events triggered by neuroinflammation and leading to neurodegeneration . The key

elements that induce neurodegeneration include activation of microglia, chronic oxidative damage, and altered

mitochondrial function in axons, leading to chronic cellular stress and imbalance of ion homeostasis, resulting in axonal

and neuronal death . The total prevalence of MS in Europe is 83 per 100,000, which is lower than the prevalence of AD

and PD, but still associated with substantial social and economic costs . Amyotrophic lateral sclerosis (ALS), which is

characterized by the progressive loss of motor neurons in the brain and spinal cord, is also rare, with a prevalence of 2–3

per 100,000 .

2. The Connection between Cancer and Neurodegenerative Diseases

The incidence of many common cancers and neurodegenerative diseases including AD and PD increases with age .

MS also typically occurs in adults, although its prevalence peaks for subjects between 35 and 64 years of age and does

not further increase thereafter . Similarly, the risk for ALS peaks at 50–75 years of age . It is essential to focus

attention on the development of alternative treatments that address age-related diseases, also in consideration of the

increase in age in the population.

Despite the common age-related trends in the incidence of cancer and neurodegenerative disorders, a meta-analysis of

observational studies including 577,013 participants concluded that there was a significantly lower co-occurrence of

cancer in patients with neurodegenerative disorders. In particular, patients with AD had a markedly reduced co-occurrence

of cancer in general, but no data were available for specific cancers . The Framingham heart study, a longitudinal

community based cohort study, in which 221 cases were evaluated for a 10-year follow-up, also indicated a lower risk of

AD for cancer survivors: the risk of AD was lower in survivors of smoking-related cancers; this model for cancer is similar

to that seen in PD and suggests an inverse association between cancer and neurodegeneration; the effect was stronger

for lung cancer and preserved for participants who survived at least to 80 years of age . Furthermore, in evaluating the

interconnection between AD and lung cancer, it is important to consider that cigarette smoking appears to play a

neuroprotective influence for both AD and PD , while it represents a known risk factor for cancer of the lung.
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A recent systematic review and meta-analysis confirmed a weak but significant decrease in AD risk comparing older

adults with vs. without a previous cancer diagnosis, but it could not rule out a role of survival bias . Epidemiological

studies indicate that AD patients have a lower risk of developing lung cancer and a higher risk of developing glioblastoma:

transcriptomic meta-analyses reveal a significant number of genes with reverse expression patterns in AD and lung

cancer, compared to AD and glioblastoma . Meta-analytical data indicate that patients with PD and MS have a reduced

co-occurrence of lung and prostate cancers, and patients with PD also have reduced co-occurrence of colorectal cancer.

These associations are not consistent across all cancer types, with an increased cooccurrence of melanoma in patients

with PD and of brain cancers in patients with MS . On the other hand, a recent population-based case-control study

reported negative point estimates of the odds of developing PD in survivors of most cancers, with the notable exception of

skin and female breast cancer but with wide confidence intervals overlapping with zero . A recent meta-analysis has

shown that patients with MS have a lower risk of contracting tumors than the general population , with an inverse

comorbidity between MS and cancer. The authors also stressed that the identification of inverse comorbidity and its

underlying mechanisms could provide important new insights into the understanding of MS . No significant association

has been found between ALS and overall cancer occurrence .

These epidemiologic associations are complex and challenged by confounders and exceptions . Cancer treatment may

also modify the relationship; some studies suggest that patients who received chemotherapy may have lower white matter

organization and connectivity when compared with healthy controls . Other studies suggest that chemotherapy

correlates with a lower risk of AD . Inverse comorbidity does not involve all types of neurodegenerative disorders and

all types of cancers. Thus, the concept of inverse comorbidity, as it is discussed in this review, should always be

considered in its imperfect nature rather than as a fixed rule. Nevertheless, the epidemiological data suggest a pattern of

lower-than-expected combined probability of cancer and neurodegenerative diseases, which has been defined as “inverse

comorbidity” . The study of the mechanisms behind this pattern of inverse comorbidity could influence therapeutic

interventions and provide strategies that prevent or delay both cancer and neurodegenerative diseases .

There are multiple factors that play a central role both in cancers and neurodegeneration through the same metabolic

pathways that are inversely regulated and altered, as outlined in a comprehensive review published in recent years .

One key feature highlighted by that review was the occurrence of two patterns of association between cancer and

neurodegeneration, which were summarized as “proliferation” and “apoptosis”, respectively. This implied that

neurodegenerative diseases and cancers may be viewed as two sets of diseases with “too little” and “too much”

apoptosis, respectively. The review also highlighted multiple factors that may underlie this difference: oxidative stress,

DNA damage, inflammation, genomic instability and epigenetic alterations, mitochondrial and telomere dysfunction,

metabolic dysregulation, depletion of stem cells, aberrant activation of the cell cycle, and cellular interconnections .

Many of these factors overlap with those that have been proposed as the pillars of aging: macromolecular damage,

proteostasis, inflammation, epigenetics, metabolism, stem cells and regeneration, and adaptation to stress .

Another potential example of a mechanism relevant to both cancer and neurodegeneration is the non-classical, non-

enzymatic binding of acetylcholinesterase (AChE) acting at an allosteric site on the nicotinic alpha-7 receptor. AChE is

expressed not only in the brain but also in epithelial, endothelial, immune, and cancer cells. This form of inter-cellular

communication may represent a system for triggering the entry of calcium into a wide range of cells to promote their

growth. Furthermore, the AChE peptide might play a fundamental role in cell migration; therefore, through this pathway

(common to neurodegeneration and carcinogenesis), there might be an interconnection between the nervous, endocrine,

and immune control systems .

Although neurodegeneration is typical of old age, neurodevelopmental disorders might share at least some mechanisms

with neurodegenerative diseases, with cognitive delay representing the counterpart of dementia. It has been estimated

that 40–100% of brain tumor survivors have neurocognitive problems , not necessarily connected with the direct brain

damage associated with the tumor and/or its treatment, and a recent review has highlighted the bidirectional correlation

between cancer and neurodevelopmental disorders in pediatric age . Although pediatric studies conducted on this topic

are still very few, a role in the neurodevelopment deficit (especially in a fundamental period for cerebral maturation and

neuronal plasticity) is played by anticancer therapies, due to their neurotoxicity . Over the years, various

chemotherapeutic agents used in clinical practice for the treatment of brain tumors have shown severe effects on

cognitive functions, and recent studies on nanotechnology have shown that nanomaterials that could be exploited for the

treatment of brain cancer are able to induce neurotoxic effects and neurodegeneration . However, another important

role is definitely played by inflammatory processes related to the tumor and to the considerable increase of reactive

oxygen species (ROS); thus, cytokine-mediated inflammatory mechanisms might act as a trigger that initiates a cascade

of events responsible for neurotoxicity . In support of this, a study on children with acute lymphatic leukemia showed

damage to brain structures both before and after chemotherapy, with an increase in Tau protein (suggestive of axonal
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damage) and in glial fibrillary acidic protein (GFAP) in patients with alterations of the apolipoprotein E gene (associated

with attention deficit) and an increase in leukoencephalopathy, with impairment of the white matter .

3. The Biological Bases of the Inverse Comorbidity between Cancer and
Neurodegeneration

Inverse comorbidity between cancer and neurodegeneration may be influenced by environmental, pharmacological, and

dietary factors. Genetic factors can additionally contribute to the inverse comorbidity between complex diseases 

. At the base of the bidirectional interactions between cancer and neurodegenerative diseases there may be complex

mechanisms that include genes, proteins, and mitochondrial function, the study of which could provide important

therapeutic novelties for both diseases (Figure 1).

Figure 1. Schematic representation of the bidirectional interactions between cancer and neurodegenerative diseases and

their modulatory processes. Neurodegenerative diseases and cancer are framed as two sets of disorders with “too much”

or “too little” apoptosis, respectively. Reactive oxygen species (ROS), alterations in proteostasis, and microRNA (miRNAs)

are among the key factors that may underlie the differences between the two sets of disorders. Some of the specific

molecular mechanisms thought to be involved in this pattern of inverse comorbidity are highlighted in the middle column

(see the text of the paper for abbreviations). ↓ = downregulated, ↑ = upregulated.

Mutations in PRKN (PARK2, Parkin), PARK7 (DJ-1), and PINK1 genes, which are among the genes contributing to familial

cases of PD, lead to the mutation of both tumor suppressor genes, PTEN and TP53 . On the other hand, PRKN and

PARK5 have antiproliferative properties and are often inactivated in tumors ; PINK1 can also have antiproliferative

functions . Another mechanism potentially contributing to the inverse comorbidity is related to the brain expression of

PARP1. The PARP1 protein is underexpressed in the brains of subjects with PD , while it is overexpressed in

glioblastoma multiforme . Interestingly, the PARP1 protein is also overexpressed in prostate cancer .

The genetic variants shared between AD and cancer are less known. Recently, a genome-wide association study (GWAS)

has highlighted genes potentially involved in AD and in five different cancers (colon, breast, prostate, ovary, lung), with

some shared variants modulating disease risk in a concordant way and others exerting effects in opposite directions .

On the other hand, the transcription factor P53 (a tumor suppressor) has multiple functions common to cancer and

neurodegenerative disorders such as HD, PD, and AD , and it is crucial for cell growth control and apoptosis. Its

expression is upregulated in AD, PD, and HD but downregulated in the vast majority of tumors .

Aggregation of superoxide dismutase (SOD1) causes cell death in ALS; however, SOD1 also has a role in breast cancer

and the ability to increase estrogen reactive gene expression . The reduced activity of SOD1 and glutathione reductase

(GR) induces an increase in the production of reactive oxygen species (ROS), which leads to a conformational change of

P53. The modification of P53, in turn, induces the production of ROS, thus activating oncogenic functions, such as tumor

cell invasion and metastases. P53 also induces the upregulation of apoptotic proteins, such as X associated with BCL2

(BAX) and caspase 3 (observed in PD) . This cascade of events, depicted also in Figure 2, seems to be an example of
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unclear or absent inverse comorbidity between neurodegeneration and cancer, perhaps based on the physiological and

ubiquitous ROS signaling.

Figure 2. Schematic representation of the possible role of superoxide dismutase (SOD1) in amyothrophic lateral sclerosis

(ALS), Parkinson’s disease (PD), and cancer metastasis. See the text of the paper for abbreviations. ↓ = decrease, ↑ =

increase, ⊕ = stimulation.

Interestingly, drugs used in the treatment of symptoms of neurodegenerative diseases, such as thioridazine, have been

shown to have anticancer effects, while anticancer drugs, such as cyclin-dependent kinase inhibitors and mithramycin, are

neuroprotective; these data reinforce the existence of a link between cancer and central nervous system (CNS) diseases

and indicate that future studies will need to focus on specific molecular pathways .

4. The Role of Mitochondria

The BCL2 protein, involved in the mitochondrial outer membrane permeabilization, is overexpressed in CNS disorders,

such as AD, PD, and frontotemporal dementia (FTD), whereas it undergoes downregulation in tumors . On the other

hand, cyclin D and cyclin E are overexpressed in both cancer and neurodegenerative diseases, while PP2A is

downregulated in both diseases. Cyclin F is downregulated in cancer, and a mutation has been found in

neurodegenerative diseases . PIN1, a multifunctional gene that is hypothesized to function as a molecular timer, is

overexpressed in a number of tumors and in PD but is underexpressed in AD . Inhibition of PIN1 suppresses the

growth of various tumor cells and is therefore considered as a promising therapeutic target in the oncological field .

PIN1, through its interactions with P53 and BCL2, can have a pro- or anti-apoptotic role depending on the cellular context.

Its role in mitochondria-driven apoptosis could therefore provide a link between cancer and AD . Other potentially

common factors in cancer and neurodegenerative diseases include the PARK7 (DJ-1) and APP oncogenes (the first is

involved in mitochondrial regulation, the second is a precursor of the β-amyloid protein), the PFDN5 (MM-1) and PRKN

(Parkin) tumor suppressors (the first inhibits transcription and protein aggregation, involved in the onset of PD, cerebellar

atrophy and HD, the latter plays a role in mitophagy and ubiquitination), and the PDAP1 (PAP1) and PINK1 modulators

(the former is involved in splicing and the latter in mitophagy) .

Growing evidence suggests that age-related changes in bioenergetics at the mitochondrial level and the resulting

metabolic compensation may be an important driver of both cancer and neurodegeneration and a potential target for

prevention and therapy; dysfunction of mitochondria leads to disruption of DNA repair and the malfunction of metabolic

pathways (such as the PI3K pathway), increasing the risk of cancer . Alterations in mitochondrial DNA (mtDNA)

decrease the efficiency of the respiratory chain with aging, and the prevalence of mtDNA deletions seems particularly high

in neurodegenerative disorders such as PD and AD . It has also been shown that mutations in mitochondrial DNA

and alterations in mitochondrial energy metabolism can be correlated with the onset or progression of glioblastoma,

following alteration of the pathways involved in apoptosis .

Recent data highlight an important role of the intestinal microbiome, intestinal permeability, and alterations in the

functioning of mitochondria in the pathophysiology of MS: orexins, melatonin, and butyrate increase oxidative

phosphorylation in mitochondria through the disinhibition of the pyruvate dehydrogenase complex, leading to an increase

in acetyl-coenzyme A, a co-substrate necessary for the activation of the melatoninergic pathway of the mitochondria. Loss
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of mitochondrial melatonin coupled with an increase in N-acetylserotonin has implications for impaired mitochondrial

function and appears to play a role in the pathophysiology of MS .

5. Other Factors

Telomere alterations have been recognized as a risk factor for both age-related carcinogenesis and neurodegeneration. In

AD, telomere shortening has been implicated in oxidative stress and inflammation, with cognitive impairment, amyloid

pathology, and hyperphosphorylation of the Tau protein. A decrease in telomere length was found in peripheral blood

leukocytes in patients with AD, compared with age-matched controls, and was proposed as a potential biomarker for AD

. As introduced above, this should be considered in the framework of the imperfect inverse comorbidity between AD

and cancer. Several studies have shown that telomeres shorten in the early stages of carcinogenesis and that tumor cells

need to activate telomerases (which synthesize telomeres) to become immortal .

The Wnt family of secreted glycolipoprotein signaling pathway molecules takes part in the regulation of cell proliferation,

polarity, and fate during the embryonic phase and in tissue homeostasis. Changes in the Wnt pathway are involved in

congenital defects, cancer, and other diseases . The Wnt/β-catenin signaling pathway appears to play a critical role in

neural stem cell proliferation . However, the dysregulation of this pathway has also been associated with cancer and

neurodegenerative disorders, such as AD and PD, through an inverse correlation. In particular, the activation of Wnt

signaling could be protective in neurodegenerative diseases but could promote the onset and progression of cancer 

. Several molecular components of the signaling pathway have been proposed as innovative targets for cancer therapy,

and very recently, some have also been evaluated as potential therapeutic targets for PD .

Protein homeostasis (or proteostasis) indicates the maintenance of the correct concentration of proteins of regular

conformation and subcellular compartmentalization. The loss of protein homeostasis is another very important process in

neurodegeneration. In particular, the family of heat shock proteins, chaperones, and the ubiquitin–proteasome system

(UPS), which decrease with aging, result in aggregation of synuclein in Lewy bodies, of β-amyloid, and of Tau .

Additionally, neoplastic cells show a loss of protein homeostasis but often in the opposite direction: in cancer cells there is

an overexpression of UPS and heat shock proteins . Global hypomethylation and hypohydroxymethylation,

alterations of histone proteins, and high expression of some non-coding RNAs were found in AD . The same

mechanisms are also implicated in carcinogenesis, and epigenetic therapy has already been suggested as a potential

method to correct the expression levels of dysregulated genes in neurodegenerative disorders and tumors .

The miR-34 and miR-122 miRNAs have been used in the treatment of certain types of cancer and hepatitis, with

promising results . On the other hand, some miRNAs (miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a, and miRNA-

155) may be involved in the physiopathology of AD, and some act on the Wnt/β-catenin pathway , which is involved in

both neurodegenerative diseases and tumors. A recent paper suggested a potential anti-β-amyloid protective effect of

miRNA-15b and a biological link between miRNA-125b and neurotoxic pathways, hypothesizing that these miRNAs may

play a role as biomarkers of AD physiopathology with therapeutic potential . The amyloid precursor protein (APP) is

connected to both AD and malignant growth. APP is concentrated in neuronal synapses and is the major component of

amyloid plaques associated with AD. APP increases the proliferation and migration of epithelial cells (although the

mechanism has not been fully defined) and is overexpressed in various tumors (oral cavity, esophagus, pancreatic,

neuroendocrine, thyroid, and colorectal cancers) . These results suggest the potential role of APP in cancer

pathogenesis and reinforce our concept of imperfect inverse comorbidity between AD and cancer. Aberrant expression of

miRNAs could also be involved in both neurodegeneration and tumor pathologies through the downregulation of PTEN,

involved in PD. Many genes involved in both types of pathologies, including PARK2, CDK2, and E2F1, are potential

targets of multiple miRNAs; however, further studies are needed to better understand their roles . Taken together, these

data suggest that miRNAs may be the basis for common therapeutic approaches to both cancer and neurodegenerative

diseases .
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