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Abstract: The cell cycle consists of successive events that lead to the generation of new cells. The cell 

cycle is regulated by different cyclins, cyclin-dependent kinases (CDKs) and their inhibitors, such 

as p27Kip1. At the nuclear level, p27Kip1 has the ability to control the evolution of different phases of 

the cell cycle and oppose cell cycle progression by binding to CDKs. In the cytoplasm, diverse func-

tions have been described for p27Kip1, including microtubule remodeling, axonal transport and 

phagocytosis. In Alzheimer’s disease (AD), alterations to cycle events and a purported increase in 

neurogenesis have been described in the early disease process before significant pathological 

changes could be detected. However, most neurons cannot progress to complete their cell division 

and undergo apoptotic cell death. Increased levels of both the p27Kip1 levels and phosphorylation 

status have been described in AD. Increased levels of A42, tau hyperphosphorylation or even al-

tered insulin signals could lead to alterations in p27Kip1 post-transcriptional modifications, causing 

a disbalance between the levels and functions of p27Kip1 in the cytoplasm and nucleus, thus inducing 

an aberrant cell cycle re-entry and alteration of extra cell cycle functions. Further studies are needed 

to completely understand the role of p27Kip1 in AD and the therapeutic opportunities associated with 

the modulation of this target. 
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1. Cell Cycle 

1.1. Cell Cycle and Cell Cycle Regulators 

The cell cycle is a complex and highly regulated process by which a cell divides into 

two cells. It is mainly constituted by four phases: Gap 1 (G1), DNA synthesis (S), Gap 2 

(G2) and mitosis (M). The most important phases are S, when DNA replication occurs, 

and M, when the cell divides into two daughter cells. G1 is the first gap, preceding S, 

when cells prepare for DNA replication. During the second gap, G2 (after S), the cell pre-

pares for mitosis (Figure 1). Many cells from the adult body exit from the cell cycle and 

stay in a quiescent state (G0). Several cells, such as neurons and most differentiated cells, 

do not enter again into the cell cycle but others, such as lymphocytes, exit and re-enter the 

cell cycle repeatedly throughout their lifetime [1–3]. 

The transitions between the stages in the cell cycle are finely coordinated by a family of 

serine/threonine kinases known as cyclin-dependent kinases (CDKs), which are active only 

when they are associated with their specific cyclins [4–6]. In contrast to cyclins, cyclin-depend-

ent kinase inhibitors (CDKIs) inhibit the activities of CDKs. Phosphorylation and dephosphor-

ylation events also regulate CDK activity. The ubiquitin-mediated proteolysis of cyclins and 

CDKIs has also been reported to be involved in cell cycle regulation [7]. 
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Figure 1. A scheme showing the canonical cell cycle and its main regulatory mechanisms [8,9]. 

Each CDK is able to associate with different cyclins with a specific role in each phase. 

For instance, when a cell is withdrawn from the quiescent state and enters the G1 phase, 

D-type cyclins (D1, D2, D3) bind and activate CDK4/6; these active complexes phosphor-

ylate and inactive the retinoblastoma (Rb) protein family, which plays a negative regula-

tion of the cell cycle. The phosphorylation of the Rb protein leads to the release of tran-

scription factor E2F1 from its transcriptionally repressive complex, allowing the transcrip-

tion of genes and the synthesis of the proteins necessary for DNA replication [10]. During 

the late G1 phase, cyclin E associates with CDK2 to progress through the S phase, subse-

quently binding to cyclin A during the early S phase and promoting DNA synthesis and 

replication [7,11]. 

Cyclin A also binds to CDK1; the CDK1/cyclin A complex is necessary for the transi-

tion from the G2 to the M phase. Cyclin A is degraded after prometaphase by a polyubiq-

uitination-dependent mechanism [7]. CDK1 then associates with cyclin B to initiate the 

mitotic program by the phosphorylation of selected proteins. Subsequently, cyclin B is 

degraded by ubiquitin-mediated proteolysis, which is necessary to exit the M phase [7,12]. 

The activity of the CDKs/cyclin complexes can be inhibited by CDKIs, which are clas-

sified into two families: INK4 (p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) and CIP/KIP (p21Cip1, 

p27Kip1 and p57Kip2). Members of the INK family bind specifically to CDK4/6, preventing 

its interaction with cyclin D and regulating the quiescent state. By contrast, members of 

the CIP/KIP family have the ability to inhibit all cyclin/CDK complexes, including the 

CDK2/cyclin E, CDK2/cyclin A, CDK1/cyclin A and CDK1/cyclin B complexes [13,14]. p21 

and p27 can bind and inhibit the cyclin E-CDK2 and cyclin A-CDK2 complexes and will 

stop the cell cycle at G1 [15]. In addition to the function of inhibiting cyclin-CDK activity, 

nuclear CIP/KIP proteins have alternative roles, such as regulators of nuclear import, 

apoptosis and cell motility, when they are located in the cytoplasm [16]. 

The deregulation of the cell cycle at any stage can result in a series of disorders, in-

cluding cancer and neurodegenerative diseases among others [13]. In this context, it is 

relevant to mention cellular senescence, which is characterized by a stable cell cycle arrest, 

in which cells are unable to proliferate in response to mitogenic stimuli and optimal 

growth conditions [17]. Despite being in an arrested state, senescent cells are viable alt-

hough they exhibit dramatic changes in gene expression and metabolic alterations as well 

as possessing a complex senescence-associated secretory phenotype [17]. In senescence 
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cells, growth arrest occurs in the G1 and probably in the G2 cell cycle phases and seems 

to be mainly mediated by the p53/p21WAF/CIP1 and p16INK4/pRb pathways [18,19]. Growing 

evidence indicates that senescence cells contribute to aging and the development of age-

related disorders, including chronic inflammation, Alzheimer’s disease and cardiovascu-

lar disorders [20–22]. 

1.2. Cell Cycle and Neurogenesis 

Neurogenesis is the process of division of the neural stem cells (NSCs) and progenitor 

cells into daughter cells that migrate to corresponding brain areas and give rise to new 

neurons. It is linked to the cell cycle and is a crucial process in developing brains but it 

also takes place in adult brains where neurogenesis is required for the proper functioning 

of the mature neural network [23]. 

After the cell cycle withdrawal, newly generated neurons activate different programs 

of differentiation and migration [24]. Once the neurons are fully differentiated, they are 

considered post-mitotic cells and remain in a quiescent differentiated state (G0). They lose 

their capacity for cell cycle re-entry, which is probably promoted by changes in the ex-

pression of region-specific CDKIs [25,26]. However, the expression of cell cycle regulators 

persist after differentiation and are expressed in a manner that cannot be solely accounted 

for by differences in cell cycle rates [27], indicating that its role in neurogenesis is not only 

linked to cell cycle regulation. An increasing body of evidence has demonstrated that 

CDKIs have cell cycle-independent functions to coordinate cell cycle exit and neuronal 

differentiation, maturation and migration [28]. 

The majority of neuronal cells in the adult brain are fully differentiated and neuro-

genesis only persists in restricted brain areas; namely, the subventricular zone (SVZ) of 

the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus 

(DG), the two main neurogenic niches [29]. 

The SVZ is the largest area in the adult brain where neurogenesis occurs; the resident 

neural stem cells (NSC) are primary progenitor cells that undergo numerous stages to 

finally originate mature neurons, astrocytes and oligodendrocytes [30]. The cells born in 

the adult SVZ (NSC, type B1 cells) express GFAP and can divide symmetrically and asym-

metrically. Asymmetrical division commits to intermediate progenitors called type C 

cells, which after a mitotical division give rise to migratory neuroblasts (type A cells). The 

neuroblast, after one or two round divisions, exits the cycle, migrates towards the olfac-

tory bulb and becomes newborn neuronal cells (post-mitotic immature neurons). A small 

group of these cells will survive and subsequently differentiate into granule cells [31]. A 

high expression of the CDK inhibitor p57 and p18-induced cell cycle arrest is required to 

maintain the production of undifferentiated NSC cells, inhibiting proliferation and differ-

entiation [32,33]. 

The SVZ gives rise mostly to dopaminergic and γ-aminobutyric acidergic (GABAer-

gic) interneurons that migrate from the rostral migratory stream and integrate into the 

olfactory bulb, playing an important role in the development of optimal olfactory circuitry 

where they participate in the processing of sensory inputs [34,35]. In physiological condi-

tions, Type B1 cells also give rise to a few oligodendrocytes and astrocytes but in case of 

brain injury can produce more astrocytes that migrate to the damaged area [36]. 

In the SGZ, type 1 cells (radial glia-like precursors) divide asymmetrically, giving rise 

to transit amplifying cells (type 2 cells, GFAP-negative), which are highly proliferative. 

After several days of division, these generate type 3 cells that enter into a post-mitotic 

stage characterized by the expression of neuronal nuclei (NeuN) and calretinin (CR) 

[37,38]. Newly generated granule cells migrate radially into the granular cell layer where 

they develop dendrites and differentiate into glutamatergic granule cells, which are inte-

grated into the neural circuitry of the hippocampus [39–41]. The degree of adult neuro-

genesis in the dentate gyrus correlates with the performance of animal models in hippo-

campus-dependent learning tasks [42,43], which suggests that neurogenesis is linked to 

memory and learning processes. Likewise, a decrease in neurogenesis in the DG during 
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aging may contribute to age-dependent cognitive decline, tau hyperphosphorylation and 

a risk of Alzheimer’s disease [44–47]. 

Under physiological conditions, neurogenesis in the hippocampus is a dynamic and 

well-controlled process but it can be increased or decreased in different conditions, such 

as by physical activity or by irradiation, respectively [48–50]. Different pathological con-

ditions, including psychiatric diseases, strokes or neurodegenerative disorders can also 

modulate neurogenesis [51,52]. 

In the last decades, new neurogenesis areas have been described in the adult mamma-

lian brain in the hypothalamus, substantia nigra, striatum and amygdala [53–56]. However, 

these studies are still incomplete and more research is needed to confirm that neurogenesis 

takes place in these areas [57]. There are still many open questions related to adult neuro-

genesis. Discrepancies and differences between studies, probably due to technical problems, 

together with the very low number of newly generated neurons incorporated into the neu-

ronal circuit make neurogenesis one of the most discussed topics in neuroscience. 

To summarize, neurogenesis involves, in cell cycle terms, re-entering and exiting the 

cell cycle. The SVZ and DG are the two main neurogenic niches. The modulation of cell 

cycle components is not only related to the number of cells (proliferation) but also to cell 

linage differentiation. 

1.3. Cell Cycle and AD 

Alzheimer’s disease (AD) is a neurodegenerative disease and the most common 

cause of dementia in late life. Most of the people affected are over 65 years of age and the 

prevalence raises dramatically between 65 and 85 years [58]. Brain lesions start long before 

the onset of cognitive problems; this is named the preclinical phase of the disease. The 

disease progresses with the deposition of β-amyloid (Aβ) in senile plaques and the for-

mation of intracellular neurofibrillary tangles (NFTs) composed of the hyperphosphory-

lated tau protein. The hippocampus is one of the brain areas that earliest exhibits the dam-

age and as the disease progresses, it spreads to other cortical areas (frontal and entorhinal 

cortex and another limbic areas), triggering a significant reduction in neuronal density in 

various regions [59,60]. When a massive loss of neurons takes place, the disease becomes 

symptomatic, starting with a slight cognitive decline of recently acquired information. It 

becomes worse with time, severely affecting cognitive dysfunction and other abnormal 

behaviors. In the late stage of the disease, the brain function continues to decline and the 

disease affects the autonomy of these patients [61]. The diagnosis of AD is based on dif-

ferent tests but a complete certain diagnosis can only be achieved by a post-mortem ob-

servation of the brain parenchyma and the presence of senile plaques and neurofibrillary 

tangles made up by the hyperphosphorylated tau protein (p-tau) [62]. 

Despite progress in the field, the precise pathogenic mechanisms of the neurodegen-

erative processes leading to AD remain elusive. In 1990, patients with Down syndrome 

showed AD-like dementia symptoms, starting the hypothesis that the aneuploidy (chro-

mosome 21 trisomy) was causal to AD and a mutation in the genes involved in the cell 

cycle could lead to AD development [63]. More recent evidence, including -omics data 

from AD patients, has shown that an abnormal activation of the cell cycle components can 

contribute to neuronal death in AD [64–68]. Furthermore, these cycle event alterations are 

found in the early disease process of AD before significant pathological changes occur 

[69–72]. These data suggest that a group of neurons newly enter a defective cell cycle and 

most of them cannot progress to complete their cell division, thus undergoing apoptotic 

cell death [73]. Despite other studies reporting conflicting results [74,75], solid evidence 

supports the idea of increased aneuploidy in the neurons of AD patients. Interestingly, 13 

out of the 37 genes that are frequently mutated in AD are functionally involved in the 

regulation of the cell cycle or mitosis (review in [76]). 

p53 is a transcription factor that regulates the expression of the genes involved in 

critical cellular functions, such as cell cycle re-entry, DNA damage repair, developmental 

differentiation and senescence [77]. It has the ability to promote cell cycle arrest in several 
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cell types and apoptosis in others. It is known as the “guardian of the genome” to limit 

the deleterious consequences of mutation [78]. During the development of the central 

nervous system (CNS), p53 is expressed in neuroblasts and is downregulated when mi-

grating neurons reach their place [79]. In physiological conditions, p53 is maintained at 

low basal levels and its dysfunction has detrimental consequences, including cancer, met-

abolic disorders and neurodegenerative diseases. Elevated p53 immunoreactivity has 

been observed in sporadic and familial AD and in animal models [80,81]. p53 expression 

increases in parallel with an intracellular accumulation of Aβ [82] and induces tau phos-

phorylation in HEK293a cells [81]. It has been demonstrated that p53 oligomerizes in AD 

brains and interacts with tau oligomers, triggering the loss of the nuclear p53 function and 

contributing to AD pathology [83]. 

Interestingly, regulators of the cell cycle—including CDKs, CDKIs and p53—also 

regulate the autophagic processes [84,85], indicating that autophagy is intimately con-

nected to the cell cycle [86]. Autophagy is also a basic physiologic process crucial to main-

taining cellular homeostasis by clearing protein aggregates. AD, in common with other 

neurodegenerative diseases, is linked to the accumulation of misfolded proteins, suggest-

ing that autophagy dysfunction probably contributes to AD pathogenesis [87–89]. 

Various studies have reported the overexpression of cell cycle protein regulators, 

such as CDKs, in the vicinity of NFTs and senile plaques in the post-mortem brains of AD 

patients [68,90], indicating that the overexpression of the regulators of the cell cycle may 

be a characteristic feature of AD. Consistently, the administration of CDKIs (inhibitors of 

CDK1, 2, 4, 5, 7, 9) ameliorated AD symptoms in animal models [91–96], corroborating 

that the cell cycle and mitosis play an important role in AD development and could be-

come important targets of drug research. In this sense, CDKIs have been suggested to be 

of potential relevance in the treatment of AD [93]. 

Altogether, the connection between neuronal loss and cell cycle re-entry in AD has 

been described. Although the underlying mechanism of cycle re-entry in AD is not com-

pletely understood, the role of Aβ as a trigger of this aberrant cell cycle re-entry in post-

mitotic neurons can be hypothesized, which in turn can initiate apoptotic neuronal death. 

2. p27Kip1 

2.1. p27Kip1 and Its Role in the Cell Cycle Progression 

The cyclin-dependent kinase inhibitor p27Kip1 (named p27) participates in many bio-

logical processes, such as cell proliferation, differentiation, migration and apoptosis [97]. 

p27 has been extensively studied for its role in cancer as a tumor suppressor [98]. It plays 

fundamental roles in all phases of the cell division cycle. Specifically, nuclear p27 inhibits 

cell cycle progression and makes the cell susceptible to quiescence, apoptosis and/or se-

nescence. Extensive studies have been conducted in this regard. p27 is expressed in the 

quiescent stem cells of the adult hippocampus and is induced in immature neurons upon 

differentiation, suggesting that p27 can act as a controller of the cell cycle exit and differ-

entiation, keeping adult hippocampal stem cells out of the cycle [99]. Hörster et al. [100] 

analyzed the role of p27 in the transition of precursor cells to post-mitotic maturation in 

adult hippocampal neurogenesis. In the DG, p27 shows a strong nuclear expression in 

early post-mitotic neurons (type 3 and a few type 2) and it has a lower or an absent ex-

pression in radial glia-like precursor cells (type 1) and type 2 cells with no expression in 

granule cells. Thus, the p27 nuclear function may have a transitory role in late proliferative 

and early post-mitotic phases of neurogenesis. Neurogenesis was abrogated in p27-/- mice 

whereas the content of proliferating cells was promoted [100]. Concerning neurogenesis, 

p27 plays an important role in adult brain neurogenesis and the deletion of p27 impaired 

neurogenesis due to the increase of intermediate progenitor cells [101,102]. 

Mechanistically, p27 prevents the G1/S transition by repressing the CDK2-cyclin E 

and CDK4-cyclin D complexes [103]. It also participates in the control of the G2 and M 

phases [103,104]. A depletion of p27 protein in the late G1 phase promotes the transition 
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to the S phase [105], allowing cell division progress. p27 protein levels are controlled 

through the regulation of translation and ubiquitination-dependent protein degradation. 

The levels of p27 decrease when the cells exit the quiescent state due to this ubiquitin-

mediated degradation but the levels of p27 can also increase in response to anti-prolifera-

tive signals, such as serum starvation [106]. 

In summary, p27 is a key regulator of cell proliferation. When p27 binds to and in-

hibits cyclin-CDK, it arrests the cell cycle and opposes cell cycle progression. 

2.2. Extra Cell Cycle Regulatory Functions of p27 

To control the progression of the cell cycle in the nucleus, several cell cycle-related 

proteins, including p27, have an extra cell cycle regulatory function after exiting from the 

cell cycle [107]. These functions include regulating cytoskeletal organization, prolifera-

tion, differentiation and apoptosis. In most tumors, nuclear p27 regulates the cell cycle, 

which leads to the growth inhibition of cancer cells whereas in the cytoplasm, it is onco-

genic. In cortical neurons treated with A 42, the overexpression of p27 induces apoptosis 

through the stabilization of the CDK5-cyclin D complex as this stabilization prevents the 

interaction of CDK5-p35 [108]. 

The activity of p27 is mainly dependent on post-translational modifications, such as 

phosphorylation and others (for example, ubiquitination and acetylation), on different 

residues and on their subcellular (nuclear vs. cytoplasmic) localization [104]. The phos-

phorylation of p27 determines its degradation by the ubiquitin system and the sequestra-

tion in the cytoplasm, precluding its nuclear function as a CDK inhibitor [109]. p27 is 

phosphorylated on many sites, including tyrosine (Tyr(Y)74,88,89), threonine 

(Thr157,187,198) and Ser10 (Table 1). 

As shown in Figure 2, when the cell enters the G1 phase, the phosphorylation of p27 

on Ser10 by AKT (protein kinase B), CDK5 or KIS (kinase interacting stathmin) promotes 

the exportation of p27 from the nucleus to the cytoplasm by CRM1 (chromosome region 

maintenance 1), a carrier protein for nuclear export [110]. When p27 stays in the cyto-

plasm, Ser10 phosphorylation allows KPC (ubiquitylation promoting complex)-depend-

ent degradation. Furthermore, CDK5 stabilizes p27 through Ser10 phosphorylation, in-

creasing the p27 protein in the cytoplasm. Therefore, CDK5 is an unconventional cyclin-

dependent kinase and is neuron-specific, able to phosphorylate p27 both at Ser10 in the 

N-terminal as well as at Thr187 in the C-terminal [5,111]. Other phosphorylation sites are 

at Thr157 and Thr198, which avoid nuclear import and result in the cytoplasmatic location 

of p27. This phosphorylation can be induced by AKT, AMPK, p90 ribosomal protein S6 

kinases, serum glucocorticoid-inducible kinase (SGK) or PIM (proto-oncogene ser-

ine/threonine-protein kinase) [111–113]. 

Table 1. Phosphorylation sites of p27Kip1: its role in cellular localization and function. 

Subcellular localization Phosphorylate site Phosphorylated by Function 

Nuclear Thr187 
CDK2–cyclin E; 

MERK/EK; CDK5 

Degradation by Skp2 

[109] 

Nuclear, cytoplasmatic Ser10 AKT;CDK5 Nuclear export [110,111] 

Cytoplasmatic 
Thr198 or/and Thr157 

 

AKT; AMPK; GSK; 

MERK–ERK 

Blocked nuclear import 

[109] 

Cytoplasmatic Thr198 and Ser10 
AKT; AMPK; CDK5; 

MERK–ERK 

Microtubes and actin 

organization [114,115] 

Cytoplasmatic 
Independent of 

phosphorylation 
– 

Axonal transport via 

stabilization ATA1 [116] 

Cytoplasmatic 
Independent of 

phosphorylation 
– 

Increment autophagy 

via LAMTOR1 [117] 
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Figure 2. Post-translational modifications of p27Kip1 lead to changes in its function and alter its sub-

cellular localization. The phosphorylation of p27Kip1 at Thr187 promotes its degradation in the nu-

cleus. Phosphorylation of p27kip1 at Ser10 promotes exportation to the cytoplasm by CRM1. Once in 

the cytoplasm, p27Kip1 can be degraded or can undergo different phosphorylations. Phosphorylation 

at Thr157 or Thr198 avoids nuclear reimportation. Cytoplasmic functions include microtubules and 

actin organization, axonal transport or involvement in autophagy. 

In the cytoplasm, p27 associates with microtubules and it is required for proper ax-

onal transport, neuronal migration and dendritic spine formation [114–116]. The phos-

phorylation of p27 at Thr198 by RSK1 induces the interaction with RhoA and a subsequent 

reduction in RhoA-GTP binding, promoting cell migration and motility [118]. In cortical 

interneurons, p27 regulates nucleokinesis and promotes tangential migration and neurite 

branching by controlling the activity of myosin II through the Rho kinase pathway [119]. 

Studies in Drosophila and in rodents revealed that p27 regulates the axonal transport of 

vesicles and organelles through the stabilization of alpha-tubulin acetyltransferase 1 

(ATAT1), which promotes the acetylation of microtubules. The neuronal depletion of p27 

results in axonal transport defects that can be rescued by treatment with histone deacety-

lase inhibitors that increase the levels of tubulin acetylation [116]. 

All these alterations in the cytoskeleton and impaired axonal transport play an inte-

gral role in the pathogenesis of AD. On the one hand, the cytoskeleton is crucial for den-

dritic spine formation, which is necessary for a correct synaptic activity. On the other 

hand, axonal transport is a process that uses microtubules to deliver diverse cargoes (in-

cluding organelles, mitochondria and vesicles) along the axon, which is essential for nerve 

development, function and survival [120–122]. 

To summarize, p27 has several extra cell cycle regulatory functions in addition to 

controlling the cell cycle. These functions include regulating cytoskeletal organization, 

proliferation, differentiation and apoptosis. The subcellular localization and activity are 

dependent on post-translational modifications. 

2.3. p27 and AD 

A few studies have analyzed a purported relationship between the alterations in p27 

and AD. In an immunohistochemical study, it was found that the levels of cytoplasmic 
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p27 and phosphorylated p27 (Thr187) were increased in the hippocampal pyramidal neu-

rons in AD compared with age-matched control subjects [123]. Interestingly, the increase 

in phosphorylated p27 (Thr187) overlapped with the tau-positive neurofibrillary pathol-

ogy, including neurofibrillary tangles, dystrophic neurites and neuropil threads, indicat-

ing a possible direct implication of phosphorylated p27 in AD pathogenesis [123]. How-

ever, an increase in p27 was observed in both tangle-bearing as well as tangle-free neu-

rons, suggesting that an increase in p27 was not directly related to the pathology in AD. 

It was suggested that phosphorylation at Thr187 could be associated with the activation 

of either the cyclin E/CDK2 or MAPK/ERK (mitogen-activated protein kinase) pathways. 

In another study, it was reported that the half-life of the p27 protein in lymphoblasts 

from AD patients was markedly reduced compared with those in healthy patients [124]. In 

this study, an increased phosphorylation of p27 at Thr187 mediated by the Ca2+/CaM-de-

pendent overactivation of PI3K/AKT was suggested to be responsible for an enhanced deg-

radation of p27 in AD cells. The degradation of p27 favors the progression of the cell cycle 

and an enhanced cell proliferation [124]. It is of note that these cell cycle disturbances might 

be considered to be systemic manifestations that mirror the pathological changes that take 

place in the brain. For instance, the overactivation of the pro-survival PI3K/AKT signaling 

pathway in AD brain that takes place to protect neurons [125] can lower the levels of p27 

and, in post-mitotic neurons, can eventually lead to neuronal death [126]. 

Regarding animal models, increased levels of the p27 protein were found in the cer-

ebral cortex of APPswe/PSΔE9 mice compared with age-matched controls [127]. In this 

case, the levels of p27 were regulated through a post-transcriptional mechanism mediated 

by the downregulation of the microRNA 222 (miR-222). This particular non-coding small 

RNA bound to the 3′-UTR of p27, triggering its translational repression [127]. 

The role of A42 in the regulation of p27 levels and/or phosphorylation in AD that 

may lead to apoptosis has been speculated. In cortical post-mitotic mature neurons, p27 

promoted neuronal apoptosis in the presence of A42 [108]. These authors suggested that 

A42 stabilized the CDK5-cyclin D1 complex with a subsequent decrease in CDK5, pre-

venting its interaction with its neuron-specific activator p35. A depletion of p27 restored 

the CDK5-p35 interaction, inhibited the MAPK/ERK pathway and cyclin D1 expression 

and avoided the neuronal apoptosis mechanism. Aβ42 and other neurotoxic agents pro-

moted p35 proteolytic cleavage to p25. It has been shown that p25 accumulates in the brain 

of AD patients and induces the mislocalization and aberrant activation of CDK5 that can 

promote tau hyperphosphorylation, leading to neuronal cell death [68]. Interestingly, the 

inhibition of CDK5 is able to reduce cell death in Aβ42-treated neurons. 

A relation between autophagy and p27Kip has also been reported [117,128,129]. Au-

tophagy is a catabolic process directed to degrade and recycle damaged organelles and 

misfolded proteins. The most predominant form is macroautophagy, in which a double 

membrane structure (named autophagosomes) surrounds the damaged organelle or pro-

tein and is exposed to lysosomes for degradation [130]. The dysfunction of autophagy is 

suggested to lead to the accretion of noxious proteins, such as A 42 or phosphorylated 

tau in the AD brain [131]. It has been suggested that p27 can drive apoptosis or autophagy 

following AMPK activation. AMPK phosphorylation of p27 on Thr198 promotes p27 pro-

tein stability and increases the levels of cytoplasmatic p27, resulting in greater autophagy 

and fewer apoptotic processes [98]. Other authors have proposed that the mechanism re-

sponsible for p27-controlled autophagy is regulated via mTOR (mammalian target of ra-

pamycin) [117]. As reviewed [131], mTOR activation is an important fact in AD, which 

can lead to the impairment of autophagy. A fraction of p27 is recruited into the lysosomes 

where it binds to the LAMTOR1 subunit, avoiding the regulator-rag complex assembly, 

thus preventing mTORC1 activation [117]. 

In relationship with both AD alterations and autophagy, another important cellular path-

way to consider is PI3K/ATK. Alterations in this pathway have been described in AD in cor-

relation with diabetes mellitus type 2 [132,133] and can affect p27 expression and phosphory-

lation (Figure 3). Altered insulin signaling increases phosphorylated PI3K and the activation 
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of AKT, which leads to the phosphorylation of mTORC1, inhibiting autophagy. Therefore, 

AKT regulates the p27 nuclear export and sequestration of p27 in the cytoplasm [109]. Fur-

thermore, mTORC1 activates SGK1, a protein kinase component of the PI3K-AKT pathway, 

which phosphorylates p27 at Thr157; therefore, it is retained in the cytoplasm [134]. 

 

Figure 3. Insulin or growth factors can stimulate tyrosine kinase inducing the activation of the (a) 

MERK-ERK and (b) PI3K-AKT pathways. The activation of the MERK-ERK pathway stimulates 

p27Kip1 phosphorylation at Thr187, which induces its degradation. Its phosphorylation at Thr198 

produces p27Kip1 cytoplasmic retention. The MERK-ERK pathway can be inhibited by p35 and the 

CDK5 complex. The activation of the PI3K-AKT pathway causes mTORC1 activation and causes 

phosphorylation at Thr157 through SGK1. Furthermore, AKT can phosphorylate at Thr198 and 

Thr157, which causes p27Kip1 cytoplasmic retention. AKT at a nuclear level phosphorylates Ser10, 

promoting p27kip1 nuclear export and can induce the inhibition of FoxO1 TFs and repress the gene 

expression of p27Kip1. A metabolic or energetic stress condition induces mTORCR1 inhibition by the 

induction of p27Kip1 binding to LAMTORCR1 and AMPK pathway activation. In addition, AMPK 

phosphorylates p27Kip1 at Thr198. 

In summary, the re-expression of cell cycle-related proteins in AD has been shown. 

Stimuli, such as A, might lead to an abortive re-entry into the cell cycle and, ultimately, 

neuronal degeneration. The dysregulation of the cell cycle, therefore, might play a crucial 

role in the pathogenesis of AD, which may provide a novel mechanistic basis for thera-

peutic interventions. 

3. Concluding Remarks 

In conclusion, cell cycle activation plays a role in the pathophysiology of neurodegen-

erative diseases, including AD, and cell cycle re-entry is considered to be one of the key 

causes of neuronal death in the illness. Therefore, the cell cycle provides a potential target 

for treatments and therapies. 

The cell cycle coordination needs a complex interplay between the levels of various 

cyclins and CDKs at different checkpoints. The involvement of aberrant cell cycle re-entry 

in the pathogenesis and progression of neurodegenerative diseases could be inhibited by 

the action of cyclin and CDK-specific inhibitors. However, CDKI inhibitors, such as p27 

not only play a key role in cell cycle control but also post-transcriptional modifications, 

such as phosphorylation, contribute to extra cell cycle functions or even increase the deg-
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radation. In the nucleus, p27Kip1 inhibits the cell cycle progression and makes the cell sus-

ceptible to quiescence and apoptosis. However, in the cytoplasm, p27Kip1 has been found 

to promote cellular resilience through autophagy and anti-apoptotic mechanisms [98]. Al-

together, all these nuclear and extra-nuclear functions allow a correct neurogenesis, main-

taining a quiescent state in the post-mitotic neurons. As already detected in AD, the at-

tempt of neurons to re-enter the mitosis in response to external stimuli (such as Aβ42, p-

tau or insulin resistance) leads to an abortive re-entry into the cell cycle and, ultimately, 

neuronal degeneration. In this sense, the increase in both p27 and phosphorylated p27 

(Thr187) in the AD neurons may reflect an effort of the susceptible neurons to stop the cell 

cycle. Further studies will shed light on the role of p27 at the cytoplasmic level to better 

understand the involvement of p27 in the mechanisms related to AD progression. 

One of the pending affairs in AD is to find early biomarkers for sporadic AD, which could 

identify patients before substantial pathology develops. Nowadays, by the time the disease is 

diagnosed, the pathology has spread, causing irreversible damage and functional disability. 

The fact that it is possible to detect changes in the p27 protein levels in lymphocytes from AD 

patients, which could mirror changes thought to occur in the brain prior to neurodegenera-

tion, could offer new venues for diagnostic tools. Furthermore, the identification of therapeu-

tic targets directed to normalize the cellular content of p27, thus reducing the activity of CDKs 

and cell cycle activation, could also open new venues for AD treatment. In this sense, CDKIs, 

by preventing CDK inactivation, might constitute a promising venture for the treatment of 

AD. However, although several CDKIs have been reported in the literature to treat other dis-

eases, such as cancer, few studies have been conducted to investigate their effects against neu-

rodegeneration. Not only that but also various side effects may arise due to the non-specificity 

of CDKIs, which may affect several CDKs, leading to controversial opinions towards its use 

[93]. Therefore, achieving a higher selectivity might be considered to be one of the most im-

portant aspects in the field of CDKI development. 
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