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Neurodegenerative disorders and cancer may appear unrelated illnesses. Yet, epidemiologic studies indicate an inverse
correlation between their respective incidences for specific cancers. Possibly explaining these findings, increasing
evidence indicates that common molecular pathways are involved, often in opposite manner, in the pathogenesis of both
disease families. Genetic mutations in the MAPT gene encoding for TAU protein cause an inherited form of frontotemporal
dementia, a neurodegenerative disorder, but also increase the risk of developing cancer. Assigning TAU at the interface
between cancer and neurodegenerative disorders, two major aging-linked disease families, offers a possible clue for the
epidemiological observation inversely correlating these human illnesses. In addition, the expression level of TAU is
recognized as a prognostic marker for cancer, as well as a modifier of cancer resistance to chemotherapy. Because of its
microtubule-binding properties, TAU may interfere with the mechanism of action of taxanes, a class of chemotherapeutic
drugs designed to stabilize the microtubule network and impair cell division. Indeed, a low TAU expression is associated
to a better response to taxanes. Although TAU main binding partners are microtubules, TAU is able to relocate to
subcellular sites devoid of microtubules and is also able to bind to cancer-linked proteins, suggesting a role of TAU in
modulating microtubule-independent cellular pathways associated to oncogenesis. This concept is strengthened by
experimental evidence linking TAU to P53 signaling, DNA stability and protection, processes that protect against cancer.
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1. Coming Together: Cancer and Neurodegenerative Disorders, Do They
Share Dysregulated Pathways?

The fundamental defect resulting in cancer is an aberrant molecular machinery controlling cell division and cell death.
Rather than responding appropriately to the signals that restrain cell growth, neoplastic cells divide and invade normal
tissues with the potential to colonize multiple organs. In contrast, differentiated neurons display specific molecular and
morphological signatures that prevent them from further cell division. However, post-mitotic neurons respond to stress
conditions such as trophic factor deprivation, oxidative overload or DNA damage by up-regulating cell cycle activators,
possibly causing neuronal death [, In fact, hallmarks of DNA replication and active cell cycle are observed in post-mitotic
neurons of patients suffering of a neurodegenerative process such as in tauopathies €&l This evidence conveys the
postulation that neurodegeneration and cancer, despite appearing unrelated human illnesses, may both result from
inappropriately regulated cellular pathways, such as cell-cycle control or cell death because of DNA damage !S]8],

Reinforcing this notion, an established risk factor for cancer and neurodegenerative disorders is aging—a manifestation of
a time-dependent accumulation of harmful insults . The two disease families share cellular and molecular hallmarks of
aging & genomic instability, DNA damage, epigenetic modifications, nutrient sensing abnormalities, proteostasis
unbalance, mitochondrial dysfunction, telomere shortening, cellular senescence, and altered intercellular communication
(Figure 1). Moreover, the aberrant regulation of common proteins and cellular pathways may occur in opposite directions.
For example, whilst the regulatory mechanisms associated to the tumor suppressor P53 are frequently down-regulated in
cancers ¥, P53 is upregulated in concomitance to the neurodegenerative process LLLIA2: and the reverse is true for the
tumor promoting protein peptilprolyl isomerase PIN1 13l Both examples are discussed in more details below. These
observations reinforce the concept that the occurrence of neurodegeneration and cancer may result from the deregulation
of genetic factors or proteins implicated in cellular pathways common to both disease families.
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Figure 1. Molecular pathways (top) and proteins (bottom) that have been linked to cancer and neurodegenerative
disorders, details and references are given in the main text.

Intriguing epidemiological interrelations indicate an inverse association between neurodegenerative disorders and a
variety of cancer types, suggesting that a propensity for one family of diseases may decrease the risk for the other.
Indeed, cancer survivors present decreased incidence for Alzheimer’'s disease (AD), Parkinson’s disease (PD) and
Huntington's disease (HD), and vice versa RALSIIGIL7IBILON2021]22] A history of smoking related cancers has a
protective impact against AD 4, whereas AD patients are less prone to develop lung cancer 23124125126 o1 amyotrophic
lateral sclerosis (ALS) a decreased frequency of cancer is observed after disease onset &, although a cancer diagnosis
does not affect the occurrence of ALS 28129 |n contrast, a positive correlation is observed between cancer and aging-
related disorders as stroke, macular degeneration, non-neurodegenerative dementia, and osteoarthritis B9, This is also
true for the positive association of PD with melanoma and prostate cancer BYBLE2E3IE4] Cancer chemotherapies are
also associated with a lower incidence of AD B3 and some of them disturb white matter structures and neuronal
connectivity 281,

The interpretation of epidemiologic studies is complex and confronted with the challenge of identifying the molecular
mechanisms influencing occurrence, pharmacological treatment and ultimately the survival of patients affected by one or
the other of the two disorder families B4E8, Of help is the identification of mutations in genes implicated in both disorders,
such as those involved in regulation of cell cycle, DNA repair, oxidative stress, cell death and autophagy [B2I40I[41]142][43] |
this context, the protein kinase ataxia-telangiectasia mutated (ATM) and PARK2 are two examples. Germinal
homozygotes mutations in ATM, a kinase tightly involved in the DNA damage response, cause ataxia-telangiectasia, a
neurodegenerative disorder with a high predisposition to cancer ¥4, Somatic mutations and deletions of PARK2, an E3-
ubiquitin ligase involved in degradation of several target proteins including the cell cycle modulator cyclin E, have been
reported in different tumor types 44, whereas germinal mutations in PARK2 are linked to PD. Large genome-wide
association studies searching for co-heritability confirm shared genetic risks between AD and cancer with the largest
overlap for gene sets annotated as expression regulators 23], Interestingly, genetic components modulate the risk in the
same direction and other in the opposite manner for the two disorders, but, unfortunately, it was not possible to identify in
this study single nucleotide polymorphisms due to the involvement of multiple loci. Transcriptomic comparison of three
cancer types and three central nervous system disorders further indicates expression deregulation in opposite directions
48] |ncidentally, genes that are strongly associated to neurodegenerative disorders, i.e., because their products are the
main constituents of hallmark brain deposits and they may lead to early-onset inherited disease forms, do not exhibit
typical features of oncogenes or tumor suppressors but appears to be involved in some processes associated to cancers.
For example, APP promotes migration and invasion of breast cancer cells 44 and is a predictor of poor prognosis in some
breast cancers “8: whereas alpha-synuclein may be implicated in the malignant progression of meningioma 2. A recent
analysis of cancer incidence in carriers of FTDP-17 MAPT mutations showed increased risk of developing cancer BY, The
tumor types occurring in FTDP-17 families were variable (hematological, lung, breast, and colorectal cancers) suggesting
that mutations in TAU, the protein encoded by the MAPT gene, may present predisposing oncogenic elements for
genomic instability without tissue specificity [50]. In agreement with these data is the increased chromosomal aberration
detected in lymphocytes and fibroblasts isolated from carriers of FTDP-17 MAPT mutations B, Overall, it appears that
MAPT mutations are driving factors for neurodegenerative disorders as well as some cancer forms.



| 2. The TAU Protein

TAU is generally described as a protein highly expressed in the central nervous system. The human brain expresses at
least six TAU isoforms with molecular weights ranging from 45 to 65 kDa 22231 generated by alternative splicing of exons
2, 3 and 10 out of the 16 exons composing the MAPT gene 2. The number and relative amount of the TAU splice
variants vary in a cell type specific manner, during development and depending on the clinical features of
neurodegenerative disorders 24551 Adding complexity, TAU proteins are modified by a considerable number and variety
of posttranslational modifications; which become markedly increased in disease, as e.g., for the hyper-phosphorylated
forms characterizing tauopathies B8I571 vet, TAU is also present in skeletal muscle, breast, kidney, prostate and in
cultured fibroblasts [S8I5960161][62][63][64]65] ang at a lower level in the intestine, skin, liver, and submandibular gland £&. A

detailed analysis of the TAU species present in peripheral tissues was initially performed in rodents 4. This led to the
identification of an additional TAU isoform with a molecular weight >100 kDa (“big TAU"), generated by an unspliced 4a
exon, present in rat peripheral tissues and in nearly all central neurons projecting to the periphery 681, Similar findings
were reported in humans 9. A detailed analysis of TAU expression at the level of mMRNA, protein and post-translational
modifications is crucial to better demonstrate and understand the role played by TAU in neoplastic disorders.

TAU binds to microtubules and regulates their dynamics, e.g., for the structural organization of axons and the exchange of
proteins and cellular organelles between cell soma and the synapse, or for influencing the mitotic spindle. These functions
are possible because TAU is a scaffold protein linking a variety of molecular partners under the control of a complex
pattern of post-translational protein modifications. A simplistic concept for the role of TAU in neurodegenerative diseases
is that its aberrant translational and post-translational modifications cause microtubule dissociation, followed by an
increase in the soluble pool driving a toxic gain-of-function characterized by the acquisition of pathogenic conformations,
self-assembly, fibril formation, and NFT deposition. This cascade of events is associated with synaptic loss, neuronal
dysfunction and cell death. However, soluble TAU may relocate to other subcellular sites. In the neuronal dendrites, TAU
has been shown to regulate synaptic plasticity by binding to the proto-oncogene tyrosine-protein kinase FYN, a protein
involved in oncogenesis /9 . TAU is also located in the cell nucleus 172 and can bind DNA, acquiring DNA protecting
properties (2741 and contributing to regulate chromatin compaction 2. Additional involvements of nuclear TAU in RNA
transcription, retrotransposon mobility, and structural organization of the nucleolus and the nuclear membrane are
reported [ZEIZAIZEII9] \we recently reported a modulatory effect of TAU on the tumor suppressor P53 and down-stream
function such as apoptosis and senescence (Y. All these data support a role of TAU that may be independent to its
binding to microtubules and may contribute to cancer. However, TAU is found predominantly bound to microtubules, and
also in this function the likely contribution to cancer are well documented.

| 3. TAU and Microtubule-Targeting Chemotherapy

The mitotic spindle is the critical structure organizing the microtubule scaffold enabling chromosomal segregation and cell
division. So, targeting microtubules represent a successful mode of action for cancer chemotherapy. A classic example of
this class of drugs are taxanes, which bind beta-tubulin at the microtubule inner surface and inhibit microtubule
depolymerization. Through the alteration of the dynamic assembly and disassembly of microtubules, taxanes restrict
spindle activity and impair the cell cycle in the G1/G2 phase of mitosis. The cytostatic effect of taxanes results in the
subsequent induction of apoptosis, which is partly regulated by the tumor suppressor P53 Bl The taxane Paclitaxel
present in the bark of the Pacific yew tree, is produced in a semisynthetic way from Taxus baccata, and is used in clinical
oncology since almost three decades 82, The resistance to taxanes observed in certain cancer types frequently limits the
therapeutic efficacy. Possible causes include the action of xenobiotic efflux pumps, alterations in apoptotic and signal
transduction pathways, and abnormalities in target engagement modulated by microtubule interacting proteins 3. The
microtubule-binding protein TAU may interfere with the binding of taxanes to tubulin 4], Consequently, increased cellular
concentration of TAU or its affinity to microtubules are considered factors protecting microtubules against taxane therapy
[BSIB6II87] and are thus assessed as predictors of therapeutic efficacy for microtubule-targeting drugs B8, For example,
MAPT is the most differentially expressed gene as a function of response to preoperative Paclitaxel treatment in breast
cancer , whereby low TAU mRNA predicted complete response to taxanes, as confirmed also in additional studies 2. In
estrogen receptor (ER)-negative breast cancer, the correlation between low TAU expression and ER status may explain
the higher sensitivity to Paclitaxel. Low TAU reflected by a better response to taxanes is reported also in ovarian 2921
gastric 22 prostate 28 and non-small-cell lung cancer 4. Notably, retinoic acid-induced TAU expression in
neuroblastoma cells results in increased resistance to Paclitaxel 22, although this may be related to their differentiation
state. These results feed the concept that anti-TAU drugs may be exploited as a strategy to improve the outcome of
taxane-based chemotherapies. Nevertheless, some studies came to an opposite conclusion and some Paclitaxel trials did
not confirm the predictive value of TAU determination [28I87198] The discordance between these studies may result from
the choice of chemotherapy regimen, the taxane used, the cancer type, and possibly from the limitation imposed by the



analysis of a single marker. Additional insights were gained by employing cellular models. Taxane-resistant prostate cells
express higher level of TAU compared to parental lines, whereby TAU modulation of PI3K signaling may play a role 22,
The microRNA miR-34c-5p regulates MAPT gene expression in gastric cancer cell lines thereby modulating the sensitivity
to Paclitaxel 229 whereas in non-small cell lung cancer cells the same effect was modulated by miR-186 12U The
selective ER inhibitor Fulvestrant, in contrast to Tamoxifen, reduces all TAU protein isoforms and increases taxane
sensitivity in ER-positive breast cancer cells. It is concluded that modulation of TAU expression impacts the response to
taxanes in cancer cells from diverse origins. An example that qualified TAU as a potential therapeutic agent is indeed
based on its microtubule-binding modulation of the mitotic spindle. The use of a tailored protein fusion between epidermal
growth factor (EGF; targeting component) and TAU (effector component) resulted in a cytostatic and apoptotic response in
epidermal growth factor receptor (EGFR)-positive pancreatic cancer cells 292, a finding confirmed in other models (193],

| 4. TAU as a Prognostic Marker in Cancer

The analysis of MAPT gene transcription and TAU protein expression in healthy and neoplastic tissues supports a role of
TAU in cancer. This analytical work, in part performed in silico on available cancer databases, defines a value for TAU as
a prognostic marker in various cancers (Figure 2). The following paragraphs review the outcome of these studies for
distinct cancer types.
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Figure 2. Positive and negative association of TAU expression with different type of cancers (top panels) and
mechanisms and protein interactions associating TAU to cancer.

In breast cancer, higher TAU protein expression is associated to a better outcome and survival independently to the
therapy 194 However, TAU level did not correlate with tumor size or nodal status or patient age. A positive correlation
between TAU expression and the receptors for estrogen and progesterone (PR) expression was confirmed in multiple
studies, in particular for low grade, ER/PR-positive, and human epidermal growth factor receptor 2 (HER2)-negative
cancers [104I105]106]  Ap inducible imperfect estrogen response element was identified upstream of the MAPT promoter
[106][107][108][109]110][114]112] " \yhich is consistent with the endocrine sensitivity of TAU- and ER-positive tumors. Among a

panel of breast cancer cell lines with different levels of TAU mRNA and TAU isoforms, down-regulation of ER expression
and the presence of ER inhibitors affected TAU expression in a cell-specific manner 11311241 The inverse correlation
TAU/HER?2 is remarkable due to the proximity of the two genes in the 17q12 chromosomic region. A thorough analysis of
the cancer genome atlas (TCGA) cohorts in tumors with high or low TAU expression, demonstrates a positive correlation
between MAPT transcription and overall survival of patients with breast cancer 12, However, a study aiming at
understanding how circulating tumor cells reattach in distant tissue indicate that in metastatic breast tumor TAU is more
expressed and that TAU microtubule binding is necessary and sufficient to promote tumor cell reattachment 1161,

For ovarian cancer, immune histochemical analysis shows that the three-year survival was significantly higher in the TAU-
negative when compared to the TAU-positive group. These data suggest, in contrast to breast cancer, that high TAU
expression is associated with an unfavorable prognostic. However, the results were not confirmed in the TCGA cohorts
(1151 which is based on gene transcript assessment rather than on protein determination. In view of the complex regulation
of TAU protein homeostasis at the level of translation and post-translational modification, a careful TAU protein analysis



may be more informative in this context. Notably, the endometrioid carcinoma TOV112D cells showed the highest TAU
protein expression among a panel of ovarian cancer cell lines and TAU knock-down inhibited cell proliferation, in
accordance with the favorable prognostic associated to low TAU expression.

An early study in prostate cancer found that TAU protein overexpression was associated with a better prognostic (lower
Gleason score) in a cohort of 30 patients 122, The use of a dephosphorylated-specific TAU antibody, demonstrated the
absence of phosphorylation at the Tau-1 epitope in neoplastic prostate tissue [117]. Immune histochemical analysis on a
tissue microarray containing 17,747 prostate samples showed under the selected experimental conditions detectable TAU
expression in 8% of the cancer samples and no measurable TAU in the normal tissue, evidence for TAU overexpression
as a moderate prognostic feature in a small prostate cancer subset 1181, TAU expression was associated with advanced
tumor stage, high Gleason score, positive nodal stage, and risk for recurrence in all cancers independently of the
erythroblast transformation specific-related gene (ERG) status 118, About half of prostate cancers are due to gene fusions
linking the androgen-regulated transmembrane protease TMPRSS2 with the transcription factor ERG 121201 resylting in
a massive androgen-dependent overexpression of ERG. Other somatic mutations associated to prostate cancer include
PTEN genomic deletions, which positively associate to TAU expression with the highest MAPT transcription observed in
ERG positive cancers. This observation is possibly linked to the suggested regulatory function in microtubule dynamics of
ERG [128[122] \yhich binds and stabilizes soluble tubulin 23], The association between high TAU expression and poor
overall survival was confirmed in an independent study 124! also describing an inverse interaction between MAPT and
PTEN in prostate cancer. However, the transcriptomic-based TCGA cohorts failed to show a positive or negative
association between TAU expression and survival in the prostate cancer cohort. A detailed analysis of TAU in prostate
cancer cell lines, revealed high expression of multiple TAU splice variants, including big TAU and a previously
undescribed variant, in comparison to e.g., the primarily fetal TAU isoform present in human neuroblastoma SH-SY5Y
cells [123l126] gr the six main isoforms described in normal adult human brain. Moreover, the TAU phosphorylation pattern
observed in prostate cancer cells reflects what observed in tauopathies when compared to healthy adult brain with a large
proportion of TAU not bound to microtubules. Association of TAU to phosphoinositide 3 kinase (PI3K) suggests a
microtubule-independent mechanism possibly linked to cell signaling 12, Consistent with this, in docetaxel-resistant
prostate cell lines 1281 TAU down-regulation inhibits cell proliferation by the PI3K/mTOR signaling pathway.

Analysis of the bottom and top 20% MAPT expressers in pediatric neuroblastoma revealed a better prognosis for the top
quintile according to the MAPT transcript analyzed on microarray (NCBO BioPortal) 229, The data were substantiated
with a significant correlation with apoptotic-and proliferation-linked genes. In contrast, increased survival was not
associated to the mRNA for alpha-synuclein, another neurodegeneration-associated protein 122,

The value of TAU as a biomarker for disease-free survival rate in glioma (TCGA data set) was shown by comparing the

bottom and top 20% MAPT transcript expressers 139 Moreover, the histological tumor grade was inversely correlated
with TAU expression. Consistent with these data, in the TAU mRNA-top quintile group, transcriptional activity was higher
for pro-apoptotic genes and lower for proliferation-associated genes. Evidence that transcription alterations for genes
associated with neurodegeneration—with the exception of MAPT—are not common drivers of gliomas was confirmed in
another study, suggesting an important role of TAU in slowing down or preventing the clinical evolution of these tumors
(231 Histochemical analysis showed that cells from low malignancy glioma display increase TAU protein expression, with
the inverse observation for cells from more aggressive tumors.

In colorectal cancer, CpG island hypermethylation in MAPT is found in about a quarter of the samples in a cohort with
hundred stage Il patients, but it was absent in normal colorectal mucosa 232, This study was inspired by the presence of
methylation in the MAPT promoter in AD (138 pp [134] 55 well as prostate cancer 235, MAPT hypermethylation is a marker
for lower five-year survival indicating that, similarly to breast cancer, low TAU expression is linked to a worse prognaostic in
both cancers. However, analysis of the TCGA database did not confirm the data . At the protein level, increased TAU
phosphorylation at Ser199/202 is a predictor of non-metastatic colon cancer 128l Consistent with a main hypothesis for
AD, hyperphosphorylated forms of TAU with impaired microtubule binding were reported in colorectal cell lines 137,

TAU appears implicated in Bloom’s syndrome, a rare genetic disorder resulting from homozygous mutations of the BLM

gene with a high rate of spontaneous chromosome abnormalities and predisposition to cancer [138]. Mutated BLM cells
experience replication stress and display chromosome segregation defects, but continue to divide indicating a tolerance
for DNA damage. TAU was identified in a genome-wide RNAI screen and transcriptomic analysis as a critical protein
enabling this phenotype. Indeed, TAU overexpressing Bloom’s syndrome cells undergo cell death when TAU is down-
regulated 138, This is interpreted as TAU acting as a negative regulator of DNA damage-induced cell death.



A comprehensive analysis of the TCGA cohorts shows positive association between TAU mRNA expression and survival
also in kidney clear cell carcinoma, lung adenocarcinoma, pheochromocytoma/paraganglioma. In contrast, a negative
association is found for colon and head and neck cancers.

The clinical and prognostic value of TAU analyzed at the mRNA and protein level has been investigated for many tumors
with results crucially dependent on the cancer type (Figure 2). Whether the correlative studies implicating TAU in cancer
will eventually demonstrate an active participation of TAU in oncogenesis requires undoubtedly further experimental
evidence. As of today, the mechanisms that may explain if and how TAU differentially impact tumor cell aggressiveness in
different cancer types remains at large poorly understood. As commented previously, transcriptome analysis does not take
into account the pathogenic effects of protein homeostasis, which in the case of TAU is complex and tightly associated to
disease. As in the case of neurodegenerative tauopathies, a detailed characterization of MAPT transcription and
translation as well as the biochemical characterization of TAU protein including its modification, cellular distribution and
interacting proteins, is now necessary in the studies linking TAU to cancer.
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