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Abstract 

 

Cyclin-dependent kinase 5 (Cdk5) is a small 33 kDa serine/threonine kinase belonging to 

the cdk family. It was originally identified based on the structural similarity to Cdk1 

(Cdc2) and Cdk2, key regulators of eukaryotic cell cycle progression. Unlike other 

members of the cdk family however, Cdk5 is not activated by cyclins, but rather by non-

cyclin proteins p35 and p39. The majority of reports regarding Cdk5 relate to neuronal 

development, particularly in the brain, and so whether Cdk5 functions in cell division has 

remained a mystery. Further studies by various groups revealed additional roles of Cdk5 

outside the neuronal context, including functions in cancer progression. Recently, Cdk5 

was shown to play a role in modulating the cell cycle. Here in this study, we further 

explore the potential function of Cdk5 in cell cycle progression, particularly in non-

neuronal cells. Using both siRNA and genetic approaches, we found that the absence of 

Cdk5 enhances cell proliferation. The loss of Cdk5 causes an upregulation of Cyclin D1 

expression, while levels of the cyclin-depdent kinase inhibitor proteins p21 and p27 are 

reduced. Furthermore, based on flow cytometry analysis, cells lacking Cdk5 results in 

cells moving from G1 to S faster than normal cells, indicating a potential function in the 

G1/S transition. Ionizing radiation (IR) studies also reveal that the absence of Cdk5 

reduces p53 phosphorylation, and maintains the presence of γH2AX foci, indicating a 

disruption in DNA repair process, which may cause genomic instability. Collectively, 

these results support the idea that Cdk5 may play an important role in regulating the cell 

cycle of non-neuronal cells, particularly at the G1/S transition. 
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Chapter 1: Introduction, Hypothesis and Objectives 
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1. INTRODUCTION 

 

Cell division is a cyclic process in which one cell replicates itself into two daughter cells. 

This process is fundamental throughout the life span of multi-cellular organisms, and 

failure in normal cell division can lead to devastating outcomes such as birth defects and 

development of disease. One of these diseases is cancer, where rapid cell division is a 

major characteristic. Both genetic and environmental factors are involved with shaping 

the overall progression of this disease. The status of cancer cells varies between different 

tissue origins and its stromal surroundings, and is very complex and dynamic. 

Universally however, they all exhibit the loss of cell cycle control. One way to study 

cancer cell behavior and to implement treatment strategies against it is by understanding 

the molecular basis behind cell cycle progression, and proteins that are important for 

maintaining a normal cell cycle status.   

 

1.1 Cdks and their roles in cell cycle regulation 

 

The mammalian cell cycle consists of four major phases in sequential order: growth 1 

(G1), synthesis (S), growth 2 (G2), and mitosis (M). Each is tightly regulated by specific 

proteins, ensuring that the next phase does not begin until the one prior is complete. A 

family of proteins called the Cyclin-dependent kinases (cdk) is one of the key players to 

cell cycle regulation.   

 



3	
  

Cdks are evolutionary conserved serine/threonine kinases that are expressed in all 

eukaryotes. The first member in this family was found in Saccharomyces cerevisae and 

was named the Cdc2, a major regulator for yeast cell division. The human equivalent of 

Cdc2, called Cdk1, was subsequently cloned1,2. To date, there are at least eleven cdk 

family members identified (Cdk1 – Cdk11)3 where Cdk1 – 4, 6 and 7 are regarded as 

important for cell cycle regulation, while Cdk8 and 9 are shown to play a role in gene 

transcription regulation4-7. Similar to a circular relay track, each cdk protein is 

responsible for a part of the cell cycle, and cdk members are activated in sequence to 

ensure the complete cycle progresses in an ordered fashion. Specifically, Cdk4 and 6 

regulates entry into the cell cycle during G1, and prepare for G1/S and S where Cdk2 

activity is most prominent. As cells enter G2 and M phases, Cdk2 activity is diminished 

and in exchange Cdk1 activity is elevated to further regulate and complete the cell cycle.  

 

Generally cdks are expressed across all tissue types but remain inactive. The key 

determinants of cdk activities are the binding of cdk to another family of cell cycle 

regulatory proteins called cyclins. Each cdk member has its unique cyclin binding 

partner(s). For example, Cdks 4 and 6 binds with Cyclin D1, 2 and 3, Cdk2 with Cyclins 

E and A, and Cdk1 with Cyclins A and B.  In addition to cyclin binding partners, cdk also 

requires the phosphorylation by cdk activating kinase (CAK) in order to become fully 

active. Phosphorylation occurs at the threonine residue within the T-loop, adjacent to 

cdk’s catalytic active site8. Active cdk-cyclin complexes target a range of protein 

substrates for phosphorylation. It is characteristically on serine (S) and threonine (T) 

amino acid residues of the protein target, that are usually directed by a proline (P) and 
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typically followed by a lysine (K) or an arginine (R) following to a random amino acid 

(X), hence the sequence motif [S/T]PX[K/R]9.  

 

While cdk activating phosphorylations are not regulated, inhibitory phosphorylation sites 

on cdks do serve an important role monitoring the activities of cdk-cyclin complexes.  

Threonine and tyrosine residues 14 and 15 respectively are located near ATP-binding 

sites of the cdk. Wee1 is one of the protein enzymes that phosphorylates Tyr15 site. The 

result of this phosphorylation is causing protein conformational changes that interfere 

ATP phosphate orientation. In vertebrates, Myt1 is another enzyme that phosphorylates 

both Thr14 and Tyr15 sites. Release from active cdk’s “inhibitory state” is achieved via 

Thr14 and Tyr15 dephosphorylations by Cdc25 phosphatase. Together, Wee1 and Cdc25 

act like molecular switches turning cdk activity on-and-off. 

 

As mentioned before, a specific cdk becomes the dominantly active cdk member at a 

given phase during cell cycle progression and together the cdks coordinate with each 

other to complete the process. One of the mechanisms by which this coordination is 

accomplished is by regulating the level of cyclins. Depending on the phase of the cell 

cycle, different cyclins, which partner to specific cdks, are either expressed or degraded. 

While cyclins and CAKs regulate cdk activities and help with the transition through cell 

cycles, there are also protein regulators that control the level of cdk activities by acting as 

cdk suppressors. An example would be the cdk inhibitor (CKI) class of proteins, which 

inhibit cdk-cyclin complex, and is a mechanism that cells adapt to modulate the timing of 

specific cdk protein activation.  
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Two major families of CKIs, one of which is the cip/kip family including members p21 

and p27. Both p21 and p27 can control multiple cdk-cyclin complexes by associating to 

both cdk and cyclin, and primarily function to regulate cdk-cyclin activities during G1/S 

(Cdk4, 6-Cyclin D and Cdk2-Cyclin E) and S-phases (Cdk2-Cyclin E, A)10,11. 

Interestingly, in addition to cdk-cyclin inhibitory function, cip/kip has also been shown to 

play a role activating Cdk4, 6-Cyclin D by enhancing the protein complex formation, and 

to initiate the start of cell cycle progression at G1. Another major CKI family, INK4 on 

the other hand preferably targets against Cdk4 and 6 monomers, disrupting their 

associations with Cyclin D, and as a result cell cycle progression is arrested (Fig 1).  

 

Fig 1: A simplified diagram of the cell cycle and its key players. 
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Although, as discussed, cdk activity relies on cyclin binding and mainly regulates cell 

cycle progression of proliferating cells. There is however, cdk member that is distinctive 

to other cdks because it has its own set of binding partners and functions beyond dividing 

cells in post-mitotic condition. This unique cdk family member is called Cdk5. 

 

1.2 Cdk5 

 

1.2.1 Cdk5 discovery and functions 

 

Cdk5, also known as neuronal Cdc2-Like Kinase (NCLK), is a small 33kDa proline-

directed serine and threonine protein kinase belonging to the cdk family based on 

structural similarities with Cdk1 and Cdk2. Discovered nearly two decades ago, Cdk5 

was found to exhibit unique properties that were unlike any other cdk members12,13. One 

of the distinctive features that differentiate Cdk5 from other cdks is that Wee1 and Myt1 

kinase inhibitory phosphorylations of Thr14 and Tyr15 residues respectively have no 

effect on the activities of Cdk5. Instead phosphorylated Tyr15 residue in Cdk5 increases 

its enzymatic activity, and it has been shown that this phosphorylation site is targeted by 

c-Abl, an adaptor protein of Cables and Fyn14,15. Interestingly, although phosphorylations 

of Cdk5 produces different functional outcome than other cdks, phosphorylation sites 

such as Thr14 and Tyr15 residues remained as conserved sequences among the cdk 

family. 
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While most cdks are activated by cyclins, Cdk5 activation is distinctively through the 

binding to p3516 and p3917, which share approximately 57% homology. In addition to 

being activators for Cdk5, p35 and p39 also regulate its subcellular distribution. The 

amino-terminal myristoylation motif within p35 and p39 allows both activators to 

associate with the plasma membrane as well as cytoskeleton, thus sequestering Cdk5 at 

different subcellular locations. Active Cdk5/p35 and Cdk5/p39 complexes can 

phosphorylate a wide range of protein substrates, and induce various cellular 

functions18,19 that are uncommon to other cdks. For example, Thr286 residue of MEK1, 

an upstream kinase of ERK in the mitogen-activated protein kinase (MAPK) signaling 

pathway can be phosphorylated by Cdk520,21. The MAPK pathway is responsible for 

multiple cellular functions such as cell differentiation, proliferation, survival and 

apoptosis. ERK activity upregulates the gene expression of p35 through activating its 

responsible transcription factor Egr122. Cdk5/p35 phosphorylation of MEK1 at Thr286 

acts like a molecular switch, which “switches off” the activity of MEK1, thereby 

controlling the duration of ERK activity, a negative feedback mechanism of the MAPK 

pathway.  

 

Active Cdk5 possesses both pro-survival and death-inducing functions. The absence of 

Cdk5 activity during embryogenesis causes a detrimental outcome, as evident in mice 

lacking the cdk5 gene that exhibit pre- or perinatal mortality23,24. The major cause of 

death of cdk5-/- embryos in utero was due to severe neurological defect, especially the 

brain25, suggesting the importance of Cdk5 regulation during early central nervous 

system development. Cell survival function of Cdk5 extends beyond embryogenesis. For 
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instance, Cdk5 protects neuronal cells from apoptosis when exposed to stress stimuli. 

Several pathways were proposed, including the PI3K/Akt pathway, ERK modulation of 

the pro-survival Bcl-2 and STAT3 phosphorylation and transcriptional activation26. On 

the other hand, hyperactivation of Cdk5 can also pose harmful effects to cells. Cdk5 

hyperactivation occurs when there is abnormal production of p25, a cleavage product of 

p35 by a calcium-dependent proteolytic enzyme Calpain27,28. Unlike p35 where it is 

mostly located in the cell periphery, p25 moves freely in the cytosol to nuclear and 

perinuclear regions18, giving it more accessibility to Cdk5 monomers. Over production of 

Cdk5/p25 complex caused by ER stress in the nucleus of post-mitotic neurons could lead 

to a detrimental outcome such as triggering the apoptotic pathway29-31. Another negative 

effect in which hyperactivation of Cdk5 has on cells is the alteration of cytoskeleton 

remodeling, which may destroy its structural integrity32.  

 

One of the many functions of Cdk5 is its ability to influence the dynamicity of 

microtubules and microfilaments33. There are several microtubule related proteins that 

are Cdk5 substrates. Tau, a microtubule stabilizing protein that is abundant in the brain, is 

phosphorylated by Cdk5. Hyperphosphorylation of Tau by Cdk5 causes a deconstruction 

of microtubule organization, leading to the formation of amyloid aggregates and 

neurofibrillary tangles, and as a result leading to neuronal cell death34,35. In fact, brains of 

patients with Alzheimer’s disease often display abnormally elevated levels of Cdk5 

activity and expression of p2536. Evidently, the balance of Cdk5 activity and the timing 

when it is activated directly relates to the overall survival outcome of neuronal cells. 

Hence, the importance of Cdk5 regulation and function in neurons is extensively studied.  
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1.2.2 Neuronal roles of Cdk5 

 

Cdk5’s involvement in neuronal differentiation is another unique feature by which Cdk5 

is considered an atypical member in the cdk family. In developing neurons, Cdk5/p35 has 

been shown to be important for modulating the direction of growing axons and 

organizing its cytoskeleton framework37. During axonal regeneration, Cdk5 is recruited to 

the growth cones of projecting axons and phosphorylates a number of microtubule-

associated proteins (MAPs), such as MAP1B, to stabilize the elongation process. To 

further emphasize the impact of Cdk5 activity on microtubule dynamics, Cdk5 also plays 

a critical role in neuronal migration33,37,38. Studies revealed mouse embryos depleted of 

Cdk5 showed defective cortical lamination (layering) in the neocortex, cerebellum and 

hippocampus38. This was believed to be due to the lack of direct Cdk5 phosphorylation of 

Nudel, FAK, and DCX, all of which were important for microtubule arrangement and 

believed to be responsible for migrating “newborn” neurons from the outermost layer to 

the granule cell layer. 

 

In mature neurons, Cdk5 is involved in synaptic plasticity (memory and learning)39 and 

the regulation of neurotransmission40. It seems that the modulation of Cdk5 activity is 

directly associated with learning abilities as implicated in transgenic in vivo model where 

hippocampus-dependent spatial learning was found to be significantly impaired in p35-/- 

mice41. Memory gain is a result of long term synaptic transmission between two neurons, 

termed long term potentiation (LTP), which highly depends upon the dynamics of 

dendritic spines. The exact molecular mechanism by which Cdk5 is involved in LTP39,42 
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is unclear but several findings suggest it may have been related to dendritic spine 

morphogenesis, possibly through modulation of the RhoA signaling pathway, which is 

responsible for altering dendritic spine morphology. When EphA tyrosine kinase receptor 

is activated by the ligand Ephrin, it recruits Cdk5/p35 to its receptor site and further 

enhances Cdk5/p35 activity via Cdk5 Tyr15 phosphorylation. Cdk5/p35 subsequently 

regulates RhoA activity through phosphorylating Ephexin1, a Rho-guanine nucleotide 

exchange factor, mediated by the EphA/Ephrin activation43,44.  

 

In addition to helping shape neurons, Cdk5 also plays a pivotal role in regulating 

neurotransmitter release at the presynaptic terminal of neurons. Reports have suggested 

that the presence of Cdk5 hinders presynaptic potentiation function, and that inhibition of 

Cdk5 facilitates neurotransmitter release. Plausible mechanisms were proposed to explain 

this. Cdk5 suppresses Ca2+ influx by interfering the interaction of pro-neurotransmitter 

release factors with P/Q type Ca2+ channels40. The exchange of intracellular Ca2+ through 

Ca2+ gated channels directly links to endocytosis process. Evidence also revealed that 

Cdk5 could phosphorylate the α1A subunit of P/Q type Ca2+ channel, as a result blocking 

its interaction with SNAP-25 and Synaptotagmin I, which are important for inducing 

neurotransmitters release40. Furthermore, when Cdk5 activity is depleted by siRNA or 

pharmacological treatment, the inhibition of synapse terminals was relieved. 

Endogenously, this can be accomplished by balancing the activities of Cdk5 and its 

counteracting proline-directed Ser/Thr phosphatase Calcineurin (CN) at the nerve 

terminal, where increasing CN activity will result in accumulating larger pools of vesicles 

readily for release and recycle during neurotransmission45. 
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1.2.3 Non-neuronal roles of Cdk5 

 

Cdk5’s multi-cellular functions extend beyond neurons. Substantial evidence shows Cdk5 

activity is not restricted in the nervous system, but also in different types of tissues. 

Depending on the physiological properties of each cell type, Cdk5 may exert different 

effects on its cellular activities. It appears that, as in neuronal cells, Cdk5 can alter 

microtubule and actin filament remodeling of non-neuronal cells, either through direct or 

indirect contribution46. One of the earliest implications of non-neuronal function of Cdk5 

is myogenesis demonstrated in C2 myoblast cells47. Such involvement includes multiple 

signaling pathways and their crosstalk, which tightly regulate Cdk5 activity. For instance, 

the PI3K-p70S6K pathway is activated during myoblast differentiation, and upregulates 

the expression of p35 by increasing Egr1 transcription factor. This signaling mechanism 

is simultaneously linked to Akt activation, while Cdk5/p35 stabilizes Nestin, an 

intermediate filament protein that modulates the pace of myoblast differentiation48. 

Nestin in turn also balances the level of Cdk5 activity. High level of Nestin was found to 

reduce Cdk5 activity, which could halt the myogenesis process. In addition, protein 

kinase C zeta (PKCζ) activates Calpain cleavage of p35 into p25, a more potent activator 

form for Cdk5, during early myoblast differentiation to increase Cdk5 activity. 

 

The testis is another organ beyond the brain that expresses high levels of p35, implicating 

the potential significance of Cdk5 activity in this tissue. Evidently, spermatogenesis in 

the testis is a process in which Cdk5 was found to play a role. It was observed in sertoli 

cells and meiotic metaphase germ cells that Cdk5 could modulate cell functions and 
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development through interacting with microtubules and microfilaments. Although the 

exact molecular mechanism is unclear, it is appreciated that Cdk5 activation is not 

exclusive to post-mitotic cells. In regards to Cdk5 activity in the testis, our laboratory 

have also showed that Cdk5 activity may control the assembly and disassembly of sperm 

tails through a timely outer dense fibre 1 (ODF1) substrate phosphorylation49. The 

dynamicity of the sperm tail is dependent upon the proximal to distal assembly of ODF1 

along the length of the tail axonome. An elevation of Cdk5 activity hence coincides with 

sperm tail elongation in spermatids. In p35-/- mice, ODF1 Ser193 phosphorylation is 

noticeably reduced. This phosphorylation residue was suggested to enhance ODF1 

association with E3 ubiquitin ligase family of interacting proteins. It was therefore 

speculated that Cdk5 activity controls the assembly and disassembly of sperm tails 

through ODF1 phosphorylation. 

 

1.2.4 Role of Cdk5 in cancer 

 

The pathological consequences related to Cdk5 mutation have been investigated 

extensively since the discovery of this protein kinase. Various studies that focus on 

cancer biology have reported the connection between Cdk5 and disease progression, 

which includes cancer cell proliferation control, cell death pathways, and 

chemosensitivity50. In cervical carcinoma, Cdk5 has been shown to interact with and 

phosphorylates ectopically expressed p53 tumor suppressor protein under non-genotoxic 

condition. When p53 was overexpressed in HPV positive cancer cells lacking the p53 

gene, neither cell cycle arrest nor apoptosis occurred. However, when Cdk5 
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phosphorylated Ser20 and Ser46 residues on p53, it activated p53 binding to promoter 

regions of p21 and Bax, upregulating the expression of these proteins to initiate cell cycle 

arrest and pro-death signals51.  

 

In conditions where neuronal cells were exposed to genotoxic stress such as irradiation 

and DNA damaging agents, Cdk5 had been shown to phosphorylate Ser794 residue on 

ATM, and induce ATM-dependent DNA damage response52. The Cdk5-ATM partnership 

was important for attenuating DNA damage-induced cell cycle re-entry, and to upregulate 

cell cycle suppressors, DNA repair machinery, and cell death regulators. Although in 

other study using colorectal cancer cells, Cdk5 was instead found associated with STAT3 

and phosphorylate its Ser727 residue53 to trigger transcriptional activation of DNA repair 

genes, such as Eme153, an endonuclease involved in DNA repair. 

 

In breast cancer cells, Cdk5 plays a role regulating their proliferation. As reported by 

Upadhyay et al54, a dramatic reduction in cell number of both MCF-7 and MDA MB231 

breast cancer cell lines were observed after treatment with Cdk inhibitor Roscovitine and 

Cdk5-specific inhibitor Cdk2/5. In addition, when MCF-7 cells were treated with 

Carboplatin, hyperactivation of Cdk5 occurred in response to robust ERK activation, as a 

result triggering pro-death signaling pathway. Similarly, this observation was found in 

prostate cancer cells study, where over activation of Cdk5 in response to drug treatment 

caused detrimental effects to their survival. Further investigation reveals Cdk5 also has 

the ability to regulate the stability of androgen receptors (AR) in prostate cancer cells. 
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The interaction between Cdk5 and AR enhances prostate cancer growth and significantly 

increases its proliferation55.  

 

Cdk5’s impact on the possible pharmacological outcome to cancer cells after drug 

treatment can be seen in studies with poly (ADP-ribose) polymerase (PARP) inhibitor, 

which blocks PARP’s early sensing of single strand DNA (ssDNA) breaks. Several lines 

of cancers are dependent upon PARP for survival, hence making PARP a favorable target 

for cancer treatment. Specifically, PARP inhibitor is coupled with other cancer therapy or 

drugs to induce synthetic lethality in cancer cells. Turner and colleagues’56 investigation 

identified Cdk5 as a determinant of PARP inhibitor sensitivity, where the depletion of 

Cdk5 increases the killings of cancer cells due to PARP inhibition. Similar result was 

obtained by Bolin et al.57 However further in their study, they found that Cdk5-depleted 

cells were able to religate ssDNA breaks despite of level differences of PARP sensor 

recruitment at the ssDNA break sites. This suggests Cdk5 might not directly affect 

PARP’s function to facilitate PARP inhibitor killing, but perhaps work via an alternative 

pathway, which has to do with processing DNA damage response.  

 

Further emphasis of Cdk5’s role in drug sensitivity can be seen in a study with multiple 

myeloma (MM) cells. The presence of Cdk5 protects MM cells from the killing effect of 

the proteasome inhibitor Bortezomib, possibly by modulating the expression of one of the 

proteosome subunit PSMB5. The omission of Cdk5 in MM cells reverses the response of 

MM cells to Bortezomib, increases its sensitivity to the drug treatment58. Collectively, all 

of these findings conclude that Cdk5 can impose both positive and negative outcomes on 
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the progression of cancer, and modulates a wide range of cellular functions that promote 

both cell survival and death.  

 

1.2.5 Current interest of Cdk5 and its potential role in cell cycle 

 

Cdk5 can be described as a “double edge sword”, where its spatial and temporal 

localizations may vary the final outcome of cell survival and death50. Many Cdk5-

associated studies primarily focused on its role in neural development, and considered it 

only important in post-mitotic condition. Often the role of Cdk5 in proliferating cells and 

whether it plays a role in cell cycle regulation remain unclear and is disregarded. 

However, there are now some clues and substantial evidence that suggest differently. 

Several recent reports have addressed the potential role of Cdk5 in cell cycle regulation, 

mainly in neuronal cells. For example, Zhang et al29 have shown that neurons could 

dedifferentiate, triggering cell cycle reentry from its quiescent state if exposed to stress 

stimuli, and it seems that Cdk5 degradation is one of the requirements leading to this 

process. Further investigation by the same group revealed that Cdk5 degradation was 

possibly due to a translocation of Cdk5 from the nucleus to the cytoplasm29,59,60. In the 

cytoplasm, Cdk5 is ubiquitinated by E3 ligase APC-Cdh1, a tag for proteolytic 

degradation. Degradation of Cdk5 leads to differentiated neurons re-entering cell cycle 

progression, an unfavorable outcome that ultimately triggers apoptosis61. The 

sequestration of Cdk5 in the nucleus prevented cell cycle re-entry, occurred through the 

interaction with cell cycle suppressor p2729,59. Although the exact mechanism is not well 

understood, current evidence suggests p27 is a substrate for Cdk5 phosphorylation. 
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Specifically, Cdk5 phosphorylates Thr187 and Ser10 of p27, securing the protein in the 

nucleus, thus help to maintain neurons in a state of cell cycle arrest. This type of 

interaction of Cdk5 with a cell cycle regulating partner is one of the first line of evidence 

suggesting a possible cell cycle inhibitory function of Cdk5. 

 

Evidence from another study demonstrated that Cdk5 might interact with E2F 

transcription factor. Cdk5-E2F binding interferes with E2F from forming a heterodimer 

complex with DP1, which is required for stabilizing E2F and DNA binding59. This 

indicates that Cdk5 may inhibit neurons from entering cell cycle by sequestering E2F, 

hence keeping them at G0 quiescent phase.  

 

Recently, our laboratory has mapped both Cdk5 and its activator p35 in centrosomes of 

HeLa cells62. Because centrosomes are cellular organelles located in the microtubule-

organizing centre (MTOC) and play key functions during different phases of the cell 

cycle, therefore the presence of both Cdk5 and its activator proteins in proliferating cells 

may indicate a purpose for cell cycle regulation that remains to be elucidated. 

Collectively along with reports that indicate Cdk5 as a potential candidate for cell cycle 

checkpoint regulation56, DNA damage repair52, and genomic instability63, there is now 

substantial evidence that implicate Cdk5 in additional and novel functions, specifically in 

the cell cycle of non-neuronal cells. Still, how Cdk5 affects cell proliferation, and its 

exact function in monitoring, perhaps as an inhibitor of cell cycle progression, is still 

largely unknown and further investigations are needed. 

 



17	
  

In the present study, I investigated the possible role of Cdk5 in cell cycle progression 

outside the neuronal system. The consequence of losing Cdk5 in proliferating cells was 

explored in both in vitro and in vivo methods. In addition, the specific phase of the cell 

cycle that may be controlled by Cdk5 was analyzed. Our result revealed that cell 

proliferation was greatly enhanced in the absence of Cdk5 in Retinal Pigmented 

Epithelial cell line as well as primary Mouse Embryonic Fibroblast (MEF) cells. 

Increased mitotic cell population due to the depletion of Cdk5 was evident in Cdk5-/- 

mouse embryos, where they also displayed larger body size and mass. Interestingly, the 

abnormal proliferation rate found in Cdk5-/- cells could be restored to normal by 

introducing Cdk5 protein into these cells.  Further investigation via cell synchronization 

techniques and flow cytometry analysis revealed that Cdk5-/- cells progressed through cell 

cycle faster than wt cells, and our data indicated a potential mechanism involving G1 and 

G1/S regulation. These findings challenge the notion that Cdk5 does play an important 

role in non-neuronal cell cycle and contradict the current theory that it primarily 

functions in neuronal system. Our study sheds novel information about Cdk5 that leads to 

better understanding the basis behind cell cycle, and gives insight for future studies to 

derive therapeutic strategies that requires manipulating progression of cancer cells. 
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2. HYPOTHESIS 

 

My hypothesis is that Cdk5, like other cdk members, plays a role in cell proliferation, 

specifically serving as an inhibitor of cell cycle progression. 

 

3. OBJECTIVES 

 

The objective of my study is to investigate the potential role of Cdk5 in regulating the 

cell cycle. 

 

My specific aims are: 

1. To investigate how Cdk5 affects cell proliferation. 

2. To investigate the specific phase(s) of the cell cycle inhibited by Cdk5. 

3. To elucidate the molecular mechanisms by which Cdk5 may inhibit the cell cycle. 
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Chapter 2: Materials and Methods 
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2.1 Cell culturing 

 

RPE cells were cultured in Dulbecco's Modified Eagle Medium/ Nutrient Mixture F-12 

(DMEM/ F12), containing 10% Fetal Bovine Serum (FBS) and 100 U/ml Penicillin 

Streptomycin (PS). RPE cells were maintained in 5% CO2, 21% O2, 37oC cell culture 

incubator.  

 

For primary MEF cells, cells were maintained at optimal culturing condition as described 

by the standard protocol in the literature64, where O2 was reduced to 3% to minimize 

oxidative stress to cells, protecting it from early senescence. Cells were cultured in 

DMEM medium containing 10% FBS and 100 U/ml PS. 

 

2.2 Western blot analysis 

 

For all western blot experiments, 40 – 80µg of proteins were separated by SDS-PAGE, 

and subsequently transferred on to nitrocellulose membrane (100V, 60 min). Transferred 

membrane was first preceded with blocking step with 5% skim milk for 30 min, then 

incubated with 1:1000 diluted primary antibodies (anti-Cdk5, anti-GST, anti-Cyclin D1, 

anti-Cyclin A, anti-Cyclin B1, anti-Cdk4, anti-p21, anti-Actin (Santa Cruz 

Biotechnology); anti-p27 (Invitrogen); anti-phospho-Chk1 S345, anti-Chk1, anti-

phospho-Rb S807/811, anti-phospho-p53 S15 (Cell Signaling Technology); anti-γH2AX, 

anti-phospho-Histone H3 (Millipore)) overnight on shaker at 4 oC. Membrane was 

washed four times with TBS-T followed by incubation with 1:2500 dilution of secondary 
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antibody conjugated with HRP for 50 min. Membrane was washed again four times with 

TBS-T before adding ECL substrate reagent (GE Healthcare). Protein bands were visible 

on developed X-ray films (GE Healthcare) that were exposed to the reported 

chemiluminescent signals. 

 

2.3 siRNA transfection  

 

For siRNA transfection, RPE cells were seeded to 60% confluence in 35 mm dishes 

before transfection. 20 nM of mock- or cdk5-siRNAs were transfected into RPE cells by 

siLentFect Lipid (Bio-Rad Laboratories). Cdk5-siRNAs were conjugated at the 5’ with 

HEX Dye Phosphoramidite, and was used to determine under florescent microscope 

(Olympus IX71) the presence of dye (535 nm absorption; 556 nm emission) in cell 

cytoplasm to confirm positive transfection. Cdk5 depletion by siRNA was assessed by 

Western blot analysis where samples were collected by adding lysis buffer on days 1, 3 

and 6 post-transfection. 

 

2.4 Mouse embryos isolation and genotyping 

 

Cdk5-/- embryos and its wt littermates were produced from intercrossing cdk5+/- mice, 

which were obtained from the Jackson Laboratory. Breeding mice were maintained at the 

University of Calgary Animal Facility. At E13.5, pregnant mice were taken out and 

sacrificed by surgical dislocation. The embryos were washed with PBS, weighed, and 
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photographed. Small pieces of limbs from each embryo were cut to isolate genomic DNA 

and protein samples for genotyping purpose. 

 

2.5 Whole mouse embryo cryosection 

 

The embryos were then placed in OmniSette tissue cassettes embedded in Optimum 

Cutting Temperature (O.C.T.) compound (Fisher Scientific). The tissue cassettes were 

submerged in pre-cooled by dry ice 2-methyl butane for 3 min., and frozen samples were 

kept in -80 oC. For tissue sections, frozen whole embryos were cut at sagittal plane using 

a cryostat under -20 oC temperature condition. Sagittal sections were 10mm in thickness 

and were fixed on glass slides (VWR Scientific). 

 

2.6 Primary MEF cells harvestation 

 

E13.5 mouse embryos and its wt littermates were obtained from cdk5+/- pregnant mouse 

as indicated above. Embryos were cut into small pieces and digested with Trypsin-EDTA 

(Invitrogen) at 37oC agitator for 30 min. Incubation time was extended if required. 

Digested tissues were added with fresh DMEM media, centrifuged at x1000 RPM for 5 

min. MEF cell pellets were resuspended and washed two more times with fresh DMEM 

media, and platted into 100 mm tissue culture dishes containing DMEM growth media 

(10% FBS, 100U/ml PS). The following day, leftover undigested tissues were removed 

sterilely with forceps.  
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2.7 Proliferation assay 

 

For RPE cells proliferation assay, same number (1.0 x 105) of cdk5-depleted (after 24 hrs 

post-transfection) and control RPE cells were seeded into 35 mm tissue culture dishes. 

Growing cells were collected on days 1, 3 and 6 via trypsinization (Trypsin EDTA). 

Subsequently, trypan blue exclusion assay was performed to recount the total number of 

cells. All cell counting procedure was performed using a Hemocytometer under the light 

microscope (Olympus CK40). 

 

To compare proliferation rates of cdk5-/- and wt MEF cells, early passages were used. 7 x 

104 cdk5-/- and wt MEF cells were seeded into 60 mm dishes. On days 1, 3 and 5 cells 

were trypsinized for recounting. The total number of cells was determined by trypan blue 

exclusion assay, counted by using the Hemocytometer under a light microscope 

(Olympus CK40). 

 

2.8 Delivery of GST-Cdk5 into Cdk5-/- cells 

 

GST-Cdk5 fusion proteins were generated in our laboratory as previously described65. 

Early passages of cdk5-/- MEF cells were introduced with either GST-Cdk5 or GST using 

the BioPORTER (Genlantis) reagent. Protein delivery procedure was carried out 

according to the product instruction manual. The presence of GST-Cdk5 and GST in 

cdk5-/- MEF cells was confirmed by Western blot analysis using Cdk5 and GST specific 

antibodies.  
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2.9 Cell synchronization 

 

Primary MEF cells synchronization at G1 and S phases of the cell cycle were achieved by 

the following: For G1 synchronization, MEF cells were grown to 100% confluence to 

induce cell contact growth inhibition. Adhered cells were trypsinized and replate to new 

tissue culture dishes at 50% confluence. For S-phase synchronization, growth contact 

inhibited MEF cells were seeded into DMEM growth media (100% FBS, 100U/ml PS) 

containing 10 µM HU for 24 hrs. To release cells from S-phase, HU treatment was 

removed and washed with PBS three times, then replaced with fresh DMEM growth 

medium.  

 

2.10 Cell cycle flow cytometry analysis 

 

MEF cells that were released from synchronization (as described above) were trypsinized 

at specific time points. For G1 synchronization, released MEF cells were collected at 8, 

19, 27, 33, 41 and 51 hrs. For HU-induced S synchronization, MEF cells were collected 

at 1 and 5 hrs, while Nocodazole-induced G2/M synchronized MEF cells were collected 

every hr up to 4 hrs after growth medium release. Cells were fixed with ice cold 70% 

ethanol and its DNA were subsequently stained with 50 mg/ml Propidium Iodide (PI) 

solution which contained 200 mg/ml RNAse1 and 0.1% Triton X-100 for 30 min at room 

temperature. Samples were submitted to the flow cytometry facility at the University of 

Calgary for flow cytometry analysis. 
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2.11 Ionizing radiation and protein collection 

 

Confluent cdk5-/- and wt MEF cells were trypsinized and reseeded to approximately 60% 

confluence in 60 mm tissue culture dishes. Cells were then exposed to 4 Gy of ionizing 

radiation to induce double strand DNA break damage and placed back into tissue culture 

incubator (37oC, 5% CO2, 3% O2) to allow recovery. Protein samples from ionized 

radiated MEF cells were collected with lysis buffer  [20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophophate, 

1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin,  1 mM PMSF] at 1, 2, 5 

and 24 hrs. Cell lysates were centrifuged at x14,000 RPM for 15 min at 4oC. Supernatent 

was removed and pellet was resuspended with 100 µl of 1% SDS. The pellet samples 

were then placed water bath sonicator (Branson 1510) for 15 min. After sonication, 

samples were completely dissolved by boiling at 100 oC for 10 min.  

 

2.12 Kinase assay and autoradiogram 

 

HsH1 kinase activity of the reconstituted enzymes was measured by incubating the 

reaction mixture, which contained 20 mM MOPS, pH 7.4, 30 mM MgCl2, 100 µM ATP 

[γ-32P] (1000 cpm/pmol), and 100 µM HsH1 peptide P9KTPKKAKKL18, at 30°C for 20 

min. [γ-32P]phosphate incorporation into the substrate peptide was quantitated by liquid 

scintillation using a Beckman LKB 1215 scintillation counter. RB phosphorylating 

activity was determined using the expressed p70N-RB peptides (0.1 µg/µl) as substrates 
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under the same conditions. Samples were analyzed by SDS-PAGE followed by 

autoradiography. 

 

2.13 Immunocytochemistry 

 

MEF cells on cover slips were fixed with 3.7% paraformaldehyde for 15 min and then 

rinsed three times with PBS. Prior to adding primary antibody, fixed cells were first 

permeabilized by adding 0.2% Triton X-100 diluted in PBS, and were washed again three 

times with PBS. 100 ml of primary antibody at 1:150 diluted in 2% BSA was added to 

fixed and permeabilized cells and incubated for 1 hr at room temperature. Fluorescently-

conjugated secondary antibody (anti-Rabbit IgG Alexa Fluor 488) (Molecular Probes) 

was diluted at 1:200 in 2% BSA, and subsequently added to cover slips for 20 min at 

room temperature, after primary antibody was removed with rinsed with three times with 

PBS. Subsequently cover slips were covered with 2 ml of 0.1 mg/ml of 4’, 6-diamidino-

2-phenylindole (DAPI) for 10 min under room temperature, washed three more times 

with PBS, then mounted on glass slides using 10 ml of Mountant PermaFluor (Thermo 

Scientific). As background control, cover slips without primary antibody incubation was 

used. All procedures were performed in the dark. Immunoflorescence was detected by 

using Olympus IX71 microscope and images were taken using the ImagePro Express 

program. 

 

2.14 Immunohistochemistry 
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Fixed tissue sections on glass slides were first incubated in peroxidase block (Dako) to 

block endogenous peroxidase activity. Avidin and biotin were subsequently blocked by 

using the Avidin/Biotin blocking kit (Zymed). To eliminate non-specific binding of 

primary antibody, serum free protein block was performed (Dako) on tissues. 1:100 

dilution of Ki67 antibody (Abcam ab92353) was added to the samples and incubated for 

2 hrs. Diluted secondary antibody directly against primary Ki67 (Jackson Immuno) was 

added for 40 min. Each step was rinsed with TBST for 2 min in between. To visualize 

Ki67 positive cells, 100 ml of Vectastain® ABC Reagent was first added for 30 min. 

Subsequently equal volume of DAB (prepared from kit reagents by Zymed) was added 

for 5 min. Tissue sections were analyzed and photographs were taken using a light 

microscope. 

 

2.15 Statistical Analysis 

 

Data was analyzed by Student’s T test (two tailed). p < 0.05 was taken as statistically 

significant. 
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Chapter 3: Results 
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3.1 Cdk5 modulates cell proliferation. 

 

Previously in our laboratory, we noted that Cdk5 localizes around the area of the sperm-

connecting piece, pointing to the possibility that it associates with the basal body, a 

structure that recapitulates the structure and function of the centrosome. Indeed, we have 

recently shown evidence that Cdk5 and p35 exist in centrosomes all through the cell 

cycle. Cdk5 and p35 also remained associated with centrosomes isolated from 

nocodazole-treated cells, specifically localizing in the pericentriolar material of the 

centrosome, indicating that their association with centrosomes is independent of 

microtubules, and that they are integral centrosome components. Together, these findings 

suggest a role for Cdk5 in the cell cycle. Indeed, it has been shown that Cdk5 serves to 

suppress the neuronal cell cycle, particularly in G1/S. There is increasing evidence that 

shows Cdk5 plays a role beyond the brain tissue. Cdk5 activity can be detected in non-

neuronal proliferating cells, but the role of Cdk5 regulating their cell cycle progression 

remains to be investigated. First, I asked whether the loss of Cdk5 would affect cell 

proliferation. To address this question, I depleted Cdk5 in RPE cells using Cdk5 specific 

siRNA. RPE cells were previously shown in our laboratory to exhibit Cdk5 expression 

and activity (Fig. 2). The Cdk5 siRNA was conjugated at the 5’ with HEX Dye 

Phosphoramidite, which was used to visualize siRNA’s localization. After 24 hrs of 

transfection, nearly all of the RPE cells incorporated HEX Dye, observed under a 

florescent microscope (Fig. 3A). To validate that Cdk5 siRNA was able to deplete Cdk5 

expression in RPE cells, samples (40 µg of protein cell lysates) were collected on day 1, 

3 and 6 post-transfection for western blot analysis. There was almost a complete 
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knockdown of Cdk5 in RPE cells 3 days after Cdk5 siRNA treatment, and this status was 

maintained on day 6, while no effect was observed with RPE cells treated with mock-

siRNA (Fig. 3B). After confirming Cdk5 depletion, 1.0 x 105 of both Cdk5-depleted and 

control RPE cells were seeded into 35 mm dishes for comparing their proliferation rates 

over 6 days period. It was found that in the absence of Cdk5 expression, the number of 

RPE cells increased significantly (Fig. 3C), indicating an increase in cell proliferation 

rate.  

 

To eliminate the possibility of siRNA off-target effect in our proliferation assay, I sought 

to recapitulate the result using a genetic approach. Since Cdk5-/- mice exhibit pre- and 

perinatal mortality, we required utilizing mouse embryos generated by crossing cdk5+/- 

mice for subsequent studies. Paired E13.5 WT and Cdk5-/- mouse embryos were isolated, 

and their genotypes were confirmed by western blot analysis (Fig 4A). We harvested 

primary MEF cells from these mouse embryos, which were cultured in hypoxic (3% O2) 

condition as suggested in the literature64. An equal number of WT and Cdk5-/- MEF cells 

(1.0 x103) were seeded in 35 mm dishes, and were recounted on days 1, 3 and 6. 

Supporting our RPE cell proliferation assay data, Cdk5-/- MEF cells displayed a 

significantly faster proliferation rate compared to WT cells (Fig 4B). Based on the both 

results from the RPE cell line and primary MEF cells, we determined that the loss of 

Cdk5 enhances cell proliferation. 
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Fig. 2: RPE cells exhibit Cdk5 activity. 

 

(A) RPE cell lysates were incubated with anti-Cdk5-agarose beads and anti-IgG-agarose 

beads for IP. Subsequently, Cdk5 kinase assay was performed. IP’d samples were added 

to substrate HsH1 with ATP [γ-32P]. For another negative control, Cdk5 inhibitor 

Roscovitine (Ros) was used. The amount of phospho-HsH1 was measured using 

scintillation counter. (B) Confirmation of Cdk5 in Cdk5-IP samples using western blot 

analysis. 
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Fig. 3: Depletion of Cdk5 increases RPE cell proliferation. 

 

(A) Images of RPE cells transfected with Cdk5-siRNAs (a, b and c) and control-siRNAs 

(d, e and f). Cdk5 siRNA is 5’ linked with HEX Dye Phosphoramidite. Panel b shows the 

detection of HEX in cell cytoplasm, which indicates successful incorporation of Cdk5 

siRNAs into RPE cells. Bar = 50 µm. (B) Equal number of cells were seeded for siRNA 

transfection procedure. siRNA-transfected RPE cells were harvested on day 1, 3 and 6 

and cells were lysed with lysis buffer. Whole cell lysate samples were tested for the 

depletion of Cdk5 expression using western blog analysis. Actin was used for protein 

loading control for each corresponding day. (C) The rates of cell proliferation of Cdk5-

depleted and control RPE cells were compared (n = 3).  
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Fig. 4: Loss of Cdk5 enhances MEF cell proliferation. 

 

E13.5 mouse embryos generated by intercrossing cdk5+/- breeding pairs were isolated. 

MEF cells were harvested by trypsinization method and cells were maintained according 

to the 3T3 protocol. Early passages of MEF cells were used for the study. (A) The 

absence of Cdk5 expression in Cdk5-/- MEF cells was confirmed by Western blot 

analysis. Actin was used as loading control. (E) Proliferation rates comparison between 

Cdk5-/- and WT MEF cells spanning a 6-day period (n = 3). 
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3.2 Introduction of Cdk5 converts Cdk5-/- cells to normal phenotype. 

 

My next question was whether the faster than normal cell proliferation rate seen in the 

Cdk5-absent condition could be rescued by introducing exogenous Cdk5 proteins. By 

utilizing the BioPORTER reagent, GST-tagged Cdk5 recombinant protein (GST-Cdk5), 

which was previously generated in our laboratory, was delivered into Cdk5-/- MEF cells. 

The BioPORTER reagent lipid can capture the protein of interest and transport it into 

living cells without altering its structure and function. In addition to GST-Cdk5 fusion 

proteins, for controls GST-alone peptides transfected into Cdk5-/- MEF cells and 

untreated Cdk5-/- and WT MEF cells were also used. By western blot analysis detecting 

against Cdk5 and GST, the presence of GST-Cdk5 in Cdk5-/- MEF cells was confirmed 

(Fig. 5A). To test whether the introduction of exogenous Cdk5 would decrease the 

growth of Cdk5-/- MEF cells, the same number (7.0 x 104) of GST-Cdk5 or GST-alone 

Cdk5-/- MEF cells along with untreated WT and Cdk5-/- MEF cells were seeded into 35 

mm dishes. Because primary MEF cells tend to have a longer doubling time as reported 

in different studies66,67, the total number of cells were recounted after 72 hrs using trypan 

blue exclusion assay. The data showed that compared to untreated Cdk5-/- MEF cells, 

Cdk5-/- MEF cells treated with exogenous GST-Cdk5 resulted in significantly reduced 

cell number. GST-alone did not have an effect on the fast growing Cdk5-/- MEF cells 

(Fig. 5B). This suggested that an enhanced cell proliferation phenotype found in our 

Cdk5-/- MEF cells could be converted to normal by introducing exogenous Cdk5 into 

them. 
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Fig. 5: Introduction of GST-Cdk5 into Cdk5-/- MEF cells slows their growth 

 

Either GST-Cdk5 recombinant protein and GST-alone was delivered into Cdk5-/- MEF 

cells using BioPORTER reagent. (A) Western blot analysis of cell lysates (30 µg) 

showing successful incorporation of GST-Cdk5 and GST-alone into Cdk5-/- MEF cells. 

Cdk5 and GST specific antibodies were used. (B) Equal number of cells for each of the 

condition: WT (lane 1), Cdk5-/- + GST (lane 2), Cdk5-/- + GST-Cdk5 (lane 3) and Cdk5-/-

(lane 4) were seeded.  3 days after BioPORTER treatment total number of cells were 

counted using trypan blue exclusion assay (n = 3). Statistical	
  analysis	
  was	
  performed	
  

by	
  Student’s	
  T	
  test	
  (two	
  tailed).	
  	
  *	
  is	
  considered	
  significant	
  where	
  p-­‐value	
  	
  is	
  <	
  0.05.	
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3.3 Cdk5-/- mouse embryos display larger body size and greater weight compared to 

control embryos. 

 

The presence of Cdk5 activity is crucial in embryonic development as cell proliferation 

and differentiation are regulated in a coordinated manner68. Any adverse changes in Cdk 

member functions during this period can alter total cell number and size of embryos69. 

Because my data showed that depletion of Cdk5 causes faster proliferation rate and as a 

result more total number of cells, therefore I sought to examine whether Cdk5-/- embryos’ 

size and weight would also be different compared to their littermates. Moreover, previous 

report by Qiu et al70 on p27 cell cycle suppressor study using mice genetic model had 

correlated larger organ size with high cell proliferation rate. Hence based on these 

findings I predicted that Cdk5-/- embryos would exhibit larger size compared to normal. 

For the experiment, I isolated embryos from Cdk5+/- pregnant mice during its early E13.5 

pregnancy. E13.5 embryos were used due to the fact that the cdk5-/- condition could 

display prenatal mortality during the late embryonic stage. Paired WT and Cdk5-/- mouse 

embryos from five separate cdk5+/- breeding pairs were collected. The embryos were 

cleaned, weighed and photographed. WT and Cdk5-/- statuses were confirmed by PCR 

method (data not shown) and Cdk5 specific western blot analysis (Fig. 6B). It was 

observed that there was a noticeable size difference between Cdk5-/- versus WT embryos 

(Fig. 6A), where ones without the cdk5 gene displayed bigger body size compared to its 

littermates. I found that the average weight of Cdk5-/- embryos was also greater than their 

WT (Fig. 6C). To further investigate whether the increased body size and weight in Cdk5-

/- embryos was most likely due to increasing proliferating cells and not due to cell size, 
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the total amount of genomic DNA content was compared. The total amount of genomic 

DNA in the Cdk5-/- was higher than WT (data not shown). This indicates that increased 

body size and weight found in Cdk5-/- embryos is likely due to a defect in cell 

proliferation. 
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Fig. 6: Cdk5-/- mouse embryos exhibit larger body sizes and are heavier. 

 

(A) Representative photo showing size difference comparing paired WT and Cdk5-/- 

mouse embryos. (B) Combined data of weight comparison between E13.5 WT and Cdk5-

/- mouse embryos, collected from n = 5 cdk5+/- breeding pairs.  Statistical	
  analysis	
  was	
  

performed	
  by	
  Student’s	
  T	
  test	
  (two	
  tailed).	
  	
  *	
  is	
  considered	
  significant	
  where	
  p-­‐value	
  	
  

is	
   <	
   0.05.	
   (C) Genotypes of embryos were validated by Cdk5 specific western blot 

analysis. 20 µg of tissue homogenlysates were loaded. Actin was used as loading control.  
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3.4 Loss of Cdk5 results in larger population of proliferating cells in vivo. 

 

To better visualize cell proliferation statuses in vivo in response to Cdk5 mutation, it was 

decided to compare the population size of proliferating cells between cdk5-/- and WT. 

Given the difficulty and unsuccessful isolation of specific organs in E13.5 mouse 

embryos, whole-mount embryo sectioning was performed instead to examine different 

organs separately. Tissue samples of whole mouse embryos were cut to 10 µm in 

thickness, fixed with 4% PFA, and subsequently stained with Ki67 antibodies, a marker 

to detect cells that were undergoing cell cycle progression. As determined by observing 

the proportion of Ki67 positive cells in similar regions found in cdk5-/- and WT mouse 

embryos, it was discovered that the cdk5-/- overall displayed a higher population of 

proliferating cells (Fig 7A). The most obvious organ was the brain, given an average of 

18.3% in cdk5-/- and 7.3% in WT, which supported previous study shown in cultured 

neurons the function of Cdk5 suppressing neuronal cell cycle29,71. This perhaps has to do 

with Cdk5’s well known function in early brain development and critical role for 

maintaining the integrity of the central nervous system72. There were several other tissue 

types that exhibited noticeable increase in cell proliferation when Cdk5 was mutated. 

These apparent differences were found in the olfactory epithelium (26.0% cdk5-/- vs. 

15.3% WT), the lung (29.7% cdk5-/- vs. 23.4% WT) and the duodenum (13.2% cdk5-/- vs. 

6.9% WT) (Fig. 7B). Other organs such as the kidney and liver were not conclusive (data 

not shown). Nevertheless, it was interesting to discover that cell proliferation in tissues 

other than the brain could also be affected by the absence of Cdk5. Combined with our 
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initial in vitro data showing the loss of Cdk5 enhances cell proliferation, it is speculated 

that Cdk5 can function as a cell cycle inhibitor in non-neuronal cell cycle. 
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Fig. 7:  Cdk5-/- mouse embryos display more proliferating cells. 

 

Representative images of paired WT and Cdk5-/- mouse embryos tissue sections, 10 µm 

in thickness are shown. Whole sectioned embryos were stained with Ki67 cell 

proliferation marker. Various regions of Cdk5-/- mouse embryos were compared with the 

corresponding regions in the WT mouse embryos. Images of sections were photographed 

and five were randomly selected for quantification. Percentages of Ki67 cells were 

calculated from the number of Ki67 positive cells divided by total number of cells in the 

field. Standard error for counting was also calculated. 
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3.5 Absence of Cdk5 promotes G1/S activation 

 

As discovered in post-mitotic neurons, Cdk5 has been shown to prevent the occurrence of 

dedifferentiation or S-phase re-entry by maintaining their G1 cell cycle arrest status73,74. 

This information allowed us to identify the possibility of Cdk5 regulating G1/S transition 

in non-neuronal mitotic cells, which is still unknown. Some of the key events that 

orchestrate cells to migrate from G1 to S-phase include the activation of the STAT3 and 

MAPK pathways, as well as shifting the balance of Cyclins and CKIs. Since my primary 

Cdk5-/- MEF cells proliferate at a much faster rate than its paired WT, I sought to 

compare the differences in expressions of proteins that were responsible for G1/S 

transition. It was found that the level phospho-ERK1/2 of the MAPK pathway was 

enhanced in the absence of Cdk5. Previously Cdk5 has been shown to negatively regulate 

ERK1/2 activation20. Cyclin D1, responsible for promoting G1/S transition by interacting 

with Cdk4 and 6, was also found upregulated. Conversely, the known target 

phosphorylation site of Cdk5, S727 residue on STAT375 was reduced. Similar to p53, 

STAT3 can mediate the expression of CKIs, p2176 and p2777, which are cell cycle 

suppressors mostly active during G1 phase. My data revealed that both of these proteins 

were downregulated in the absence of Cdk5 (Fig 8A & B). This evidence demonstrates a 

potential function of Cdk5 for G1/S transition of non-neuronal cell cycle. 
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Fig. 8: Cdk5 downregulates pro-cell cycle progression proteins and upregulates cell 

suppression proteins. 

 

Western blot analysis of 40 µg total cell lysates  (A) Comparison of phopho-S727 

STAT3, total-STAT3, phospho-ERK1/2, p21, p27, and Cyclin D1 protein expression 

profiles in WT and Cdk5-/- MEF samples. Cdk5, 4 and 6 levels were also analyzed. Actin 

was used as loading control. (B) Quantification of some of the proteins in (A) using the 

ImageJ program, which measures protein band intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51	
  

3.6 Cdk5-/- cells exhibit higher S-phase and aneuploidy. 

 

To further illustrate the outcome of losing Cdk5 function in the cell cycle, and how it 

may affect G1 and S populations of cells, flow cytometry analysis of unsynchronized 

primary Cdk5-/- and WT MEF cells was performed to characterize their cell cycle 

profiles. Fixed Cdk5-/- and WT MEF cells were stained with PI, and subsequently sorted 

based on its ploidy and DNA amount, which translated into specific phases of the cell 

cycle. Considering only diploid populations, Cdk5-/- MEF cells displayed a significantly 

higher S-phase population compared to WT MEF cells. The G2/M population was also 

slightly higher, though not shown statistically significant, in the absence of Cdk5 (Fig. 

9C). This result was consistent with n = 3 of primary MEF cells isolated from three sets 

of breeding pairs. Interestingly, the lack of Cdk5 also generated a higher frequency of 

aneuploidy cells (Fig. 9A & B), suggesting while both Cdk5-/- and WT cells were grown 

under the same condition, Cdk5-/- cells were probably more prone to genomic instability.  
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Fig. 9: Cdk5-/- MEF cells exhibit significantly higher S-phase and aneuploidy population. 

 

Flow cytometry analysis of unsynchronized (A) WT and (B) Cdk5-/- MEF cells. (C) Cell 

cycle phases (G1, S and G2/M) and aneuploidy distribution of unsynchronized WT and 

Cdk5-/- MEF cells. For G1, S and G2/M, only diploid population was considered. Data 

was derived from n = 3 batches of MEF cells from three separate breeding pairs. Statistic 

was performed using Student’s T-test, ** = p-value < 0.005; * = p-value < 0.05. 
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3.7 The lack of Cdk5 results in early S-phase entry and faster progression through 

the cell cycle. 

 

To further validate the effects of losing Cdk5 on G1/S transition, cell cycle patterns of 

Cdk5-/- and WT MEF cells starting from G1 were compared. To synchronize Cdk5-/- and 

WT MEF cells to the starting point at G1 phase, they were grown to full confluence, 

which induced growth-contact inhibition. Trypsinization and replate in growth media 

would re-initialize cell cycle progression. Cells were harvested at various time points 

after G1 release, starting from 8 hrs to 51 hrs. Since my earlier data showed that the 

proliferation rate of Cdk5-/- MEF cells was significantly higher compared to WT and also, 

given the high percentage of S-phase population resulted from the loss of Cdk5, it was 

expected Cdk5-/- MEF cells would migrate through G1 to S-phase faster than WT MEF 

cells. Indeed, through PI staining and flow cytometry analysis of my collected samples, 

Cdk5-/- MEF cells displayed early and increased S-phase entry (Fig. 10A). By 19 hrs, 

there were almost twice as many Cdk5-/- MEF cells (41%) that entered S-phase compared 

to WT cells (24%). For Cdk5-/- MEF cells, population of cells situated at S-phase peaked 

after 24 hrs (55%) (Fig. 10A & B), and a second round of S-phase occurred after 40 hrs 

(54%). On the other hand, WT MEF cells displayed a slower increase of S-phase 

population, from 13% at 8 hrs to 32% at 51 hrs (Fig. 10A), indicating cdk5-/- progress 

through G1 and transits into S-phase faster than normal. 

 

Cyclin D1, an activator for Cdk4 and 6, is required for G1/S transition. The downstream 

target is pRb, where phosphorylation of the pRb protein is critical to release the E2F 
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transcription factor preparing cells entering S-phase. Hence, to further solidify the 

observation that Cdk5 plays a role in G1/S transition, Cdk5-/- and WT samples 8 hrs after 

G1 release were taken to measure the levels of Cyclin D1-Cdk complex activity, which 

would correlate with the amount of pRb phosphorylation. Cyclin D1 in Cdk5-/- and WT 

samples were initially immuno-precipitated, and subsequently incubated with p70N-RB, a 

70 kDa N-terminal portion of pRb that contained Cyclin D1-Cdk complex 

phosphorylation sites. Based on my kinase assay data, it was shown phosphorylation of 

p70N-RB was visibly higher in the Cdk5-/- cells, 8 hrs after G1 release (Fig. 11).  

 

Next, protein expression of Cyclin A, and B1 in proliferating Cdk5-/- and WT MEF cells 

was analyzed (Fig. 12). Cyclin A expression occurs in S-phase and peaks during late S-

phase entering G2-phase of the cell cycle78. As observed by western blot analysis, 

detectable Cyclin A protein occurred at 19 hrs after G1 release in Cdk5-/- MEF cells, as 

compared to 27 hrs in WT MEF cells. The level of Cyclin A expressed was also higher 

(Fig 12B). Cyclin A level was shown markedly lower after 27 hrs and oscillated at 44 hrs, 

while WT MEF cells exhibited a slower peak of Cyclin A at 27 hrs, and later protein 

expression returned at 51 hrs. Similarly, western blot analysis of the G2/M transition 

regulator Cyclin B1 also revealed early and enhanced expression pattern in the absence of 

Cdk5 (Fig. 12C).  

 

Additionally, Cdk5-/- and WT MEF cells were synchronized into G1 to S boundary by 

using HU. Interestingly, upon releasing these cells from arrest, it was discovered that 

Cdk5-/- MEF cells escaped from G1/S boundary into S-phase at ease compared to WT 
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MEF cells (Fig. 13). Further testing is needed to determine whether Cdk5 also has 

regulating function the moment entering S phase or within S phase. Collectively 

however, my data strongly implicates that Cdk5 plays a role in G1/S transition during cell 

cycle progression, where the absence of it causes cells to enter S-phase much earlier, and 

hence faster cell cycle progression. 
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Fig. 10:  Loss of Cdk5 enhances early entry into S-phase and oscillation of the cell cycle. 

 

(A) Flow cytometry analysis of cell cycle progressing paired WT and Cdk5-/- MEF cells. 

Cells were G1 synchronized using growth contact inhibition method. G1 arrest release 

occurred when cells were trypsized and reseeded. Cell cycle progressing cells were 

collected at different times between 8 to 51 hrs. (B) S-phase distribution comparison of 

synchronized WT and Cdk5-/- MEF cells 27 hrs after G1 released. Only diploid 

population was considered. 
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Fig. 11: Absence of Cdk5 results in enhanced G1/S transition indicated by upregulation 

of pRb phosphorylation. 

 

(A) A coomassie blue stained SDS-PAGE gel showing the presence of p70N-RB substrate, 

the N-terminal portion of pRb. (B) Autoradiogram showing an upregulation of p70N-RB 

phosphorylation due to Cyclin D1-Cdk complex in the absence of Cdk5. Cdk5-/- and WT 

MEF cells were synchronized to G1 by cell contact inhibition. Cells were trypsinized, 

lysed 8 hrs after replate. Cell lysates (1.5 mg) were incubated with either Cyclin D1-

agarose beads or IgG-agarose beads for IP. IP’d samples were added to p70N-RB 

substrates containing ATP [γ-32P]. SDS-PAGE and nitrocellulose membrane transfer 

were performed. The appearing phosphorylation was detected by X-ray film exposure. 

(C) Western blot analysis of Cdk5-/- and WT MEF samples visualizing the levels of 

Cyclin D1 and phospho-pRb (S807/811). Actin was used as a loading control. 
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Fig. 12: Loss of Cdk5 results in early entry into S-phase. 

 

G1 Synchronized (A) WT and Cdk5-/- MEF cells were harvested with lysis buffer at 

specific time points 8, 19, 27, 33, 44, and 51 hrs after release from cell cycle arrest. 40 µg 

of each protein sample was used for western blotting analysis. Change in levels of  (B) 

Cyclin A, and (C) B1 were analyzed. (D) Actin was used as a loading control. 
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Fig. 13: Loss of Cdk5 results in early migration of G1 to S-phase. 

 

Cdk5-/- and WT MEF cells were synchronized to S-phase by HU. Samples were collected 

5 hrs after HU release, and flow cytometry analysis was performed. 
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3.8 Loss of Cdk5 causes cells to become more susceptible to DNA damage. 

 

To explore the molecular mechanism by which Cdk5 regulates the cell cycle, specifically 

during G1 to S-phase, I decided to investigate how the loss of Cdk5 affects G1/S through 

DNA damage. Based on my FACS analysis of Cdk5-/- and WT MEF cells, loss of Cdk5 

function seemed to cause a higher frequency of generating aneuploidy cells, hinting that a 

faulty DNA repair pathway may be involved. Although it had previously been suggested 

that Cdk5 regulation of ATM was required for dsDNA break repair mechanism, but given 

its critical function protecting neuronal cells from dedifferentiation, I predicted that 

Cdk5’s critical role in G1/S control was to maintain cell cycle inhibition under genotoxic 

stress conditions. Both primary Cdk5-/- and WT MEF cells that were synchronized to G1 

by trypsinization and replate after growth contact inhibition were exposed with 4 Gy of 

IR, which induced dsDNA breaks. DNA damage in Cdk5-/- and WT cells was analyzed 

by detecting the level of γH2AX foci, an indicator for dsDNA breaks. Compared to WT, 

Cdk5-/- MEF cells revealed higher basal level of γH2AX as detected by western blot 

analysis and immunocytochemistry (Fig. 14A & C). This might correspond to the higher 

population of aneuploidy cells detected in my FACS analysis. Both Cdk5-/- and WT cells 

showed drastic elevation of γH2AX, 1 hr post IR-treatment (Fig. 14A). As expected, 

γH2AX levels dropped, closer to pre-IR treatment, after 24 hrs. This was an indication of 

DNA damage recovery. In contrast, Cdk5-/- MEF cells strikingly did not show reduction, 

but instead elevated level of γH2AX signals after 24 hrs (Fig 14B). Conversely, phospho-

Ser15 p53 level was significantly lower in the absence of Cdk5 (Fig. 14A). While WT 

MEF cells showed expected transient upregulation of p53 phosphorylation at Ser15 site 
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after IR, phospho-Ser15 p53 in Cdk5-/- cells was minimal. This supports previous 

knowledge that p53 is target substrate of Cdk5. However, this is also the first evidence 

demonstrating using genetic approach that deletion of Cdk5 increases the likelihood of 

maintaining damaged DNA, indicated by sustained γH2AX foci. It is possible that 

lacking Cdk5, in part, reduces the phosphorylation of p53, which is required to maintain 

p53 stability79. Since p53 is a transcriptional activator for cell cycle suppressor protein 

p21, he “lesser-stable” p53 may contribute to the previously observed reduced expression 

of p21 found in Cdk5-/- cells.  

 

We found that phospho-Ser15 p53 was dramatically reduced in the case of complete 

Cdk5 depletion. Overall, this led us to believe that the lack of Cdk5 impairs the DNA 

damage response and this, at least in part, is responsible for leading to an increasing cell 

proliferation rate and aneuploidy through genomic instability. 
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Fig. 14: Loss of Cdk5 increases DNA damage and impairs DNA breaks repair process. 

 

Cdk5-/- and WT MEF cells were synchronized to G1 by cell contact inhibition. Cell cycle 

was initiated by trypsinization and replate. Subsequently, Cdk5-/- and WT MEF cells 

were exposed to 4 Gy of IR. Cells were collected 1, 2, 5 and 24 hrs post-IR treatment by 

lysis buffer. (A) Detection of γH2AX, phospho-p53 and Cdk5 by western blot analysis. 

(B) The level of γH2AX in (A) was quantified by ImageJ program, based on protein band 

intensity. (C) Untreated Cdk5-/- and WT MEF cells were stained with γH2AX antibody (a 

and d), and DAPI (b and d). Representative images were taken under florescent 

microscope. 
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Chapter 4: Discussion and Future Direction 
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4.1 Discussion 

 

Although Cdk5 was initially identified as a homologue of Cdk1 and Cdk2, most of the 

initial studies related to this protein kinase have been leaning towards its functions in 

differentiated neurons and brain development. The structural similarities of Cdk5 with 

other cdk family members allows it to bind to cell cycle regulators such as Cyclin D80 and 

E81, and PCNA82, however none of these complexes exhibit activity, hence its 

involvement in cell cycle progression is a mystery. For the first time, however, our 

investigation found that lack of Cdk5 evidently affects cell proliferation outside of the 

neuronal context and causes cells to divide much faster than normal cells. Interestingly, 

similar observation was vaguely mentioned in previous report using in vitro Cdk5-siRNA 

system, but their data was not shown. In addition, our data also showed accelerated cell 

divisions as a result of Cdk5-depletion and can be slowed down when Cdk5 is introduced 

into cells. This suggests a potential role of Cdk5, perhaps as an inhibitor, to surveillance 

cell cycle progression. 

 

Several studies performed in neurons have convincing evidence that suggest “new” 

functions of Cdk5 in cell cycle regulation. In particular, Kawauchi et al83 revealed p27 

protein stabilization and sublocalization depends on direct Cdk5/p35 binding. Two amino 

acid residues in p27, Ser10 and Thr187, were shown to be in vitro phosphorylation sites 

of Cdk5. The latter may be responsible for signaling p27 translocation from the nucleus 

to cytoplasm for degradation. Ser10 phosphorylation, on the other hand, is believed to 

stabilize p27 in the nucleus. My data revealed, in primary MEF cells, that p27 protein 
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expression was downregulated upon deletion of the cdk5 gene. Although I was unable to 

successfully detect phospho-Ser10 p27 in my samples using western blot analysis, 

reduced p27 level supports Kawauchi et al’s indication that the presence of Cdk5 is 

important for the stability of this protein. In addition, as p27 functions to suppress the cell 

cycle during G1 phase and entering S phase, the lower p27 level found in Cdk5-/- MEF 

cells compared to WT cells correlate with my observations that cell proliferation 

increases in the absence of Cdk5. 

 

Similar to p27, another cip/kip family member p21, was also found downregulated in 

Cdk5-/- MEF cells. Like p27, p21 interferes with cell cycle progression through 

suppressing the migration of cells from G1 to S phase by inhibiting the activities of S 

phase cdk-cyclin complexes. Corresponding to this analysis, it was found that under 

unsynchronized conditions, Cdk5-/- MEF cells displayed a higher population of S phase 

cells. Although p27 and p21 may have compensatory roles, it has been proven that when 

both are depleted cell proliferation becomes highly aggressive. It is unclear whether the 

absence of Cdk5 directly contributes to p27 and p21’s transcriptional activation or is due 

to a combination of other mechanisms. While STAT3 Ser727 can be phosphorylated by 

various protein kinases including Cdk5, promotes p21 and potentially p27 expressions. 

The downregulation of phospho-S727 STAT3 in the absence of Cdk5 activity may in part 

contribute to lowering the capacity for cell cycle inhibition. Cdk5 has also been shown to 

inhibit G1 genes that promote cell cycle progression, given our Cdk5-/- samples revealed 

explicitly high Cyclin D1 expression. Subsequently, in upregulated pRb phosphorylation, 

it is clear that the involvement of Cdk5 in the cell cycle is not dependent upon one single 
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cellular pathway. Nonetheless, the data obtained from my current study suggests that the 

lack of Cdk5 causes a deregulation in the cell cycle, possibly within G1 and/or S phase. 

 

Further evidence from my flow cytometry analysis revealed that cell cycle phase 

transition from G1 to S happened much earlier in the Cdk5-/- than in the WT. This data 

was validated by Cdk5-/- samples displaying early and enhanced expression of Cyclin A 

following G1 release, and continuing faster cell cycle progression as indicated by the 

early presence of Cyclin B1 expression. This is comparable to studies in neuronal cells 

during development, Cdk5 may be important for helping the cell cycle to remain arrested. 

Reported by Cicero et al84, abnormally high expressions of Cyclin A and D were found in 

the neocortex of Cdk5-/- E16.5 mouse embryos. Further shown in vitro, neurons without 

Cdk5 continued to express cell cycle-related proteins and enhanced uptake of BrDU 

proliferation marker71. Corresponding to our observation, cdk5-/- embryos exhibited 

increasing population of proliferating cells in the brain region, indicated by Ki67 

proliferative marker. In both in vitro and in vivo events, neurons failed to stop cell 

divisions and begin differentiation. The importance of Cdk5 maintaining neuronal cell 

cycle control extends to adulthood. One of the major cellular events of neurodegeneration 

leading to Alzheimer’s Disease was the unfavorable cell cycle reentry (dedifferentiation) 

of differentiated neurons85. A dramatic shift of Cdk5 localization from the nucleus to the 

cytoplasm was observed in the Aβ-treated cultured primary neurons73, hence suggesting a 

pivotal role of Cdk5 localizing in the nucleus to associate with other cell cycle regulating 

proteins.  
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In our study we expected to see in the brain region of cdk5-/- embryos that would contain 

more Ki67 positive cells than its normal littermates. However, we were surprised to find 

similar characteristics in other tissues not related to the nervous system. It demonstrates 

that the novel cell cycle inhibitory function of Cdk5 also works in non-neuronal 

environment and regulates the proliferation of extraneuronal cells. 

 

To understand the exact mechanism(s) of how Cdk5 participates in cell cycle inhibition 

particularly during G1 and G/S transition in non-neuronal cells may seem challenging 

due to Cdk5’s ability to associate with many different protein substrates and influence 

multiple signaling pathways. One of the ways to address this was by looking at my data 

showing a Cdk5-/- condition that resulted higher frequency and more population of 

aneuploidy. This suggests that the absence of Cdk5 may facilitate genomic instability. To 

preserve genomic stability, cells have adopted a complex response system that enables 

cell cycle arrest and allows damaged DNA to repair properly. Hence, the mechanism(s) 

by which Cdk5 is involved in the cell cycle is possibly linked to cell cycle inhibition in 

response to detrimental genotoxic stress signals that are imposed to cells. Cells that fail to 

arrest may result in bypassing the surveillance needed for them to restore to normal 

function.  

 

As Cdk5 has been demonstrated as an active player for DNA damage repair pathways, 

such as non-homologous end-joining (NHEJ) of dsDNA breaks, it was necessary to 

investigate the characteristics of Cdk5-/- MEF cells under this condition. NHEJ is the 

pathway in eukaryotic cells for repair of most IR-induced dsDNA breaks and is the chief 
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dsDNA break repair pathway in G0, G186. As normal primary MEF cells were able to 

recover from 4 Gy of IR, indicated by the decreasing levels of γH2AX foci (a marker for 

dsDNA breaks), it became apparent that knocking out Cdk5 would diminish this ability. 

This observation supports previous findings where breast carcinoma cells CAL51 showed 

increasing numbers of γH2AX foci upon Cdk5 depletion by siRNA56. There are several 

plausible mechanisms suggested by which Cdk5 may take part in response to DNA 

damage.  For example, DNA damage response protein p53 stabilization has been shown 

directly connected to Cdk5’s phosphorylation on its Ser15, Ser33 and Ser46 residues87. 

Stably active p53 triggers transcriptional activation of genes that are responsible for cell 

cycle arrest, DNA repair and apoptosis. Examples of these response elements include 

p2188, XPC89, and PUMA90 respectively. Upon IR-treatment, G1 released Cdk5-/- MEF 

cells expectedly showed reducing levels of Ser15 phospho-p53 suggesting the lack of 

Cdk5 disrupts the p53 mediated DNA damage response process. Therefore, the decreased 

p21 expression observed in our Cdk5-/- samples and the resulting increase in cell 

proliferation may be explained in part by the lack of Cdk5 phosphorylation of p53. 

Alternatively, p53 is regulated through ATM activation, which can also be modulated by 

Cdk5. In response to a DNA damage signal, Cdk5 is activated and phosphorylates ATM 

Ser794, a prerequisite required for ATM to activate autophosphorylation at Ser198152. 

Fully activated ATM subsequently phosphorylates downstream targets such as p53 and 

γH2AX. For neuronal cells, the importance of Cdk5-ATM association was suggested to 

protect any damaged neurons from triggering cell cycle re-entry and the apoptotic 

signaling pathway and allowed the time needed for repair. The absence of Cdk5 may 

therefore diminish Cdk5-ATM association hence that ability. Moreover, Cdk5 regulation 
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of ATM activation was recently shown not only exclusive in the neuronal context, but 

also in cancer cells. It was discovered that abrogation of Cdk5 activation after DNA 

damage could induce spontaneous dsDNA breaks. 

 

Conversely, DNA repair mechanisms	
   regulated by Cdk5 have been found in another 

study suggesting it was via STAT3 activation. HT29 cells that were exposed to genotoxic 

agents, in this case the Topoisomerase I inhibitor, caused Cdk5 activation resulting in the 

phoshporylation of Ser727 of STAT3. They showed that phospho-Ser727 STAT3 

subsequently bound to the promoter region of Eme1, an endonuclease involved in DNA 

repair91. Contradictory to other findings, Cdk5’s activation of STAT3 would inactivate 

p53 and transcriptional activation of p21. However, it was also noted that Cdk5 

regulation of STAT3 activation might have extended function beyond G1 phase and G1/S 

transition, but also regulate DNA repair mechanism during G2 phase. It was apparent in 

our study that both STAT3 and p53 phosphorylation were affected in the absence of 

Cdk5. Collectively, these data further emphasize the complexity of cellular function and 

network in regards to Cdk5’s involvement. Our study demonstrated using both in vitro 

and in vivo systems that Cdk5 plays an important role in the cell cycle. Specifically with 

a potential cell cycle checkpoint function during G1 to S transition as well as protecting 

genomic stability. It also changed our initial beliefs that Cdk5 plays no role in non-

neuronal and normal dividing cells.  
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4.2 Future Direction 

 

Our current data showed normal cell cycle regulation requires the presence of Cdk5, and 

the lack of Cdk5 causes an irregular proliferation rate, as well as inducing an increased 

frequency of genomic instability. Furthermore, the data from this study have also 

indicated Cdk5’s cell cycle function towards G1, G1/S. Cdk5 regulation of G1 and/or 

G1/S transition is possibly via p53 and STAT3 pathways, regulating the expressions of 

cell cycle suppressor proteins such as p21 and p27 (Fig. 15). Proper cell cycle arrest 

induced by genotoxic stress may be abrogated in the absence of Cdk5. Without 

responding to cell cycle arrest signals, cells are not given the time required to repair its 

damaged DNA. Multiple rounds of this process may lead to a devastating outcome. Cells 

with malfunctioning cell cycle control can potentially lead to the development of cancer. 
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Fig. 15: A schematic diagram of how Cdk5 may contribute to regulating G1/S of the cell 

cycle. 
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It was also interesting to observe that Cyclin D1 was enhanced significantly in our Cdk5-

/- samples. A study by Maestre C et al92 has shown that Cdk5 modulates the activity of E3 

ubiquitin ligase APC/C through the phosphorylation of Ser40, Thr121, and Ser163 of 

Cdh1 (a direct activator of APC/C). Cdk5 modulated APC/C-Cdh1 was sufficient to 

regulate the stability of Cyclin B1. Since the APC/C-Cdh1 complex occurs late in the M 

phase replacing APC/C-Cdc20 entering G1, it would be worthwhile to investigate 

whether Cdk5 directly involves this process linking to Cyclin D1 protein stabilization at 

G1. 

 

Based on our initial flow cytometry analysis utilizing HU to synchronize MEF cells into 

S phase, we found supported evidence that Cdk5-/- MEF cells progressed into S-phase 

significantly faster than WT MEF cells. We cannot rule out the possibility that Cdk5 also 

plays a role in regulating the S-phase and/or intra-S checkpoint. The subsequent 

experiments require focusing on intra-S checkpoint functions by treating S-phase 

synchronized cells with IR inducing DNA damage, and analyzing the activated levels of 

related proteins such as ATM, Chk1, Chk2 and p53. Interestingly, Turner et al have also 

previously suggested a novel function of Cdk5 regulating the intra-S (and possibly G2/M) 

checkpoint in regards to DNA damage response56,93. Alternatively, intra-S checkpoint 

activation can be achieved by treating cells with methyl methanesulfonate (MMS). MMS 

is an alkyating agent that causes dsDNA breaks. Similarly, FACS analysis should also be 

performed to confirm whether depletion of Cdk5 would bypass the intra-S checkpoint 

function. Furthermore, as we suspect that dsDNA breaks are increased in the absence of 
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Cdk5, DNA damage quantification method such as the comet assay should be 

performed to validate our prediction. 

 

In conclusion, I present my findings that Cdk5 is a cell cycle regulation. My results have 

opened new areas of studying Cdk5 as a cell cycle inhibitor. Further investigation in the 

future on the role of Cdk5 in the cell cycle may provide new insight about this unique cdk 

family member, this information can be used to better understand the basis behind cell 

cycle progression, and possibly derive new therapeutic strategies in the future to impose 

on uncontrollable cancer cells growth. 
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