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Abstract
Cyclin-dependent kinase 5 (Cdk5) regulatory subunit-associated protein 2 (Cdk5rap2, also
known as MCPH3) is one of the genes mutant in primary microcephaly (MCPH), an
autosomal recessive neurodevelopmental disorder characterized by small brain and cognitive
deficit. In fact, CdkSrap2 is most abundant at the luminal surface of the brain’s ventricular
zone, particularly in cells lining the ventricular wall where neural stem and progenitor cells
reside. However, since Cdk5rap2 is also expressed in other tissues, it is not surprising that
loss-of-function mutations in Cdk5rap2 are further associated with cochlear and retinal
developmental defects as well as primordial dwarfism, a developmental disorder associated
with small body size and other growth abnormalities. The molecular mechanisms by which
Cdk5rap?2 loss-of-function mutations cause these developmental disorders remain obscure. In
this study, | show that loss of Cdk5rap2 induces cell senescence through activation of p53 and
subsequent downregulation of the wild-type p53-induced phosphatase 1 (WIP1). Using
BJ-5ta human foreskin fibroblast cells, I show that Cdk5rap2 loss causes increased (i)
senescence-associated heterochromatin foci (SAHF), which colocalize with that SAHF
marker, heterochromatin protein 1y (HP1y), (ii) SA-B-gal staining, (iii) p53 activation as
measured by increased phosphorylation at Serl5, (iv) pl6INK4a and p21CIP1, and (V)
GO0/G1 population, resulting in reduced cell proliferation. Interestingly, increased
phosphorylation of p53 at Serl5 does not correlate with activation of the p53 Serl5 kinases,
Ataxia Telangiectasia Mutated (ATM), checkpoint kinase 1 (Chk1) and checkpoint kinase 2
(Chk2), but correlates with decreased level of the p53 phosphatase, WIP1. Ectopic expression

of WIP1 reverses the senescent phenotypes observed in cells depleted of Cdk5rap2,



indicating that cell senescence due to loss of Cdk5rap?2 is linked to down-regulation of WIPL1.
Since the WIP1 promoter contains an NF-xB binding site and B-catenin-associated NF-xB
affects the expression of NF-kB target genes, I tested whether loss of CdkSrap2 that reduces
WIP1 level influences P-catenin expression. Indeed, | found that loss of Cdk5rap2
significantly reduces nuclear B-catenin level. Because B-catenin phosphorylation by GSK3f3
results in its degradation through the ubiquitin-proteasome pathway, | further examined
whether CdkSrap2 interacts with GSK3f and affects GSK3p activity. My studies show that
CdkSrap2 interacts with GSK3p and such interaction causes increased GSK3p
phosphorylation and subsequent decrease in GSK3B activity. Consistently,
Cdk5rap2-depleted cells exhibit decreased GSK3p phosphorylation and increased GSK3p
activity. Depletion of GSK3p increases B-catenin and WIP1 levels while depletion of
B-catenin inhibits WIP1 expression. These findings suggest that GSK3p activation due to
Cdk5rap2 loss causes [-catenin phosphorylation and degradation, and subsequent
downregulation of WIP1. The potent GSK3f inhibitor, TWS119, which increases B-catenin
level and upregulates WIP1 expression, recues cell senescence due to Cdk5rap2 loss.
TWS119 together with the potent WIPL1 inhibitor, GSK2830371, causes recurrence of
senescence due to CdkSrap2 loss, suggesting that GSK3B activity controls the
B-catenin/WIP1-mediated senescence due to Cdk5rap2 loss. Promoter bashing analysis by
transfecting a luciferase reporter vector carrying wt WIP1 promoter (pGL3-WIP1) into cells
depleted of B-catenin or Cdk5rap2 reveal reduced luciferase activity compared to cells that
are not depleted of p-catenin or Cdk5rap2. Conversely, transfection with NF-xB binding
site-deleted WIP1 (pGL3-WIP1-AxB) show no difference in luciferase activity in B-catenin-



or Cdkbrap2-depleted and non-depleted cells. Reduced luciferase activity in
Cdk5rap2-depleted cells transfected with pGL3-WIP1 is reversed by TWS119, suggesting
that B-catenin/WIP1-mediated senescence due to Cdk5rap2 loss is controlled by GSK3f
through regulation of the WIPI promoter via [-catenin. Potentially, cell senescence
contributes to the developmental disorders associated with loss-of-function of Cdk5rap2.

In previous studies, loss of Cdk5rap2 or CENtromeric Protein A (CENP-A) was shown to
trigger the occurrence of lagging chromosomes, leading me to investigate a possible link
between these two proteins. | demonstrate that Cdk5rap2 loss causes reduced CENP-A
expression while ectopic Cdk5rap2 expression in cells depleted of endogenous Cdk5rap2
restores CENP-A expression. In this regard, | found that Cdk5rap2 is a nuclear protein that
acts as a positive transcriptional regulator of CENP-A. Cdkbrap2 interacts with the CENP-A
promoter and upregulates CENP-A transcription. Loss of Cdk5rap2 particularly causes
reduced centromeric CENP-A, which is known to induce kinetochore recruitment. | found
that aside from manifesting lagging chromosomes, cells lacking Cdk5rap2, and thus CENP-A,
show increased micronuclei and chromatin bridge formation, indicating that loss of Cdk5rap2

compromises centromeric chromatin integrity through downregulation of CENP-A.
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Chapter One: Introduction



1.1 Loss of Cdk5rap2 triggers cellular senescence via [-catenin-mediated

downregulation of WIP1

1.1.1 Cell senescence

It was believed that cells from organisms had unlimited potential with little or no changes as
long as they were supplied with nutrients and tissue extracts in vitro 1. This concept was
universally accepted at least in part. Alexis Carrel claimed to have cultivated fibroblasts from
chicken hearts and to have kept the culture growing for 34 years 1!, But this observation was
suspected due to error-prone cell culture in experimental procedure B4,

In 1961, this theory was overturned by Leonard Hayflick and Paul Moorhead. They reported
that fibroblasts derived from human embryo grown in culture have a limited replicative life
span . The primary cells always entered a state of cell cycle arrest but remaining viable and
metabolically active after a fixed number of cell divisions ). This state of proliferation arrest
that primary cells entered after their certain replicative life span was exhausted was called
replicative senescence . And the number of times that a normal cell will divide until
undergo replicative senescence is defined as Hayflick limit ™. This new theory of limits on
cell replication objected to the most popular theories and was heavily debated. But
subsequent studies by many independent research groups reported replicative senescence in
many other normal primary diploid cells including endothelial cells, vascular smooth muscle
cells, chondrocytes and keratinocytes Y. These results disproved the immortality theory
and established the Hayflick limit as a credible biological theory that has been repeated by
other scientists.

Later, cell senescence was soon considered as a reason of the limited lifespan of the
2



organisms and further deemed a hallmark of aging ** *!. Together with apoptosis, senescence
is now known as a major evolutionarily conserved tumor suppressor mechanism that prevents
division of old, mutant or damaged cells **!. More and more researches have brought our
understandings of how cell senescence links to aging and cancer, and even tissue regeneration,

and cell reprogramming 6.

1.1.1.1 Features and biomarkers of cellular senescence

Several significant changes happen in cell morphology, cell metabolism, cell secretion and
gene regulation under senescent state, such as lager cell size, formation of senescence
associated heterochromatin foci (SAHF), activation of cell survival signaling pathway against
apoptosis and increasing secretion of various proinflammatory factors, metalloproteinases
and growth factors %! These alterations have been well studied and are important to
identify senescent cells both in vitro and in vivo. However, the complex nature of cell
senescence and multiple pathways involved makes it difficult to represent the senescence
activation. And senescent cells share several morphological and biochemical features with
quiescent cells, which make difficulties to distinguish them “. Due to these complexities, no
features or biomarkers are unique to senescent cells and no features or biomarkers are shared
by all senescent cells. It depends on the type of cells or tissues being studied, the types of
stress stimulation and the mechanism by which senescence is induced. Thus, study of
senescence needs to test for several of these biomarkers.

1.1.1.1.1 Morphological changes

The most easily-detected phenotypic biomarker is enlarged and flat morphology of a



senescent cell !, Senescent cells are often much larger than young and non-senescent cells.
This alteration is found in the replicative senescence, Ras-induced oncogene-induced

[26-28]

senescence (OIS) and some types of DNA damage-induced senescence . However

morphological change is not universal to all types of cell senescence. Some cells undergo
senescence induced by p400 become more like spindle shaped 2° %%,

1.1.1.1.2 Irreversible cell cycle exit and growth arrest

Irreversible cell cycle arrest or withdrawal is the most important characteristic of cell

BU Two major signaling pathways, p53-p21¢"™* pathway and Rb-p16™<4

senescence
pathway are activated and maintain senescent state 2 *1. When DNA damage response
(DDR) is activated due to telomere shortening or DNA damage, ATM and ATR can be
activated to phosphorylation and activation of p53 B4 1. Activated p53 can enter the nucleus,
play the role of transcription factors, and promote the expression of p21¢™ ¥l High
expression of p21°™™ prevents cell cycle progression and blocks G1 phase B7. Permanent cell
cycle arrest or exit is usually mediated by p16"™<4® ¥l Except Rb, the expression of p16"™K4
is also controlled by BMI1 and p38/MAPK and ERK signaling pathways 2° “?. The high
expression of p16™<** inhibits the activity of CDK4 and CDKS®, resulting in the low
phosphorylation of Rb, which blocks the cell cycle transition to the S phase leading to cell
cycle arrest 42 Therefore, p16™ ** is also utilized as a molecular biomarker of cell
senescence %31,

1.1.1.1.3 Formation of senescence associated heterochromatin foci (SAHF)

Cell nuclei in senescent cells display high density spots by DAPI staining while

non-senescent cells have a more diffused nuclear staining. These high density DAPI-stained



regions are known as senescence associated heterochromatin foci (SAHF) “4. SAHF are
characterized by the presence of several heterochromatin associated proteins including HP1y
4] H3K9 methylation whcih is associated with transcriptional repression is also commonly
found in SAHF while activation marks such as H3K9 acetylation and H3K4 methylation are
completely absent in SAHF regions “¢!. Cells compromised with p16INK4a/Rb bypass cell
senescence exhibit SAHF formation, suggesting that p16INK4a/Rb signaling pathway is
important for SAHF formation and initiating a chromatin remodelling program that leads to
permanent growth arrest 741,

1.1.1.1.4 Increased senescence associated B-galactosidase activity

Another biomarker that is commonly and traditionally utilized to identify senescent cells is
increased senescence associated B-galactosidase activity . Young cells and non-senescent
cells also have B-galactosidase, but at very low level that only can be detected under pH=4.0
(501 Senescent cells display increased activity of this enzyme and can be detected even at
pH=6.0 BY. Although the reason of increased B-galactosidase activity is not known, this
alteration is commonly found under senescent state 2.

1.1.1.1.5 Senescence-associated secretory phenotypes

Senescence-associated secretory phenotypes (SASP) are another characteristic of cell
senescence % *1. Cell senescence may be associated with "inflammation” through SASP,
especially in chronic inflammation and proteolysis leading to tissue dysfunction, age-related
diseases and even the body aging itself *>*". SASP is believed to appear in the early stage of

cell senescence 8. Senescent cell can secrete a variety of cytokines to affect the surrounding

cells ®°1. One study showed that senescent cells secrete as many as 103 cytokines using



(60]

isotopic labeling (SILAC) and mass spectrometry . These cytokines mainly include

transforming growth factor p (TGFp), interleukin 1 (IL-1), interleukin 6 (IL-6), interleukin 8
(1L-8), matrix metalloproteinases (MMPs), and epidermal growth factor (EGF), etc ¢!,

The cytokine components of SASP are different in the early and late stages of cell senescence.
In the early stages, SASP was mainly composed of TGFB family members . When these
cytokines are received by surrounding cells, they can also induce cellular senescence in these
cells. In the late stage, due to the activation of Notch pathway, pro-aging SASP is promoted
to pro-inflammatory SASP, and a large amount of 1L-6 and IL-8 is produced *?. This change
will greatly change the cell microenvironment, thereby affecting the biological function of the
cells. In tumors, SASP cytokines can scavenge large numbers of tumor cells by recruiting

immune cells [,

However, the pro-inflammatory microenvironment caused by
pro-inflammatory SASP may also be beneficial to tumor proliferation, angiogenesis, tumor
metastasis and inhibition of anti-tumor immunity 4. Therefore, SASP can be
tumor-inhibiting and tumor-promoting, short-term SASP may be beneficial, and chronic
long-term SASP may be harmful. Another study found that exposure of keratinocytes in an in
vivo skin graft model to senescent cells for a short period of time can promote skin tissue
regeneration, but prolonged exposure can inhibits their proliferation %] This may indicate
that SASP produced by senescent cells may initially activate resident stem cells under injury
conditions requiring repair, but is self-limited in nature.

1.1.1.1.6 Alterations in gene expression and activation of tumor suppressor

Senescent cells are featured by global changes in gene expression patterns. Over-expressions

of various CDK inhibitors, particularly p16™<** and p21“™ occur in senescent cells [°®.



Proteins essential for cell cycle progression such as PCNA, Cyclin A and E2F transcriptional
target genes are suppressed in senescent cells %% The level of Rb accumulates in senescent
cells in the active form and represses proliferative genes expression, and also promotes SAHF

[70]

formation '"~. Both transcriptional activity of p53 and the activating phosphorylation on

Ser15 residue are known to increase in many types of senescence ' 72,

1.1.1.1.7 DNA damage markers

Another frequently observation in senescent cells is DNA damage. Senescent cells harbor
prominent YH2AX foci called DNA-SCARS (Segments with Chromatin Alterations
Reinforcing Senescence) [™®). DNA-SCARS are found to co-localized with many DNA
damage response (DDR) proteins, such as activated ATM, ATR, Chk1, Chk2 kinases, 53BP1
and MDC1 . Telomere shortening also causes DNA-SCARS in replicative senescent cells
[75. 781 However, DNA-SCARS is not observed in all senescent cells. Loss of CENP-A
induced cell senescence is an example of this exception. Fibroblast cells lack of CENP-A
undergo cell senescence in p53 dependent manner without any DNA damage foci 7).
1.1.1.1.8 Cell senescence inhibits cell apoptosis

Senescent cells show changes in apoptotic regulatory signals, which are usually shown as
resistance to programmed cell death 78l A key determinant of cell fate determination of
senescent and apoptotic cells is through the p53 stress response pathway ["®). Total p53 levels
and post-translational modifications were observed to regulate the expression profiles of
downstream target genes. When aging stress occurs, the accumulation of p53 is lower than

that of apoptosis, which leads to the expression of p53 up-regulated modulator of apoptosis

(PUMA) and PMAIP1 as well as higher levels of Bcl2 family proteins ©%. Bcl2, Bel-xI (also



known as Bcl-2I1) and Bcl-w (also known as Bcl-212) are highly expressed in senescent cells,
thereby inhibiting mitochondrial outer membrane permeabilization (MOMP) and cell
apoptosis Y. Studies have shown that cells with p53 lacking of acetyl receptor residue K117
cannot undergo apoptosis, but still retain the ability to enter cell senescence by upregulation
of p21°"™* expression 82, p21<P* jtself can block apoptosis and may directly inhibit caspase 3
(CASP3) activity 3. Conversely, apoptotic cells can silence the expression of p21¢™
through p53-dependent DNA -methyltransferase 3A (DNMT3A), thus inhibiting the
occurrence of cell senescence 84,

1.1.1.2 Major molecular mechanisms in cellular senescence

With increasing senescence inducing stress, cells can activate variety of pathways, many of
which activate p53, and all in the activation of cell cyclin-dependent kinase (CDK) inhibitors
p16™K% p15 p21¢"™* and p27 (Figure 1) .
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Figure 1. The major pathways of cell senescence.

Since there are so many factors that trigger cell senescence and different cell types, the

mechanisms that ultimately lead to senescence can also vary according to cell types and
8



stimuli %,

1.1.1.2.1 Telomere shortening
Atelomere is a region of repetitive nucleotide sequences at each end of a chromosome, which
protects the end of the chromosome from deterioration or from fusion with neighboring

881 Telomeres are replenished by telomerase reverse transcriptase ©7. In

chromosomes
eukaryotes, the telomere ends become shorter due to uncompleted replication at the end of
the chromosome during chromosome replication in cell divisions . It is now well
established that telomere shortening is the major cause of replicative senescence . And
telomere is considered as the clock of life span . Cells with longer telomeres live longer
than those with short telomeres °%,

Progressive loss of telomeres through consecutive cell cycles ultimately leads to unprotected
chromosomal ends that can result in activation of DNA damage response causing cell
senescence °2. In addition to replicative telomere shortening, telomeres are particularly
sensitive to external DNA damage stress . This is because the structure of telomeres is
difficult to repair through DNA damage responses pathway. The main mediators of DNA
damage response pathway are DNA damage kinases ATM, ATR, ChK1 and ChK2, which
phosphorylate and activate several downstream effectors; especially p53 [o4], Phosphorylated
p53 protein activates the expression of p21°"™, binds to and inhibits some Cdk-Cyclin
complexes, and thus induces cell senescence.

Telomerase is a ribonucleoprotein that carries a short RNA molecule, and functions as a

reverse transcriptase with the RNA molecule adds a species-dependent telomere repeat

sequence to the 3' end of telomeres °°!. Telomerase is expressed at quite low levels in normal



cells . Thus the length of telomere is shortened in cell division leading to cell senescence.
But in stem cells, Telomerase is highly expressed to elongate telomere length ensuring
unlimited proliferation potential "%, Many types of cancer cells also harbor high levels of
telomerase to maintain their telomere length . Over-expression of telomerase in normal
cells is sufficient to maintain telomere length and also extend cellular lifespan 2% 1% These
observations point to the critical roles of telomerase and telomere shortening in cell
senescence.

Replicative senescence is also associated with the CDKN2A locus (also known as INK4A
and ARF), which encodes two key tumor suppressors, p16™<*® and ARF 1192, p16'N%* js an
inhibitor of CDK4 and CDK6, and ARF increases p53 stability by inactivating the E3
ubiquitin ligase MDM2 1% The CDKN2A locus is usually expressed at very low levels in
young tissue cells, but increases with age. However, the molecular mechanism of CDKN2A
de-repression is not fully understood.

1.1.1.2.2 Oncogene-induced senescence (OIS)

Normal cells undergo cell senescence to against activation of many oncogenes, which is the
fail-safe mechanism to maintain genomic integrity and to prevent tumorigenesis [,
Activation of oncogenes helps aberrant cells to overcome tumor suppressor mechanisms .
However, over-expression of mutant RAS induces distinct cellular senescence phenotype in
primary cells, which is known as oncogene-induced cellular senescence %!, More than 50
oncogenes have been found to induce the occurrence of cell senescence by over-expression
[106] * Although the exact processes by which oncogene over-expression can induce cell

senescence remain largely unknown, accumulation of DNA damage are often associated with

10



over-expression of oncogenes in cells 7). These DNA damage can activate the p53 protein
by activating the DDR signaling pathway and promote the onset of cell senescence %!,
Oncogene-induced senescence is independent of telomere length, and cells that over-express
telomerase cannot bypass this type of senescence . Over-expression of oncogenes leads to
abnormal DNA replication and high ROS levels, resulting in a large accumulation of DNA
damage. Thus, the DDR signaling pathway is activated, which can subsequently activate p16,
ARF and p53, to induce cell senescence ™. Several studies that looked at signaling
pathways suggested that mechanisms of OIS execution are not conserved in different cell
types. In mice cells, the ARF-p53 pathway is a key activator of oncogene-induced senescence,
and p16™X* has a weak role in inducing cell senescence 21, However, in human cells,
the DDR-p53 pathway plays a more important role than the ARF-p53 pathway, and the role
of Rb-p16™"* signaling pathway in inducing human cell senescence is more efficient.
Deletion of p19”°"" completely bypassed OIS in mice cells but not in human cells. But
Human cells needed functional p16™K*® protein for Ras V12 induced OIS activation 471131,
Although the functions of cytokines in inducing OIS in vivo are not completely explored,
recent studies have demonstrated that secreted cytokines and chemokines play a vital role in
OIS activation. Over-expression of CXCR2 by itself was sufficient to induce senescence in
fibroblast cells. Insulin-like growth factor binding protein 7 (IGFBP7) is required for

o [114, 115]

BRAF-induced cell senescenc . IL-6 and IL-8 are found to be involved in

BRAF-induced cell senescence [

. Interestingly, higher level of IL-6 is identified in
premalignant lesions. This may due to successful activation of OIS but failure prevention of

malignant transformation ¢,
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1.1.1.2.3 Oxidative stress-induced senescence

Cells grown in vitro encounter conditions are very different from those encountered in vivo.
Many different types of cellular stimuli, such as excess nutrients and oxygen levels,
chemotherapy drugs, loss of telomere protection, DNA damage, and oncogene activation, can
lead to increased levels of cellular reactive oxygen species (ROS) ™. Oxidative stress
activate the p38/MAPK signaling pathway through RAS-RAF-MEK-ERK cascade induced
high intracellular ROS levels, leading to increased transcriptional activity of p53 protein and

1¢"™! thus inducing cell senescence 7). On the other hand, oxidative

up-regulation of p2
stress can also lead to DNA breakage, activation of DDR signaling pathway. Activated DDR
signaling pathway can potentially activate senescence through both p53/p21°"* and
Rb/p16™K4 pathways 18!,

1.1.1.2.4 DNA damage induced senescence

As described above, telomere shortening induced replicative senescence, oxidative stress
induced cell senescence and oncogene over-expression induced senescence all can activate
DDR signaling pathway °\. DDR signaling cascade involving Ataxia Telangiectasia-Mutated
(ATM), Ataxia Telangiectasia and Rad3-Related (ATR), Checkpoint Homologs 1 and 2 (Chk1
and Chk2) and the p21"Yp16™K*4p19”RF tumor suppressor proteins ™+ % Many
anti-cancer chemotherapeutic agents, such as PARP inhibitors, doxorubicin, and cisplatin,
induce single- or double-strand DNA breaks and cause cells to undergo stress induced cell
cycle arrest 2!, Persistent stress caused persistent cell cycle arrest will force these cells to
undergo either apoptosis or senescence. Many studies have revealed p53-dependent

mechanisms are critical in therapy-induced senescence . But some agents functions in
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p53-independent manners as well. For example, inhibitor of Aurora kinase A can induce
senescence by blocking mitosis in cancer models regardless of their p53 status 2! 1t has to
be notice that therapy-induced senescence is not a universal response induced by all the
anti-cancer chemotherapeutic agents.

1.1.1.2.5 The important role of p53 in cell senescence

The tumor suppressor p53 is an important transcription factor whose activity is precisely
regulated by post-transcriptional modification. Since p53 can inhibit cell proliferation and
induce apoptosis, it is considered to be one of the most powerful tumor suppressor genes 22,
Loss of p53 or mutant p53 is found in most human cancers. Interestingly, p53 presents in
short-lived organisms that do not develop cancer, such as flies and worms, suggests that
tumor suppression is not the only biological function of p53. Recent studies have also shown
that p53 can affect development, reproduction, material metabolism, longevity and other
biological process [12128],

A chance discovery links p53 to cellular senescence. When Tyson and his colleagues tried to
knock p53 into the mouse genome, they got an abnormally truncated version of p53 at the
N-terminal. This truncated p53 mutant protein showed very strong constitutive p53 activity.
And the mice with this mutant p53 exhibited a series of characteristics related to aging and
significantly shortened lifespan. In 2004, a truncated mouse model with truncated p53,
DNp53 or p44 subtype was developed in Scrable laboratory. This mouse line shows many
significant defects in the growth process, and was associated with shorter life span and

accelerated aging ™*°

. p53 up-regulated modulator of apoptosis (PUMA) is a pro-apoptotic
protein and has been identified as a target gene of p53. In the case of p53 mutation, inhibition

13



of PUMA can reverse the loss of stem cells and improve the aging phenotype 271,

Studies have shown that the human p53 activity is based on the
phosphorylation/de-phosphorylation of Ser15 residue . The same regulatory mechanism
exists in mice, but the phosphorylation site is Ser18 residue. ATM phosphorylates p53 at site
in response to the DNA damage response. In 2006, Armata and his colleagues analyzed the
phenotype of knock-in mice in which p53 Serl8 site was replaced by non-phosphorylated
alanine. These mice showed signs of accelerated aging, indicating that normal p53 activity
could protect tissue cells from aging-related damage 2!, Another mouse model inserted with
p53 and p19”*F provides new evidence for anti-aging activities. This transgenic mouse has a
long genome sequence containing p53 and p19”**, allowing high expression of both genes
while maintaining endogenous regulatory mechanisms for p53 and p19”~F (21 phenotype

analysis showed that these mice lived longe. Although p19”%*

may function independently of
p53, it can also increase p53 activity by preventing MDM2-mediated p53 degradation in
proteasome.

These findings indicate that loss of p53 is detrimental to aging. Induction of p53 is essential
for the occurrence of aging, especially after p53 is activated by DDR . Variety of p53
target genes and regulators have been shown to be closely related to cell senescence,
including microRNAs *3. But its molecular mechanisms have not been fully elucidated.
CDKN1A/p21°"™* one of the most mature p53 target genes, has been confirmed to be

1" is one of the earliest identified

up-regulated in the process of replicative senescence. p2
downstream targets of p53 and an important protein in p53 mediated cell senescence %2, It

was found that embryonic fibroblasts derived from p21°"** knockout mouse could not occur
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p53-dependent G1 arrest after DNA damage ™). These studies demonstrate that p53-induced

lCIPl 1CIP1

cell cycle arrest is dependent on p2 , and also indicate that p2 plays an important role

lCIPl

in cell senescence.However, p53-induced high expression of p2 is not the only cause of

cell senescence or the complex phenotypes of cell senescence 341,
Some studies have also shown that p53 can regulate cell senescence through the mTOR

[135]

signaling pathway . This p53/mTOR regulatory axis is usually caused by nutrient

depletion 1%

. When nutrients are adequate, active mTOR promotes cell growth and
anabolism. In contrast, when nutrients are deficient or depleted, mTOR can be rapidly
inactivated to promote catabolism and growth arrest. Recent studies have shown that the
administration of mTOR inhibitors can extend the life span of mammals. It is shown that
mTOR signaling pathway can be inhibited by p53 in different ways. p53 can directly inhibit
mTOR activity by regulating sestrins 7. In addition, p53 promotes the expression of
AMP-activated protein kinase (AMPK), which in turn inactivates mTOR ©%!. Moreover, p53
can also up-regulate PTEN to block the PI3K signaling pathway and further inhibit mTOR

signaling (4.

1.1.1.3 Cell senescence, aging and age-related diseases

Cell senescence is often related to aging and age-related diseases. But many studies also
showed that cell senescence is also involved in many physiological processes.

1.1.1.3.1 Cell senescence and aging

The idea that cell senescence contributes to organismal aging rises from several observations
including the fact that cells explanted from aged donors went through fewer population
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doublings than those from younger individuals 8. Now cell senescence is believed as a
hallmark of aging. The tissue cells undergo cell senescence response to various endogenous
or exogenous stimuli declines organ function. Studies have shown that injection of serum
from young mice into old mice improves their learning and memory abilities. Conversely,
injection of serum from old mice into young mice impairs their learning and memory abilities.
These observations indicate that cell senescence plays an important role in the individual
aging.

Another line of evidence that supports development of age-associated senescence in
organisms is reduction of telomere length with increasing age. Many studies have found
senescent cells in tissues. And their number, as determined by different senescence markers,
increase in the tissues of older humans, primates and rodents.

1.1.1.3.2 Cell senescence is the essential mechanism in development

Recent researches have shown that cell senescence is one of the important mechanisms
during embryonic development. Using mouse embryos, researchers found that cell
senescence occurred extensively in different cells in various organs M. Cell senescence in
the embryonic stage is strictly dependent on p21°"™*, rather than p53-dependent or DNA
damage dependent (14 Senescence cells in the embryonic stage express high levels of
p21°"™ regulated by the TGF-B/SMAD and PI3K/FOXO signaling pathways. Embryonic cell
senescence plays an important role in organ remodeling. These findings point to a new
direction of cell senescence. Cell senescence occurs not only during stress response and aging,

but also during early embryonic development, contributing to physiology and health.
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1.1.1.3.3 Cell senescence is a self-defense mechanism

When oncogene over-activation occurs, cell senescence can be induced by p53/p21¢™,
p38/MAPK and other pathways. Senescent cells can be eliminated to prevent malignant
transformation [*2). On the other hand, with the increasing number of cell division, a great
number of damage is accumulated in the cell ®*¥!. These accumulated damages may induce
the cell to undergo a transformation into a cancer cell. But cells cannot divide permanently
and enter the cellular senescence process, which removes the cells with damages. Therefore,
cellular senescence is considered to be one of the self-defense mechanisms of cells,
preventing damage from entering the daughter cells and affecting the whole organ or
individual ™*°1,

1.1.1.3.4 Cell senescence and tissue regeneration

Cell senescence can occur not only in somatic cells, but also in stem cells, which is crucial
for maintaining the homeostasis of tissue renewal and tissue regeneration after injury 4.
Stem cell senescence has the following characteristics: (1) loss of self-renewal ability, which
leads to the depletion of stem cell pool %! (2) decreased response to exogenous stimulus
signals ¢! (3) abnormal in stem cells differentiation . The damaged cells will be removed
immediately when the organ get damaged. Then the stem cells are activated to produce new
functional cells to replace the damaged cells. But if the stem cells undergo cellular
senescence, they cannot consistently and correctly differentiate into functional cells with
normal biological functions. This will eventually lead to the decline the function of tissues.
1.1.1.3.5 Cell senescence and disease

Cell senescence has been shown to be associated with number of human diseases, particularly
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with age-related diseases 7). Studies have revealed that the roles of cell senescence are not
congruity in different disease.

Cancer is known as age-related disease. In the early stage of tumorigenesis, the expression of
oncogenes increases gradually. Cell senescence can be induced when its expression level
increases to a certain extent . Senescent cells can be further cleared by the immune system,
preventing the spread of precancerous cells. On the other hand, senescent cells secrete a large
number of inflammatory cytokines and change the cellular microenvironment M. These
factors contain high levels of IL-6, TGF-, MMPs, etc. If senescent cells are not eliminated,
senescent cells can continuously secrete the above-mentioned cytokines, which can promote
the development of cancer 5.

Alzheimer's disease (AD), a common neurodegenerative disease, has also been shown to be
associated with cell senescence . Senescent cells have been identified in the brain tissue of
Alzheimer's patients. Studies have demonstrated that cell senescence is related to Tau tangles,
which are one of the two pathological features of AD %2,

Atherosclerosis is another common disease of aging. Cell senescence plays a very important
role in the pathogenesis of atherosclerosis **%!. Senescent cells produce the initial plagues that
enter the blood vessel wall through SASP mediated mononuclear cells in the blood. The
senescent endothelial cells are easily removed, resulting in vessel leakage °*!.

Cutaneous fibrosis is a part of wound healing and is similar as liver fibrosis. The extracellular
matrix protein family (CCN) is essential for inducing the senescence of dermal fibroblasts
(18] CCN1 activates NADPH oxidase 1 (NOX1) by RAC1 to activate DDR signaling

pathway, ERK and p38 MAPK signaling pathways, which lead to the up-regulation of p53
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and p16 %% Topical treatment with recombinant and purified CCN1 protein can reduce
fibrosis during wound healing ", CYR61 knockout mouse models have demonstrated that
loss of CYRG61 does not activate dermal fibroblast senescence, which is involved in skin
healing, but leads to fibrosis progression ! These studies suggest that cellular senescence
is involved in limiting the initial wound fibrosis response.

1.1.2 CDKS5 regulatory subunit associated protein 2 (Cdk5rap2)

Cyclin-dependent kinase 5 regulated subunit related protein 2 (Cdk5rap2) also known as
CEP215, is a centrosomin family protein that is widely found in various cells %8, Cdk5rap2
was initially identified based on its interaction with p35, the activator of Cdk5 %% 160
Cdk5rap?2 is expressed ubiquitously in all human tissues, with highest expressed in brain and
spine during embryonic development Y. In 2005, Bond et al utilized a positional cloning
strategy to identify that Cdk5rap?2 is a gene in the MCPH3 locus linking Cdkb5rap2 to primary
microcephaly (MCPH) ©%2 3 rare autosomal recessive neurodevelopmental disorder
affecting ~1:30,000 to 1:250,000 individuals worldwide ™. Individuals with primary
microcephaly are born with a significant reduction in brain size, resulting in reduced head
circumference between 4 and 12 standard deviations below the norm and severe mental
retardation ™. This reduction in brain size is believed to result from asymmetric division of
neuronal progenitor cells, causing reduced number of neurons in embryonic development %3],
Previous studies have reported two different mutations, Tos3A and 1VS26-AisG, in the
Cdk5rap2 gene in two northern Pakistani microcephaly pedigrees °°!. Both of these two
mutations result in truncated protein products of 81 and 1338 amino acid residue peptides,

respectively. Disruption of Cdk5rap2 in mice reveals a primary microcephaly phenotype 671,
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These landmark findings are vital for understanding the molecular mechanisms by which

MCPH3/Cdk5rap2 controls brain size.

1.1.2.1 The structure of Cdk5rap2

Cdk5rap2 is a 1893 amino acid residue protein that contains an N-terminal microtubule
interaction site important for the  -tubulin ring complex formation (yTuRC, 59-133aa;
CM1), two predicted structural maintenance-of-chromosomes (SMC) sites (137-499aa, 1395
1653aa) important for chromatid cohesion, and DNA recombination during meiosis and
mitosis, a Ser-rich motif for interaction with plus-end binding protein EB1 (926-1208aa), an
interaction site with pericentrin (within 1726-1893aa), a C-terminal Cnn Motif 2 (CM2)
domain for Golgi complex interaction and binding to calmodulin (within 1861-1870aa) and a
C-terminal interaction site with Cdk5R1 (also known as p35), an activator or modulator of

Cdk5 (Figure 2) 1581,
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Figure 2: Schematic diagram of Cdk5rap2 protein domains.

Cdkbrap2 also contains coiled helical domains forming filament-like structures, which are the
characteristics of perenentriolar matrix scaffold proteins . By comparing with NCBI's
conserved domain database, it was found that Cdk5rap2 had homology with SMC proteins
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involved in cell division and chromosome distribution. There are two SMC domains in
Cdk5rap2, known as SMC1 and SMC2 (figure 2). Further sequence alignment revealed the
presence of Walker A domain in SMC1 of Cdk5rap2 and a Walker B domain in SMC2. SMC
domain allows proteins to interact with C-terminal and N-terminal domains to form
homologous dimers or heterodimers. Cdk5rap2 may form homologous dimers or

heterodimers by similar biological mechanisms.

1.1.2.2 The biological function of Cdk5rap2

Studies have found that Cdk5rap2 mainly exists in centrosomes, microtubules and Golgi
complex (Figure 3), and plays a very important role in maintaining the integrity of
centrosomes structure and function %8, Cdk5rap2 has also been implicated in biological

processes such as DNA damage repair, cell cycle regulation, and Wnt signaling pathway.

Interphase Mitosis

Cdk5rap2

Figure 3: Cdk5rap?2 is mainly presented at centrosome, microtubules and Golgi complex.

1.1.2.2.1 Cdk5rap2 and centrosome

Cdkbrap?2 levels at the centrosome which plays a key role in the control of the temporal and
spatial distribution of microtubule networks have been found to be regulated in a cell
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cycle-dependent manner in fibroblasts (low levels in interphase, high levels in prophase until
telophase) (%% 7% Disrupted Cdk5rap2 function inhibits centrosomal microtubule nucleation,
which leads to disorganization of interphase microtubule arrays and formation of anastral
mitotic spindles. RNAI knockdown and mutation of Cdk5rap2 reveals diverse centrosomal
functions and its requirement for neural progenitor division or survival. Cdk5rap2 has a
Drosophila orthologue, centrosomin (Cnn), which is required for centrosome assembly 27,
Loss of zygotic Cnn expression in flies perturbs development of the gut and the nervous
system. Lizarraga et al reported an increase of asymmetric and a decrease of symmetric cell

23 mouse model %71 In other mouse models, such a shift from

proliferation in a Cdk5rap
symmetric to asymmetric proliferation has been shown to lead to a depletion of the progenitor
pool, a reduction of brain size, and an increase of precursor and neuronal cell death 72,
1.1.2.2.2 Cdk5rap2 and cell cycle regulation

Although Cdk5rap2 has been proved to mainly present at centrosomes, Golgi complex and
microtubules, one study found that Cdk5rap2 can act as a transcription factor to regulate the
expression of MAD2 and BubR1 in Hela cells *3. The MAD2 and BubR1 are important
regulatory proteins for cell cycle checkpoints. Cdk5rap2 silencing cells also showed low
levels of MAD2 and BuBR1. Low expression of MAD2 and BuBR1 leads to the inability of
cell cycle checkpoints to be activated, allowing CDC20 to be located on the chromosome.
Although chromosome mis-segregation occurs during cell division upon loss of Cdk5rap2,
the cell cycle checkpoints is not activated and arrest cell cycles. Cells can ignore these errors
and successfully complete cell division. This finding also explains the absence of Cdk5rap2

expression in some tumor cells.
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1.1.2.2.3 Cdk5rap2 and Wnt signaling pathway

The Whnt signaling pathway is an important regulatory mechanism to maintain cell biological
function and cell survival ™. Dishevelled (DVL) protein is one of key molecules mediated
Wht signaling pathways 7). DVL promotes the phosphorylation of GSK3pB and blocks its
activity, which in turn increases the level of B-catenin in cells ™ ¥ High levels of
[-catenin then translocate into the cell nucleus and activate downstream genes expression.

A study published on PNAS in 2016 showed that Cdk5rap2 can bind to DVL protein 78,
This Cdkb5rap2: DVL binding can be significantly enhanced by the centrosome-specific
kinase NEK2. NEK2 phosphorylates DVL and activates the Wnt signaling pathway.

Cdk5rap?2 acts as a scaffold protein in this process.

1.1.2.3 Cdk5rap2 and human diseases

Primary microcephaly (MCPH) is a rare autosomal recessive neurodevelopmental disorder.
Patients with MCPH are often born with significant reduction of brain size and reduced in
occipital prefrontal circumference (OFC) and brain volume. Individual patients may have a
lower normal range of OFC at birth but will undergo "secondary microcephaly™ within first
year after birth. Many patients exhibit mental retardation, including speech delays,
hyperactivity and attention deficits, aggression, delayed developmental milestones, and
seizures. In addition, abnormal height and weight and congenital hearing loss are detected in
some patients.

At least 8 genes have been proved to be mutated in primary microcephaly patients and were
given the name MCPH1~MCPH8 ™ Each of these loci has been mapped to their
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corresponding gene in separate studies which are MCPH1/microcephalin, MCPH2/WDR62,
MCPH3/Cdk5rap2, MCHP4/CEP152, MCHP5/ASPM, MCHP6/CENP-J, MCHP7/STIL and
MCHPS8/CEP135. Interestingly, all these eight MCPH genes code centrosome associated
proteins. Cdk5rap2 loss of function mutation mice model (Cdk5rap2®™®" mouse) can fully
simulate the pathological characteristics of MCPH. Neural progenitor cells of this mice
model show split centrosomes, resulting in multipolar spindle in mitosis. Cdk5rap2 loss of
function mutation also causes the progenitor cells to undergo prolonged mitosis and leads to
the cell death.

Interestingly, mouse embryonic fibroblast (MEF) cells derived from another Cdk5rap2
mutant mice model display a growth arrest phenotype 7. MEF with mutant Cdk5rap2 cells
is arrest between passage 8 and passage 10. After passage 4 a higher percentage of cells were
needed to seed a culture. Following passage 8 and passage 10, MEF with mutant Cdk5rap2
remain viable but would no longer grow to confluence. These observations suggest that
Cdk5rap2 is not only involved in development of nervous system but also in other tissues.
This is further confirmed by identification of Cdk5rap2 mutation in Seckel syndrom[® and
primordial dwarfism (Y. Different from microcephaly, adults with Seckel syndrome or
primordial dwarfism show short stature. And Cdk5rap2 mutant mice models always have
smaller body size and lighter body weight. However, the biological functions of Cdk5rap2
and its mechanisms in tissue development other than nervous system remain largely
unknown.

1.1.3 Wnt signaling pathway and B-catenin

In 1982, the Wnt gene was discovered in mouse breast cancer cells [**21. The gene was then
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given the name Intl as its activation depended on the insertion of a mouse breast
cancer-related virus gene. Subsequent studies have shown that Intl plays an important role in
the normal embryonic development of mice, which is equivalent to the Wingless gene of fruit
flies and control the axial development of embryos 8%, Since then, a large number of studies
have suggested the importance of Intl gene in the embryonic development of the nervous
system, so Wingless was combined with Intl to be called Wnt gene. The human Wnt gene is
located at 12g13.

Whnt signaling pathway consists of two pathways which are canonical Wnt signaling pathway
and non-canonical Wnt signaling pathway ™. Studies have shown that B-catenin is the
effector of canonical Wnt signaling pathway. The level of B-catenin is accumulated in
cytoplasm and translocated into cell nuclei to promote expressions of downstream target

genes (18],

1.1.3.1 Canonical Wnt signaling pathway

The transduction of the canonical Wnt signaling pathway depends on a continuous process
which is regulated at multiple levels. The canonical Wnt signaling pathway has two states:
on-state and off-states X!, In off-state, each receptor of the signaling pathway is inactivated.
The level of B-catenin is low under the control of destruction complex consist of GSK3p,
CK1, APC and Axin. GSK3p phosphorylates B-catenin and subsequently leads to the
ubiquitination on B-catenin. Ubiquitinated -catenin then is degraded by proteasomes. DDK,
the endogenous negative regulator of Wnt signaling pathway can binds to LRP receptor and
inhibits downstream signaling transduction (Figure 4A).
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In on-state, the Wnt protein binds to Frizledled and LRP receptors and the intracellular tail of
LRP will be phosphorylated. This modification further leads to the interaction of LRP and
Axin in a Wnt dependent manner. Then dishevelled (DVL) protein is phosphorylated and
subsequent causes phosphorylation at an inhibitory serine residue (Ser9) on GSK-3 that
deactivates the catalytic capability of GSK-3B. Deactivation of GSK-3B on longer
phosphorylates B-catenin resulting in the accumulation of non-phosphorylated B-catenin.
Non-phosphorylated -catenin is released from destruction complex leading to accumulation
of B-catenin in the cytoplasm. Then, (3-catenin translocates into cell nucleus and interacts with
TCF/LEF transcription factors to induce the expressions of downstream target genes (Figure
4B).

In the off-state, TCF/LEF forms a complex with Groucho, inhibiting the expressions of target
genes. As long as B-catenin translocates into cell nucleus, TCF/LEF can be re-transformed
into a transcriptional activator and the expression of this gene can be activated. Many genes
have identified as a downstream target of Wnt signaling pathway. Most of these genes are
contribute to cell proliferation and cell survival, including CyclinD1, WISP1, c-myc, COX-2,

etc [187-189]
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Figure 4: Schematic diagram of Wnt signaling pathway. (A) The off-state of Wnt signaling pathway. (B) The
on-state of Wnt signaling pathway.

1.1.3.2 Non-canonical Wnt signaling pathway

In non- canonical Wnt signaling pathway, Wnt stimulates polarity formation in planar cells by
activating the small GTPase Rho and Rac °%). This causes the cytoskeleton to be rearranged,
resulting in a lateral asymmetry of the cells. Wnt may also stimulate the release of
intracellular calcium by the heterotrimeric G protein. In addition, there is an alternative
mechanism that Wnt can activate Ror and Ryk tyrosine kinase receptors, which control the

activity of JNK and Src kinases, respectively 2,

1.1.3.3 Crosstalk between Wnt and NF-kB signaling pathways

Both the Whnt signaling pathway and the NF-xB signaling pathway are conserved signaling
pathways that regulate biological processes throughout the development and adulthood of
mammals 2% Abnormalities in either of these two signaling pathways result in variety of
pathologies, such as cancer, inflammatory and immune diseases, and metabolic diseases

[193-195]
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Both Whnt signaling pathway and NF-kB signaling pathway regulate cell proliferation, cell
survival and cell differentiation through different target genes % 71 In addition to these
common functions, the Wnt signaling pathway is critical for development and tissue
regeneration, and the NF-xB signaling pathway is also critical in regulating inflammation %%
199 Recent studies have proved that crosstalk between these two signaling pathways
influences their biological functions 2. These two signaling pathways intersect to form
biologically more complex and stable regulatory networks. Proteins in the Wnt signaling
pathway regulate cellular function by interacting with the NF-«B signaling pathway. NF-xB
also affects the activity of the Wnt signaling pathway.

1.1.3.3.1 The positive effects of Wnt signaling pathway on NF-kB signaling pathway
Present studies have elucidated that the Wnt signaling pathway positively regulates the
NF-xB signaling pathway. B-TrCP, encoded by the BTRC gene, is an E3 ubiquitin ligase
receptor that mediates ubiquitination and proteasomal degradation of B-catenin and IxB-o 2%,
Activation of Wnt signaling pathway by overexpression of B-catenin or Wnt enhances the
expression of B-TrCP, and subsequently facilitating the degradation of IkB-a and increasing
the nucleus transportation of NF-kB without affecting the activity of IKK %, In vascular
smooth muscle cells, Wntl activates the expression of B-TrCP and the activity of NF-«xB
through B-catenin/TCF4 %1 In addition, p-catenin/TCF can also up-regulate and stabilize
the mRNA of B-TrCP and accumulate its protein level through promoting the transcription of
its target gene CRDBP %Y. In colon cancer, the induction of BTRC and CRDBP expression
is associated with the activation of B-catenin and NF-«xB 2%,

Stimulation of TLR3 has been shown to drive the transformation of breast cancer cells to
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cancer stem cells by activating both the Wnt and NF-«kB signaling pathways, suggesting a
synergistic effect between the two pathways ?°®!. Evidence showed that oncogenic mutated
scaffold protein CARMAL caused the stability of B-catenin and associated B cell receptor
(BCR) signaling with NF-kB signaling, thereby coupling the Wnt and NF-kB signaling
pathways in diffuse large B cell lymphoma %7, High level of B-catenin induces the
expressions of cononical Wnt target genes, and enhances the expression of
immunosuppressor 1L10 28!, Together with NF-xB, B-catenin induces a cancer cell favorable
microenvironment.

Besides, the B-catenin: TCF/LEF complex has been shown to bind to the promoter of NF-xB
target gene, such as C-reactive protein (CRP) and MMP13 % |n HEK293T cells and
HepG2 cells treated with TNF-o, both B-catenin and p50 are required for CRP expression %1,
Depletion of B-catenin in human bronchial epithelial cells results in the inactivation of LPS
induced NF-kB signaling pathway and the expression of pro-inflammatory cytokines . In
contrast, over-expression of TCF4 in human chondrocytes enhances NF-kB activity and
promotes the expression of various MMPs and pro-inflammatory cytokines 22, These results
indicate that there is a synergistic effect between p-catenin and NF-«kB.

1.1.3.3.2 The negative effects of Wnt signaling pathway on NF-kB signaling pathway

On the other hand, some studies have found that -catenin can form a complex with RelA and
p50 to inhibit the binding of NF-kB at promoter region of target genes, causing the reduced
expression of target gene . The protein pull down assay shows that B-catenin does not
interact with NF-xB. The interaction is detected by adding cell lysate into the reaction,
indicating an indirect interaction. Active B-catenin inhibits the expression of NF-xB target
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gene FAS, which may further promote tumorigenesis by inhibiting FAS-mediated cell
apoptosis 4. Some other studies also show a negative regulation mediated B-catenin on the
expressions of NF-kB signaling pathway target genes 2> 2161

This inhibitory mechanism is also found in many non-tumor cell types, such as chondrocytes,
epithelial cells, osteoblasts, and hepatocytes 2% 217221 Stimulation by Wnt3a or Wnt7B or
over-expression of B-catenin inhibits the expressions of IL-6 and MMPs mediated by IL-1p.
In intestinal epithelial cells, over-expression of constitutively active mutant form of B-catenin
or activation of B-catenin by inhibition of GSK3p results in decreased NF-xB activity and
reduced expression of IL-6 and 1L-8, two target genes of NF-kB signaling pathway ??%. The
negative regulatory effect of Wnt signaling on NF-xB signaling pathway is also observed in
the liver cells derived from B-catenin conditional knockout mice 22, Absence of B-catenin
increases RelA levels. In dendritic cells, the expression of TLR4 was enhanced by the
knockdown of B-catenin 2?2,

1.1.3.3.3 The effect of GSK3p on NF-kB signaling pathway

In addition to regulating the NF-xB signaling pathway by regulating the protein levels of
B-catenin, GSK3p also regulates NF-kB signaling pathway through B-catenin independent
manner. Overexpression of GSK3p has been shown to inhibit TNF-a- induced NF-«xB
activation. GSK3p stabilizes IkB and inhibits NF-xB signaling. Besides, GSK3f directly
phosphorylates RelA and negatively controls the basal activity of NF-kB %] Inhibition of
GSK3p enhances the expression of IL-10 mediated by CREB in monocytes treated with TLR
agonists 4. This is believed by affecting the interaction of RelA, CREB and CBP to inhibit

the production of pro-inflammatory cytokines mediated by NF-«kB. Inhibition of GSK3f
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enhances the binding of CBP to CREB.

1.1.3.4 Wnt signaling pathway and cell senescence

The Whnt signaling pathway plays an important role in the cell senescence. In senescent cells,
the Whnt signaling pathway is often inhibited, and reactivation of the Wnt signaling pathway
can significantly reverse the senescence related phenotypes %!, Knockout sFRP3, an
endogenous inhibitory protein of the Wnt signaling pathway successfully restore the body
and brain volume in BubR1H/H accelerated aging mice model %!, In addition, knockout of
SFRP3 also restored the proliferation of nerve progenitor cells in the dentate gyrus of the
hippocampus in BubR1H/H mice. Wnt signaling pathway is also proved to be important in
maintaining the number of thymic epithelial cells. Inactivation of the Wnt signaling pathway
leads to cell senescence in thymic epithelial cells 227,

Studies also have shown that the expression of Wnt2 and downstream target genes of
canonical Wnt signaling pathway are suppressed in senescent cells 2281, Inactivation of Wnt
signaling pathway occurs in the early stage of cell senescence. In addition, B-catenin

synergized with N-Ras can immortalize melanocytes by inhibiting p16"™ 4222 These studies

indicate that Wnt signaling pathway plays an important role in cell senescence.

1.1.4 Wild-type p53-induced phosphatase 1 (Wipl) in cell senescence and aging

Wild-type p53-induced phosphatase 1 (Wipl) is a member of the PP2C family of Ser/Thr
protein phosphatases encoded by PPM1D gene 2%, The expression of this gene is induced in
a p53-dependent manner in response to various environmental stresses 3. While being
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induced by p53, Wipl negatively regulates the activity of p53 by de-phosphorylation
mechanism, and in turn suppresses p53-mediated apoptosis and cell senescence 222 wip1
is characterized to have distinct oncogenic properties mediated by inhibitory functions on
several tumor suppressor pathways, including ATM, CHK2, p38/MAPK and p53 123 23],
Studies have proved that Wip1 is also a target gene of NF-kB signaling pathway 2. There is
an evolutionarily conserved kB site in the promoter region of PPM1D gene. NF-kB binds to
this specific DNA sequence to induce Wipl expression. Treatment with IMD-0354, the
inhibitor of NF-kB results in a reduction of Wipl mRNA level and total protein level.
Activation of NF-kB induces Wip1 expression.

Recent evidence indicates that the expression of Wipl is impaired during aging in some
tissues M 27 Wip1l knockout mice showed a reduction in longevity 8. An mRNA
expression analysis reveals that Wipl is dramatically down-regulated with aging in mice.
Primary cells derived from Wip1 deficient mice show reduced proliferation capability. Higher
levels of p16™ ** and ARF are found in Wipl deficient mice compared to wild type
littermates 12!, Wip1 knockout mice exhibit hyper-activation of p53 induced cell senescence,
resulting in depletion of a pool of adult stem cells in the brain !, Deletion of p53 but not
CDKNZ2A rescues the phenotype of NSC in Wip1 knockout mice. Such an accumulated stress
response by loss of Wipl function and subsequent relief of stress signaling inhibition may
also be responsible for the premature aging phenotype of Wip1 deficient mice.

Not surprisingly, human mesenchymal stem cells (hnMSCs) undergo premature senescence in
culture. Stable expression of Wipl in hMSCs lowers the stress response and overcomes

premature senescence, which maintains the multi-differentiation potential .  This
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suggests that modulation of the stress response by Wipl expression in hMSCs is important

for their stemness.

1.2 Loss of Cdk5rap2 compromises centromeric chromatin integrity through

downregulation of CENP-A

1.2.1 Centromere and Centromere protein A (CENP-A)

1.2.1.1 Centromere

The centromere is the specialized DNA sequence of a chromosome that links a pair of sister
chromatids *. Centromeres were first thought to be genetic loci that direct the behavior of
chromosomes.

The centromere is a large chromatin containing protein complex that forms the assembly site
for the mitotic kinetochore, a giant protein complex that binds spindle microtubules to
segregate the chromatids during mitosis (Figure 5) %2, In addition to microtubule attachment,
kinetochores also control mitotic checkpoint activation, preventing abnormal chromosome
segregation in the presence of unattached Kkinetochores which equate to unattached

chromosomes.
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Figure 5. Schematic diagram of the centromere/kinetochore in mitosis.

Numerous proteins are persistently located at centromere with proper organization throughout
the cell cycle. These proteins mostly are centromere specific and are collectively called the
constitutive centromere-associated network %1, In contrast, kinetochore proteins are only
recruited to the centromere position before and during mitosis to enable chromosome
alignment segregation. Although widely diverse structures of centromeres are identified in
different eukaryotes, its function for kinetochore assembly and provide a site to bind
microtubules so that chromosomes can be equally segregated in mitosis is highly conserved
in evolution.

Many researches have shown that without the centromere, kinetochore will be no longer
formed and the chromosomes will not be segregated precisely . Thus, the
centromere/kinetochore can be regarded as a single protein complex, which has crucial

importance for mitotic chromosome segregation and thus prevent the genomic instability 4%,
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1.2.1.2 Centromere protein A (CENP-A)

Eukaryotic DNA sequence is packaged by histone proteins to constitute nucleosomes. These
proteins are histone protein H2A, H2B, H3, and H4, forming an octamer with DNA %!, But
in centromeric region, the components of nucleosomes are quite unique from the rest of the
chromosome.

Centromeric nucleosomes contain a histone H3 variant called centromere protein A
(CENP-A), which is only specific present at centromere in place of histone H3 *!. The
human CENP-A gene encodes a 140-residue protein while histone H3 is 136 amino acids.
The amino acids sequence of CENP-A is about 48% identical to histone H3. Several key
differences between CENP-A and histone H3 confer the unique functions of CENP-A at
centromere. The most divergent domain at N-terminal 40 amino acids of CENP-A are usually
post-translational modified which is known to effect the function of CENP-A at nucleosome
(241 Two residue insertion in the histone fold domain of CENP-A effects CENP-A
nucleosome stability 2*¢!. Importantly, the CENP-A targeting domain (CATD) is essential for
the function and structure of CENP-A, including binding of the CENP-A chaperone Holliday
junction recognition protein (HJURP) and the centromere protein CENP-N 2*!. The extended
hydrophobic C-terminal tail of six amino acids in CENP-A is essential for the interaction with
centromere protein CENP-C [250:25],

Post-transcriptional modifications, such as mono-, bi- and tri-methylation and acetylation are
very common on histone H3. As with the modifications on histone H3 at non-centromere
region, multiple post-transcriptional modifications on CENP-A has been identified and is
closely related to its function. H3K4me2 is a centromere-specific modification that has been
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shown to promote CENP-A assembly into chromatin 2. In Drosophila, CENP-A stability is
maintained by ubiquitination through CUL3/RDX ubiquitin ligase **3. In addition, targeting
of transcriptional activators to human artificial chromosome (HAC) centromeres affects the
kinetochore formation and CENPA assembly 4. But the mechanism of this process is
unknown.

In human cells, functional centromeres consistently have CENP-A. CENP-A assembly at
centromere starts after anaphase, and finishes before the end of G1 phase ?**. This CENP-A
assembly process is regulated by many cell-cycle kinases. CENP-A assembly occurs
prematurely upon CDKZ1 inhibition 2!, Blocking of APC activity causes the failure of
CENP-A assembly at centromere ", Holliday junction recognition protein (HIURP) is the
chaperone of CENP-A. HJURP directly binds to CENP-A through recognition of the CATD
domain of CENP-A [2%8:259] Tethering Lacl-HJURP fusion protein to Lac operators at ectopic
chromosomal loci consequently assemble CENP-A and form largely functional kinetochores,
suggesting an importance of HJURP in centromere CENP-A assembly 2%,

CENP-A is the core inner protein for other centromere protein assembly. CENP-A
nucleosomes direct the recruitment centromere proteins to form functional centromere
through both direct and indirect binding with higher order protein complexes (Figure 6).
CENP-N binds CENP-A nucleosomes by CATD domain of CENP-A, while CENP-C binds to
the C-terminal tail of CENP-A %% 2811 The conserved domains in the CENP-C protein
provide specificity for CENP-C recruitment to centromeres. Replacement of CENP-A with
H3/CENP-A chimeras lacking the C-terminal region of CENP-A reduces the CEN-C

recruitment at centromere in human cells %2, The recruitment of CENP-B at centromere
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requires the CENP-A N-terminal tail. Incomplete decrease in CENP-A protein levels does not
affect the localization of CENP-B at centromere . But completely loss of CENP-A leads

to approximately 50% mis-localizaiton of CENP-B at centromere.

CENP-A
nucleosome

Figure 6. Schematic diagram of centromere architecture.

The appropriate CENP-A expression has to be precisely regulated. Over-expression of
CENP-A causes the ectopic localization of CENP-A at noncentromeric regions, which in
turns leads to ectopic kinetochore formation and numerous mitotic errors %31, However, loss
of CENP-A impairs the recruitments of outer centromere proteins. These impairments will
further disrupt the centromere architecture and kinetochore. Obviously, loss of CENP-A
causes the failure of centromere and kinetochore formation, leading to unable attachment of
chromosomes to the spindle microtubules and deficient chromosome alignment and

segregation in mitosis 254,



1.3 Hypothesis & Objectives

Cdk5rap2 is one of primary microcephaly genes regulates centrosome function and spindle
microtubule organization in mitosis. However, loss-of-function mutations of Cdk5rap2 are
also found in Seckel syndrome and primordial dwarfism patients with short stature suggesting
that Cdk5rap2 is also involved in non-nervous system development. MEF cells derived from
mutant Cdk5rap2 mice arrest cell proliferation in culture which is a major characteristic of
cell senescence. Thus, it is important to investigate whether Cdk5rap2 is involved in cell
senescence and the molecular mechanisms by which Cdk5rap2 regulates cell senescence.
Cdk5rap?2 is a transcriptional factor of MAD2 and BubR1. It is possible that Cdk5rap2 may
regulate other genes expression. Since we identified CENP-A might be a target gene of
Cdk5rap2 in Hela cells, and CENP-A is critical for chromosome alignment and segregation in
mitosis, we hypothesized that loss of Cdk5rap2 causes genomic instability could partly be
due to down-regulation of CENP-A.

Primary objectives of the current study are:

(1) Investigate the involvement of Cdkb5rap2 in cell senescence and the molecular
mechanisms by which Cdk5rap2 regulates cell senescence.

(2) Investigate the role of Cdk5rap2 in CENP-A expression and its effect on genomic

instability.
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Chapter Two: Loss of Cdk5rap?2 triggers cellular senescence via

B-catenin-mediated downregulation of WIP1
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2.1 Abstract

Cdkb5rap2 is expressed ubiquitously in human tissues and loss-of-function mutations in
Cdk5rap2 have been linked to primary microcephaly and primordial dwarfism, a
developmental disorder characterized by small body size and other growth abnormalities.
However, the mechanisms by which Cdk5rap2 loss-of-function causes developmental
disorders remain obscure. In this study, we show that loss of Cdk5rap2 triggers premature cell
senescence via GSK3p/B-catenin-mediated downregulation of WIP1. Such senescence is
associated with proliferation defect as manifested by increased population of cells at GO/G1
and reduced population at S phase in Cdk5rap2-depleted BJ-5ta human fibroblasts and small
body size in Cdk5rap2an/an mice. In BJ-5ta cells, Cdk5rap2 loss induces p53 Serl5
phosphorylation, which does not correlate with activation of p53 kinases but rather correlates
with decreased level of the p53 phosphatase, WIP1. Ectopic WIPL expression reverses the
senescent phenotype in Cdk5rap2-depleted cells, indicating that senescence in these cells is
linked to WIP1 downregulation. CdkSrap2 interacts with GSK3f, causing increased
inhibitory GSK3p Ser9 phosphorylation and inhibiting the activity of GSK3f, which
phosphorylates B-catenin, tagging p-catenin for degradation. Thus, Cdk5rap2 loss decreases
GSK3B Ser9 phosphorylation and increases GSK3f activity, reducing nuclear B-catenin,
which affects the expression of the NF-kB target gene, WIP1. Consequently, depletion of
CdkSrap2 or B-catenin causes WIP1 downregulation. Inhibition of GSK3 activity restores
B-catenin and WIP1 levels in Cdk5rap2-depleted cells, reducing p53 Serl5 phosphorylation
and preventing senescence in these cells. Conversely, inhibition of WIP1 activity increases
p53 Serl5 phosphorylation and senescence in Cdk5rap2-depleted cells lacking GSK3p
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activity. Premature cell senescence through GSK3p/B-catenin downregulation of WIP1 may

contribute to developmental disorders associated with Cdk5rap2 loss-of-function.

2.2 Introduction

Cyclin-dependent kinase 5 (Cdk5) regulatory subunit associated protein 2 (Cdk5rap2) was
originally identified based on its ability to interact with the Cdk5 regulatory subunit, p35 2.
Cdk5rap2 localizes to the centrosome in a dynein-dependent manner ! and regulates
centriole engagement and centrosome cohesion during the cell cycle 2%62%8] Cdk5rap2
moved into the spotlight as loss-of-function mutations in Cdk5rap2 cause primary
microcephaly (MCPH), an autosomal recessive neurodevelopmental disorder characterized
by small brain and cognitive deficit %2 2%%. In fact, Cdk5rap2 is most abundant at the luminal
surface of the brain’s ventricular zone, particularly in cells lining the ventricular wall where
neural stem and progenitor cells reside. However, since Cdkb5rap2 is also expressed in other
tissues, it is not surprising that loss-of-function mutations in Cdk5rap2 are further associated

with other developmental disorders such as cochlear and retinal developmental defects 27%,

primordial dwarfism (&% 271

, as well as Seckel syndrome, a heterogeneous, autosomal
recessive disorder characterized by prenatal proportionate short stature, severe microcephaly,
intellectual disability, and characteristic 'bird-headed' facial features ™. However, the
molecular mechanisms by which Cdk5rap2 loss-of-function mutations cause these
developmental disorders remain elusive.

Cellular senescence is a state of stable cell cycle arrest in which cells remain viable and

metabolically active ). In addition to cell cycle arrest, cell senescence is characterized by
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increased senescence-associated PB-galactosidase (SA-p-gal) activity "2 formation of

senescence-associated heterochromatin foci (SAHF) ™! and morphological transformation
(201 Senescence is triggered by a number of cellular stresses (1% 2742781 For example,
activated oncogenes such as H-RAS®*® and B-RAF'®F induce senescence by evoking
sustained anti-proliferative response ™", a mechanism that acts as an initial barrier in
preventing normal cell transformation into malignant cells. H-RAS®*?Y-induced senescence is
associated with accumulation of DNA damage foci and activation of the p53 kinases, ataxia
telangiectasia mutated (ATM), checkpoint kinase 1 (Chk1) and/or checkpoint kinase 2 (Chk2),
suggesting that aberrant oncogene activation induces a DNA damage response (DDR) 71081
Cell senescence can also be induced by telomere attrition and oxidative stress among others.
The molecular mechanisms of senescence have been studied extensively using a variety of
cell types. Phosphorylation of the tumor suppressor protein, p53, at Serl5 by p53 kinases
such as ATM, Chk1 and/or Chk2 is one of the key events in p53-associated cell senescence
[277.278] ~ ppparently, p53 Serl5 phosphorylation stabilizes p53 by inhibiting its interaction
with Mdm2, an E3 ubiquitin ligase that catalyzes polyubiquitination and subsequently
induces proteasome degradation of p53 *®!. However, p53 Serl5 phosphorylation is also
required for p53 activation "2 which blocks cell cycle progression by inducing p21<'™
expression®. Aside from phosphorylation by kinases, p53 Serl5 phosphorylation is also
regulated by p53 phosphatases such as wild-type p53-induced phosphatase 1 (WIP1). In fact,

WIP1 has been associated with p53-mediated cell senescence 2% 28

. For example,
hematopoietic stem cells (HSC) from WIP1” mice exhibit senescent phenotypes, impairing

repopulating activity “®. Mouse embryonic fibroblasts (MEFs) ?®! and mesenchymal stem
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cells 1 from WIP1” mice also undergo premature senescence. In primary chondrocytes,
reduced WIP1 is associated with senescent phenotype, which is reversed by ectopic WIP1
expression 1. WIP1, which contains an NF-kB binding site in its promoter region, is a
downstream gene target of NF-kB [*®]. Interestingly, p-catenin associates with NF-kB and
induces the expression of NF-kB target genes?%%.

Our investigations examine the possibility that WIP1 expression is regulated by p-catenin.
Since B-catenin is phosphorylated by GSK3p that earmarks [-catenin for
ubiquitination-mediated degradation by the proteasome pathway 2% we further examined
whether GSK3p controls our presumed [-catenin-mediated WIP1 expression. To explore
these possibilities, we used two model systems: (i) the Cdk5rap2®”® mouse model [¢7)
which carries exon 4 inversion in Cdk5rap2. Cdk5rap22™@" exhibits primary microcephaly
that is comparable to that of the human disease, displaying proliferation and survival defects
in neuronal progenitor cells ™. Cdk5rap22"® homozygotes are spontaneously aborted,
appearing to exhibit late embryonic lethality, and (ii) BJ-5ta normal human diploid foreskin
fibroblast cells. BJ-5ta cells, which were immortalized through forced expression of the
hTERT component of telomerase, maintains many characteristics of normal primary cells
such as karyotype, growth rate, morphology, tissue-specific markers and contact inhibition.
Altogether, we demonstrate that loss of Cdkbrap2 triggers premature cell senescence via
elevation of GSK3p activity that causes P-catenin-mediated downregulation of WIP1 and
subsequent upregulation of p53 Serl5 phosphorylation. Proliferation defect and senescent
phenotypes in Cdk5rap2-depleted BJ-5ta cells are recapitulated in Cdk5rap22"@" as reduced

embryonic body weights and reduced MEF growth rate, and increased SA-B-gal staining and
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reduced PCNA but increased p21°'™* levels in MEFs, respectively.

2.3 Materials and methods

2.3.1 Materials

hTERT-immortalized BJ-5ta human foreskin fibroblast cells and adenovirus carrying
H-Ras®?’ and GFP alone were obtained from Drs. Tara Beattie and Karl Riabowol,
respectively, at the University of Calgary. HEK293 cells were from ATCC (Manassas, VA,
USA). The Cdk5rap2 antibody (A300-554A) was from Bethyl Laboratories (Montgomery,
TX, USA). p21°'™* (sc-271610), p16"™*@ (sc-468), p53 (sc-393031), Ras (sc-35), histone H3
(sc-517576) and actin (sc-8432) antibodies, and protein A/G PLUS-agarose (sc-2003) were
from Santa Cruz Biotech (Manassas, VA, USA). phosphoSerl5-p53 (#9284), GSK3p
(#12456), phosphoSer9-GSK3B (#5558), ATM (#92356), phosphoSer1981-ATM (#13050),
Chk1 (#2360), phosphoSer345-Chk1 (#2348), Chk2 (#6334), phosphoThr68-Chk2 (#2197),
B-catenin (#8480), GST (#2624) and Ki-67 (#9129) antibodies were from Cell Signaling
(Danvers, MA, USA). WIP1 antibody (ab236515) was from Abcam (Cambridge, MA, USA).
The HRP-conjugated anti-rabbit (#7074) and anti-mouse (#7076) secondary antibodies were
from Cell Signaling (Danvers, MA, USA). Primers and siRNAs were synthesized at the
University of Calgary Core DNA services or GenePharma, Shanghai, China. Goat anti-mouse
or anti-rabbit secondary antibodies conjugated with Alexa-488 or -594 were from Invitrogen
(Carlsbad, CA, USA). Myc-tagged Cdk5rap2 and Flag-tagged GSK3p expression vectors,
and pReceiver-M02 carrying WIP1 were from GeneCopoeia (Rockville, USA). GSK3p
protein (14-306) was from Upstate Biotech. (Lake Placid, NY, USA).
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2.3.2 Cells and cell culture

BJ-5ta immortalized human diploid foreskin fibroblast cells (ATCC-CRL-4001) and
immortalized human embryonic kidney (HEK) 293 cells (ATCC-CRL-1573) were purchased
from American Type Cell Collection (ATCC). BJ-5ta cells were grown in Eagle's Minimum
Essential Medium (EMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, Grand Island, NY, USA), 50 U/mL penicillin, and 50 pg/mL
streptomycin (Invitrogen). HEK293 cells were grown in high glucose Dulbecco's MEM
supplemented with 10% FBS. All the cells were maintained in a humidified atmosphere with
5% CO; and 95% air at 37 <C and media was changed every 2-3 days or as required. Plastic
tissue culture plates were supplied by Corning Canada.

2.3.3 Freezing and thawing of cells

Cultured cells were harvested by incubating with trypsin-EDTA (Gibco) for detachment and
centrifuged at 800 rpm for 5 minutes. Then cells were re-suspended in a medium containing
10% FBS and 10% sterile dimethylsulfoxide (DMSO, Sigma, St. Louis, MO, USA) to to
yield approximately 1-2>40° cells/ml. One milliliter aliquots of cell suspension were
transferred to cryovials (thermo Fisher, Waltham, MA, USA) and vials were placed at -80C
overnight. Frozen cells were then kept in liquid nitrogen for long-term storage.

To thaw the cells, vials of frozen cells were removed from liquid nitrogen and placed in a
37<C water bath until completely thawed. The thawed cell suspension was quickly transferred
to 15ml centrifugal tube and mix with 4ml fresh culture media. The cells were collected by
centrifugation at 800 rpm for 5 minutes. The supernatant were discarded. The cells were

re-suspended with fresh culture media and transferred to plates containing fresh culture media
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supplemented with 10% FBS and incubated at 37 <C incubator with 5% CO2. When the cells
settle down and attach to the plate, the medium was replaced with fresh complete growth
medium and were returned to the incubator for growing.

2.3.4 Splitting of cells

Cells reaching confluence were detached from the plate using trypsin-EDTA solution at 37<C
for 2-5 minutes after washing them three times with sterile PBS. The cells were harvested by
triturating with an appropriate volume of culture media containing 10% FBS and seeded onto
new tissue culture dishes. BJ-5ta cells were split at 1:2-1:4 ratios and HEK293 cells were
split at 1:4-1:6, depending on the growth rate of the cells and the purpose of the experiments.
2.3.5 Animals

The Cdk5rap2™@" breeding pairs were purchased from JAX laboratory (Bar Harbor, ME,
USA) and fed with commercial mice chow, provided water ad libitum and kept on a 12:12 hr
light-dark cycle. Cdk5rap2*"*, Cdk5rap2™@" and Cdk5rap22"@" embryos were isolated from

+/an

pregnant Cdk5rap2™" mice. All animal studies conformed to regulatory standards and were
approved by the University of Calgary Health Sciences Animal Care Committee.

2.3.6 Genotyping

Genomic DNAs were extracted from mice using the Extracta DNA prep kit (Quantabio,
Edmonton, AB. Canada). Tissue samples were added to 50-100 A of extraction buffer,
incubated at 95<C for 30 min, and stabilized with an equal volume of stabilization buffer.

DNA sample (1 ) was added to 10 i of Quantabio's AccuStart 11 PCR SuperMix containing

100 nM of the appropriate DNA primers. The forward primers used were:
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Table 1. Primers for genotyping.

Primer Sequence

wt Cdkb5rap2-F GAAACCAGGGTGACA GGTACA

an Cdkbrap2-F AGATGTCATGTCTAAAGCAATCACT
universal primer-R CCTTTGTCTTTCTGCCCTGA;

Based on the expected size of each fragment, the wt Cdk5rap2 allele corresponds to a 581 bp
band whereas the mutant an Cdk5rap2 allele corresponds to a 500 bp band. The reaction
mixtures were input into a Bio-Rad thermocycler using PCR settings recommended by the
Jackson Laboratory.

2.3.7 Isolation of primary MEFs

Primary MEFs were isolated from E12.5 Cdk5rap2*’*, Cdk5rap2*/®" and Cdk5rap22"e"

embryos as described previously ¢

. Briefly, embryos were washed with 1x PBS,
decapitated and eviscerated then washed again with PBS. Embryos were minced using sterile
forceps and placed in 3-5 ml of 0.05% trypsin-EDTA, pipetted up and down to get cells into
suspension and incubated at 37°C for 5 min. Cell suspensions were transferred to tubes
containing MEF medium (DMEM-high glucose supplemented with 10% FBS, 50 U/ml
penicillin and 50 mg/ml streptomycin (Invitrogen, Carlsbad), and 2 mM GlutaMAX) then
centrifuged at 1,000 rpm for 5 min. Cell pellets were resuspended in fresh media and plated in
10 cm cell culture dishes. Primary MEFs were cultured in DMEM supplemented with 10%
FBS and 50 U/ml penicillin and 50 mg/ml streptomycin (Invitrogen, Carlsbad) under hypoxic
condition (5% O, and 5% CO; incubator). All experiments were performed in passage P2-P7

MEFs.
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2.3.8 Plasmid/siRNA transfection and adenovirus infection

Cells cultured ~18 hours and at about 60% confluency were transfected with indicated siRNA
using Lipofectamine 2000 (Invitrogen) in serum-free medium, which was replaced with
complete medium 5 hours post-transfection.

Table 2. siRNA sequences for gene depletion

Control siRNA CGUACGCGGAAUACUUCGAUU

Cdk5rap2 siRNA#1 GGACGUGUUGCUUCAGAAAUU

Cdk5rap2 siRNA#2 GAGUCAGCCUUCUGCUAAAUU

Wipl siRNA CCAAUGAAGAUGAGUUAUAUU
GSK3p siRNA AGGAGACCACGACCUGUUAAUU
[B-catenin sSiRNA CTCGGGATGTTCACAACCGAA

Cells were harvested at different time points as indicated. Adenovirus infection was carried
out at a MOI of 50-100. Media was then replaced with EMEM containing 10% FBS 24 hours
post infection and cells were incubated until the indicated time.

2.3.9 RNA extraction and real-time qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol, and transcribed into cDNA using high-capacity cDNA reverse
transcription kit (Thermo Fisher, Waltham, MA). Real-time qRT-PCR was performed using
power SYBR® green PCR master mix (Thermo Fisher, Waltham, MA), and an Applied
Biosystems 7500 real-time PCR machine using a standard protocol. The PCR conditions
were 35 cycles at 94<C for 20 seconds, 60<C for 20 seconds and 72<C for 35 seconds. The

primer sets used were:
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Table 3. Primers for examination of Wip1 expresion.

Primer Sequence

WIP1-F GGGAGTGATGGACTTTGGAA
WIP1-R CAAGATTGTCCATGCTCACC
GAPDH-F GGAGCGAGATCCCTCCAAAAT
GAPDH-R GGCTGTTGTCATACTTCTCATGG

GAPDH was used for normalization.

2.3.10 Isolation of nuclear fraction

Lysates of BJ-5ta cells transfected with Cdk5rap2 sSiRNA or control siRNA were
centrifugated at 800 rpm for 10 min. The resulting pellets were resuspended in cell lysis
buffer containing 10 mM HEPES; pH 7.5, 10 mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol
(DTT), 0.5% Nonidet-40 (NP-40), 0.5 mM PMSF, and the protease inhibitor cocktail, then
incubated on ice for 30 min with intermittent mixing, and centrifuged at 12,000 xg at 4<C for
15 min. The pellets were washed three times with cell lysis buffer, and resuspended and
incubated in nuclear extraction buffer containing 20 mM HEPES (pH 7.5), 400 mM NacCl, 1
mM EDTA, 1 mM DTT, 1 mM PMSF and protease inhibitor cocktail for 30 min. Nuclear
fractions were harvested by centrifugation at 12,000 xg for 15 min at 4<C.

2.3.11 Western blot analysis

Cell lysates (50 pg) were resolved by SDS-PAGE, transferred to nitrocellulose membrane,
and immunoblotted for Cdk5rap2, p21°*, p16™42 p53, phospho-p53, Ras, histone, GSK3p,
phosphoSer9-GSK3p, ATM, phosphoSer1981-ATM, Chkl, phosphoSer345-Chkl, Chk2,
phosphoThr68-Chk2, B-catenin, WIP1 and actin. Following incubation with HRP-conjugated

anti-rabbit or anti-mouse secondary antibody, immunoreactive bands were detected using the
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ECL reagent (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Western blot images
were obtained using the ChemiDoc™ Imager (Bio-Rad) set at optimal exposure. No
enhancements were performed.

2.3.12 Immunofluorescence microscopy

Cells transfected with Cdkb5rap2 or control siRNA on coverslips were fixed with 4%
paraformaldehyde/PBS for 10 min, permeabilized using 0.1% Triton X-100/PBS for 10 min,
then blocked in 2% BSA/PBS for 1 hour at room temperature. Cover slips incubated with the
indicated primary antibody for 1 hour followed by 20 min incubation with secondary
antibodies were washed with 1x PBS, counterstained with DAPI and mounted on glass slides
using ProLong™ Diamond Antifade Mountant (P36961, Invitrogen, Carlsbad, CA, USA).
Images were captured using a Zeiss Axiovert 200 microscope. BJ-5ta cells transfected with
Cdk5rap2 siRNA #2 were analyzed for Ki-67 positive cells 3 days post-transfection.

2.3.13 Senescence-associated B-galactosidase staining

Cells were fixed using 3% paraformaldehyde in PBS (pH 6.0) and stained with 1 mg/ml
5-bromo-4-chloro-indolyl-p-D-galactopyranoside  (X-gal) solution containing 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl; in
PBS (pH 6.0) for 16-20 hrs at 37<C.

2.3.14 Cell viability and cell cycle analyses

BJ-5ta cells transfected with Cdk5rap2 siRNA #2 or control sSiRNA were seeded into 96-well
plates at 5,000 cells per well 24 hours post transfection, then analyzed for cell viability at
days 0, 2 and 4 using Cell Counting Kit-8 (CCK-8, Dojindo). For analysis of cell cycle
distribution, cells transfected with Cdk5rap2 siRNA #2 or control siRNA were fixed using
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cold 2% formaldehyde and stained with 7-AAD (5 pg/ul) then subjected to flow cytometry.
2.3.15 Immunoprecipitation

HEK293 cells tranfected with Myc-tagged Cdk5rap2 or Flag-tagged GSK3p or both for 48
hrs were lysed in ice-cold lysis buffer containing 50 mM Tris/pH 8.0, 150 mM NaCl, 1%
NP-40, 10 mM EDTA, 5% glycerol, 1 mM phenylmethylsulfonylflouride (PMSF), 10 pg/mi
aprotinin, and 10 pg/ml leupeptin. Lysates were then clarified by centrifuged at 13,000 rpm
for 25 min at 4<C. For immunoprecipitation under denaturing condition, 1% SDS was added
in the lysis buffer. Lysates were pre-cleared by adding normal mouse or rabbit IgG +
sepharose A/G beads and incubating at 4<C for 2 hrs followed by centrifugation at 14,000
rpm for 10 min. One-tenth of the lysates from each sample was retained and used to assess
input or total cell lysate in western blots. Pre-cleared cell lysates were subjected to
immunoprecipitation using Myc or Flag antibody conjugated to protein A/G agarose beads.
After incubating the mixture overnight at 4<C, immunoprecipitates were washed with lysis
buffer three times at 4<C.

2.3.16 Measurement of GSK3p activity

GSK3p activity was measured using the GSK-3f activity assay kit (Sigma, ON, Canada)
following the manufacturer’s protocol. Briefly, cells transfected with CdkSrap2 or control
SIRNA were lysed in ice-cold lysis buffer containing 50 mM Tris/pH 8.0, 150 mM NaCl, 1 %
NP-40, 10 mM EDTA, 5% glycerol, 1 mM phenylmethylsulfonylflouride (PMSF), 10 pg/ml
aprotinin and 10 pg/ml leupeptin. Cell lysates (300 |g) were incubated with 2 i of
anti-GSK-3  and 30 ul EZview Red protein-G affinity gel beads at 4<C for 3 hrs. The beads
were recovered by centrifugation at 8,000 xg for 30 sec and washing with 500 i of ice-cold
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lysis buffer. The immunoprecipitates were mixed with 20 il of reaction mixture containing
25 Ci 3P-ATPand 5 i of GSK-3B substrate solution, incubated at 37 <C for 30 minutes,
then spotted onto P81 phosphate cellulose membranes. Membranes were washed 4 times with
0.5% phosphoric acid and once with acetone. Counting of incorporated radioactivity was
performed using a Beckman scintillation counter.

2.3.17 Expression and purification of GST-Cdkbrap?2

GST-Cdk5rap2 was cloned into pFastBac vectors from which baculovirus was generated
according to the Bac-to-Bac® baculovirus protein expression system (Thermo Fisher,
Waltham, MA). Sf9 insect cells were infected with P2 baculovirus carrying GST-Cdk5rap2
for 24 hrs. GST-Cdk5rap2 was purified by affinity chromatography using a glutathione
(GSH)-conjugated agarose column (Sigma-Aldrich, St. Louis, MO). Sf9 cell lysates
expressing GST-Cdk5rap2 were incubated with GSH-agarose for 1 hour at 4° C and washed
with 1x PBS containing 1% Triton X-100. Bound proteins were eluted with 10 mM reduced
GSH in 50 mM Tris elution buffer (pH 8).

2.3.18 GST pull down assay

GST-Cdkbrap2 (1 mole) bound to glutathione-agarose beads was mixed with GSK3p (2  g) at
4<C for 2 hrs. The pulled-down complex was washed 4 times with ice-cold GST lysis buffer
(20 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM EDTA (pH 8.0), 0.5% NP-40, 2 pg/pi
aprotinin, 1 g/ leupeptin, 0.7 pg/ml pepstatin and 25 pg/ml PMSF) by centrifugation at

2,500 rpm for 10 min and analyzed by SDS-PAGE and immunoblotting for GST and GSK3.
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2.3.19 Generation of promoter constructs of wt WIP1 (pGL3-WIP1) and WIP1 with
NF-xB binding site deletion (pGL3-WIP1-AkB)

Using genomic DNAs isolated from HEK?293 cells as a template, the WIP1 promoter region
was amplified by PCR using the primer set: WIP1-F1 and WIP1-R1. The promoter region for
WIP1-AkB was generated by PCR using two different sets of primers WIP1-F1 and WIP1-R2,
and WIP1-F2 and WIP1-R1, with overlapping fragments (lowercase letters) in WIP1-R2 and
WIP1-F2. Two PCR products were annealed and used as templates for subsequent 8 fusion
PCR cycles 2% PCR products were then purified using the GeneJET PCR Purification Kit
(Thermo Fisher, Waltham, MA) and used as templates for PCR amplification using the
WIP1-F1 and WIP1-R2 primer set. Generated WIP1 and WIP1-AxB promoter PCR products
were cloned into pGL3-basic luciferase reporter vector (Promega, Madison, WI, USA) using
Xhol and Bglll restriction enzyme sites and designated as pGL3-WIP1 and pGL3-WIP1-AkB,
respectively. Successful cloning was confirmed by DNA sequencing.

Table 4. Primers for pGL3-WIP1 and pGL3-WIP1-AkB vector construction.

Primer sequence

WIP1-F1 ACATTTTCTTGAGCTGATTTTGCTT

WIP1-F2 ACCGAGACTGTGCAGCTGACGGTTAAGTGCTT
WIP-R1 TCGGAGAAGACGCTCACTCC

WIP-R2 GTTTAAAAAGCACTTAACCGTCAGCT

2.3.20 Luciferase assay
To measure luciferase activity, HEK293 cells were co-transfected with the indicated siRNA,

pGL3-WIP1 or pGL3-WIP1-AxB and pTK-Renilla luciferase vector using lipofectamine
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2000 (Invitrogen, Carlsbad, CA, USA). Cell extracts were prepared 48 hours after
transfection and luciferase activity was measured using the Dual-Luciferase Reporter assay
system (Promega, Madison, W1, USA). Renilla luciferase served as an internal control for
normalization.

2.3.21 Statistical analysis

All data are expressed as mean zstandard deviation of at least three biological replicates. The
statistical analyses were done using student’s t-tests for two samples and one-way analysis of
variance (ANOVA) for differences among groups using GraphPad Prism software. A

probability of p< 0.05 was taken to be statistically significant.

2.4 Results

2.4.1 Loss of Cdk5rap2 induces cellular senescence

To investigate how Cdk5rap2 loss-of-function may cause proliferation defects associated with
developmental disorders, we examined the effect of Cdk5rap2 depletion in BJ-5ta human
fibroblasts by siRNA. As shown in Figure 1, knocking down Cdk5rap2 using two different
SiRNAs (#1 and #2; Figure 7A) triggers the formation of senescence-associated
heterochromatin foci (SAHF) as demonstrated by staining with DAPI (Figure 7B) and SAHF
colocalization with heterochromatin protein 1y (HPly, Figure 7C), a SAHF marker [289]
Senescence induced by activated H-RAS®*?Y oncogene **? was used as positive control to

detect SAHF and HP1y staining.
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Figure 7. Cdk5rap?2 loss triggers SAHF formation.

A. Depletion of Cdk5rap2 in BJ-5ta human diploid foreskin fibroblasts. Lysates of cells transfected with

Cdk5rap2 siRNA for 3 days were analyzed by SDS-PAGE and immunoblotting for Cdk5rap2 (left panel). Actin

blot was used as loading control. Representative blots are from one of three independent experiments (n=3)

showing similar results. Ratios of levels of Cdk5rap2 vs actin (right panel) were calculated following

densitometric analysis of blots using NIH Image J 1.61. Standard deviation for the 3 independent sets of

experiments was calculated based on the ratios of the densitometric levels of Cdk5rap2 vs actin, with values

from cells transfected with control siRNA normalized to 1.0. *p<0.001. B and C. Cdk5rap2 loss causes

formation of SAHF. BJ-5ta cells transfected with Cdk5rap2 siRNA for 3 days were stained with DAPI (B) and

HP1y antibody (C), and subjected to microscopic examination. SAHF formation induced by infecting
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adenovirus carrying H-RASG12V into BJ cells was used as positive control. Representative images of control
and Cdk5rap2-depleted cells, and cells infected with adenovirus carrying GFP alone or H-RASG12V are shown

with DAPI and HP 1y stain-enriched and -devoid regions highlighted with open circles and squares, respectively.

To support the suggestion that Cdk5rap2 depletion causes premature cellular senescence,
cells transfected with Cdk5rap2 siRNA #2 (Figure 8) were monitored for the appearance of
SAHF-positive cells and the expression of the senescence-associated biomarkers!?®®!, p21¢1*
and p16™“*® over 5 days post transfection. As shown in Figure 8A, the number of SAHF
positive cells increases markedly in the first 3 days after transfection with Cdk5rap2 siRNA
#2, reaching peak levels on days 3-5, a period when no or only a modest number of SAHF
positive cells was observed in those transfected with control siRNA. The increase in number
of SAHF positive cells upon Cdk5rap2 depletion coincides with increased expression of
p21°'"* and p16™ *? (Figure 8B). Together with the noticeable staining for SA-p-gal, another
marker of cellular senescence ?*, 3 days post- transfection with Cdk5rap2 siRNA #2 (Figure

8C), our findings indicate that loss of Cdk5rap2 induces cellular senescence.
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Figure 8. Increased number of SAHF positive Cdk5rap2-depleted cells coincides with expression of

1CIP1 6INK4a.

p2 and p1
BJ-5ta cells transfected with Cdk5rap2 siRNA #2 for 5 days were analyzed (i) for SAHF positive cells (A, upper
panel) and by SDS-PAGE and immunoblotting for (ii) Cdk5rap2 and actin (A, middle panel), and (iii) p21CIP1
and p16INK4a as well as Cdk5rap2 and actin (B, upper panel). The number of SAHF positive cells was
assessed in ~200 cells per treatment group in each of 3 independent experiments (n=3). *p<0.01. Actin was used
as loading control for immunoblotting. Representative blots are from one of three independent experiments (n=3)
showing similar results. Ratios of levels of Cdk5rap2, p21CIP1 and p16INK4a vs actin and standard deviation

for the 3 independent sets of experiments (A, lower panel and B, middle and lower panels) were calculated as
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described for Cdk5rap2 vs actin in Figure 1, with values from cells transfected with control siRNA at day 0
normalized to 1.0. *p<0.02. C. Cells transfected with Cdk5rap2 siRNA #2 or control siRNA were subjected to
SA-B-gal staining 3 days post-transfection. Representative images (left panel) are from one of three independent
experiments (n=3) showing similar staining patterns. The number of SA-B-gal positive cells was assessed in

~200 cells per treatment group in each of the 3 independent experiments (n=3). *p=0.0005.

Increased levels of SAHF as well as p21°'7* and p16™X*2, which are also molecular inhibitors
of cell cycle Cdks, upon loss of Cdk5rap2 led us to test whether loss of Cdkbrap2 affects cell
proliferation. Indeed, we found that cells transfected with Cdk5rap2 siRNA #2 proliferate at a
slower rate compared to cells transfected with control siRNA (Figure 9A). Flow cytometry
analysis show greater population of cells at G¢/G; but reduced population of cells at S in
those transfected with Cdk5rap2 siRNA #2 compared to those transfected with control sSiRNA
(Figure 9B). In addition, reduced number of Ki-67 positive cells was observed in those
transfected with Cdk5rap2 siRNA #2 compared to those transfected with control siRNA
(Figure 9C). Altogether, these findings indicate that Cdk5rap2 loss triggers

senescence-associated proliferation arrest.
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Figure 9. Cdk5rap?2 loss causes decreased cell proliferation.

BJ-5ta cells transfected with Cdk5rap2 siRNA #2 were subjected to (A) cell viability assay, (B) cell cycle
distribution analysis by flow cytometry, and (C) measurement of Ki-67 positive cells as described in Materials
and Methods. Data represent means SD from three separate experiments (n=3). *p<0.01 (in Aand B). The
percentage (%) of Ki-67 positive cells (C, right panel) were assessed in ~200 cells per treatment group in each

of the 3 independent experiments (n=3). *p=0.001.

2.4.2 Mouse embryonic fibroblast cells (MEFs) isolated from Cdk5rap22™#" mice, which
have reduced body weights, exhibit senescence-associated phenotypes
The availability of Hertwig's anemia (an) mutant mice (Cdk5rap22"@") that carry exon 4

inversion in the Cdk5rap2 gene, allowed us to test whether such Cdk5rap2*”®" mutation
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affects body weight and whether the senescent-associated phenotypes observed in
Cdk5rap2-depleted BJ-5ta cells are also exhibited by Cdk5rap22”®  MEFs. Since
Cdk5rap22™® mice have high incidence of death in late embryonic stages, we initially
isolated embryonic day 12.5 (E12.5) Cdk5rap2*’*, Cdk5rap2™@" and Cdk5rap22™@" embryos

+/an

from pregnant Cdk5rap2™“" mice and body weights were compared. As shown in Figure 10A,

+/+

within the same litter, the Cdk5rap22"® embryo weighs less than the Cdk5rap2*’* and
Cdk5rap2*/®" embryos. E17.5 embryos from different litters also show lower average weights
of Cdk5rap2®"@" compared to Cdk5rap2™* and Cdk5rap2*@" embryos (Figure 10B, left
panel). Similar observations were further noted for average weights of E12.5 to E17.5
Cdk5rap2*’*, Cdk5rap2*/@" and Cdk5rap22”® embryos (Figure 10B, right panel). Next, MEFs
isolated from E12.5 Cdk5rap2*"*, Cdk5rap2™@" and Cdk5rap22"@ embryos were examined
for the appearance of SA-B-gal positive cells (Figure 10C, left panel). Analysis of SA-B-gal
staining show that the number of SA-B-gal positive cells in Cdk5rap22"® MEFs is
remarkably greater than those in Cdk5rap2*’* and Cdk5rap2*"®" MEFs (Figure 10C, right
panel). In addition, Cdk5rap22"@ MEFs exhibit decreased proliferation (Figure 10D), which
coincides with reduced PCNA but increased p21™! levels (Figure 10E) compared to

Cdk5rap2+’+ and Cdk5rap2+’an MEFs. Thus, the senescence-associated phenotypes that we

observed in Cdk5rap2-depleted BJ-5ta cells is recapitulated in ex vivo Cdk5rap2"®" MEFs.
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Figure 10. Cdk5rap2®”® embryos have reduced body weight and Cdk5rap2®¥®" MEFs show senescent
phenotype.

A. Genomic DNAs from E12.5 Cdk5rap2*"*, Cdk5rap2™®" and Cdk5rap2®"®" littermates obtained from a
Cdk5rap2*® pregnant mouse were subjected to genotyping by PCR as described in Materials and Methods.
Lane 1 is a negative control where no PCR template was added. Embryos were numbered (2-11) according to
their weights (heaviest to lightest). B. Average weights of isolated E17.5 (left panel) and E12.5 to E17.5 (right
panel) Cdk5rap2™*, Cdk5rap2*@" and Cdk5rap22"®" embryos from different litters are shown. C. MEFs isolated
from Cdk5rap2™*, Cdk5rap2*@" and Cdk5rap2*”@" embryos were subjected to SA-B-gal staining. Representative
images (left panel) are from one of three independent experiments (n=3) showing similar staining patterns. The
number of SA-B-gal positive cells was assessed in ~200 cells per treatment group in each of the 3 independent
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experiments (n=3). *p=0.0002. D. Growth of MEFs obtained from Cdk5rap2*"*, Cdk5rap2*"®" and Cdk5rap22"®"
embryos was analyzed by cell viability assay. E. Lysates of MEFs isolated from Cdk5rap2™*, Cdk5rap2*®" and
Cdk5rap22”® embryos were analyzed by SDS-PAGE and immunoblotting for Cdk5rap2, PCNA and p21°'**,

TCE staining was used to assess protein loading.

2.4.3 Cell senescence due to loss of Cdkb5rap2 is linked to elevated p53 Serl5
phosphorylation via WIP1 downregulation

p53 plays a key role in triggering the expression of SA-B-gal. In addition, upon DNA damage
and other types of stress that induce cellular senescence ?7* 21 p53 is phosphorylated at
Ser15 by protein kinases such as ATM, Chk1, and Chk2 . Thus, we examined the status of
p53 Serl5 phosphorylation in BJ-5ta cells depleted of Cdk5rap2. By immunoblotting using
a phosphoSer15 p53 antibody, we observed that loss of Cdk5rap2 causes noticeable increase
in p53 Ser15 phosphorylation, which coincides with elevation of p21¢'™ level (Figure 11A).
Next, we tested whether senescence due to Cdk5rap2 loss involves ATM, Chk1 and/or Chk2
activation. Phosphorylation of ATM Ser1981, Chk1 Ser345 and Chk2 Thr68 was examined in
Cdk5rap2-depleted cells by immunoblotting. Cells infected with H-RAS®*?" oncogenel'*?
was used as a positive control to detect senescence-associated activation of ATM, Chk1 and
Chk2. Interestingly, we did not detect phosphorylation/activation of ATM, Chk1 and Chk2 in
Cdkbrap2-depleted cells (Figure 11B). Unexpectedly, we observed reduced level of Cdk5rap2
in cells infected with activated H-RAS®*?". The mechanism by which this happens requires
further investigation but is beyond the scope of the current study. Since phosphorylation of
p53 Serl5 is also regulated by protein phosphatases such as WIP1, a critical senescence
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regulator (28228 that has been associated with p53 Serl5 dephosphorylation, we examined
the possibility that loss of Cdkbrap2 affects WIP1 expression. By gRT-PCR and
immunoblotting, we found that WIP1 phosphatase is downregulated at both the mRNA
(Figure 11C, left panel) and protein (Figure 11C, right upper and lower panels) levels in cells
depleted of Cdk5rap2. Taken together, our findings indicate that cellular senescence due to
loss of Cdk5rap2 may be induced by activation of p53 via downregulation of WIP1, and that

p53-mediated senescence due to Cdk5rap2 loss is independent of ATM, Chkl and Chk2

activation.
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Figure 11. Cdk5rap?2 loss triggers cellular senescence through downregulation of WIP1-mediated p53
activation.
A. BJ-5ta cells depleted of Cdk5rap2 show increased p53 phosphorylation at Serl5, which coincides with

increased level of p21°'™. Lysates of cells transfected with Cdk5rap2 siRNA #2 for 3 days were analyzed by
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SDS-PAGE and immunoblotting for Cdk5rap2, phosphoSer15 p53 (pSer15-p53), p53, p21°'™* and actin (A, left
panel). Actin blot was used as loading control. Representative blots are from one of three independent
experiments (n=3) showing similar results. Ratios of levels of phosphoSer15 p53 (pSer15-p53) and p21°'™*vs
actin and standard deviation for the 3 independent sets of experiments (A, right panel) were calculated as
described for Cdk5rap2 vs actin in Figure 1, with values from cells transfected with control siRNA normalized
to 1.0. *p<0.005. B. Lysates of cells infected with adenovirus carrying H-RAS®*?Y or transfected with Cdk5rap2
SiIRNA #2 for 3 days were analyzed by SDS-PAGE and immunoblotting for Cdk5rap2, phosphoSer1982-ATM
(pSer1982-ATM), ATM, phosphoSer345-Chkl (pSer345-Chkl), Chkl1, phosphoThr68-Chk2 (pThr68-Chk2),
Chk2, H-RAS and Actin. Actin blot was used as loading control. C. Cdk5rap2 loss represses WIP1 mRNA and
protein expression. Levels of WIP1 mRNA in cells transfected with Cdk5rap2 siRNA #2 were determined by
gRT-PCR using isolated total RNA as template. GAPDH was used for normalization. Relative levels of WIP1

2722CT method. Relative levels from cells transfected with control

MRNA (left panel) were calculated using the
SiRNA were normalized to 1.0. Data represent means & SD of calculated ratios from three independent
experiments (n=3). *p=0.002. WIP1 protein expression was analyzed by immunoblotting (upper right panel).
Actin blot was used as loading control. Representative blots from one of three independent experiments (n=3)
showing similar results are shown. Ratios of levels of WIP1 vs actin and standard deviation for the 3

independent sets of experiments (lower right panel) were calculated as described for Cdk5rap2 vs actin in Figure

1, with values from cells transfected with control siRNA normalized to 1.0. *p<0.01.

While we note that p53-associated cell senescence induced by loss of Cdk5rap2 is distinct
from the p53-mediated senescence induced by activated H-RAS®™?Y, which is often
associated with activation of the DNA damage response (DDR) [1%8 1192781 '\ye sought to
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examine the possibility that senescence induced by Cdk5rap2 loss involves DDR. To do so,
we performed immunofluorescence microscopy to test whether loss of Cdk5rap2 in BJ-5ta
cells triggers the formation of YH2AX foci, which was assessed by staining with histone
H2AX phosphoSer139 antibody (Figure 12). Cells infected with activated H-RAS®*?Y and
cells treated with 4Gy ionizing radiation (IR), which show 96.7% and 100%, respectively, of
cells positive for YH2AX foci served as positive controls. Cells infected with an empty vector
and cells transfected with control siRNA served as negative controls. Examination of
Cdk5rap2-depleted cells revealed no YH2AX foci, indicating that p53-associated senescence

that is linked to WIP1 downregulation in Cdk5rap2-depleted cells does not involve DDR

activation.
Adenovirus Adenovirus Control Cdk5rap2
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Figure 12. Cdk5rap2-depleted cells have no detectable YH2AX foci.
BJ-5ta cells transfected with Cdk5rap2 siRNA #2 for 3 days were stained with DAPI and yH2AX antibody.

Cells infected with adenovirus carrying H-RAS®*?Y

and cells treated with 4Gy IR were used as positive controls
for yYH2AX detection. Merged images of YH2AX and DAPI staining are shown. Representative images are from
one of three independent experiments showing similar staining patterns. The indicated percentage (%) of

YH2AX positive cells was assessed in ~200 cells per treatment group in each of the 3 independent experiments

(n=3).
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To examine the idea that WIP1 loss in Cdk5rap2-depleted cells accounts for the sustained p53
Serl5 phosphorylation that leads to cellular senescence, BJ-5ta cells depleted of WIP1 by
SiRNA were analyzed by SDS-PAGE and immunoblotting for WIP1, p53 phophoSer15, total
p53 and p21°™ as well as SA-B-gal staining. Consistent with our observations in
Cdk5rap2-depleted cells, WIP1-depleted cells show p53 Serl5 phosphorylation and elevation

of p21°'™ level (Figure 13A), and increased number of SA-B-gal positive cells (Figure 13B).
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Figure 13. WIP1 loss triggers cellular senescence through p53 activation.

BJ-5ta cells transfected with WIP1 siRNA were analyzed by (A) SDS-PAGE and immunoblotting for WIP1,
phophoSer15-p53, p53, and p21°'™* (left panel), and (B) SA-B-gal staining (left panel). Actin was used as
loading control for immunoblotting. Representative blots are from one of three independent experiments (n=3)
showing similar results. Ratios of levels of WIP1 vs actin (A, middle panel) and phophoSer15-p53 vs p53 and
p21°'"* vs actin (A, right panel) and standard deviation for the 3 independent sets of experiments were
calculated as described for Cdk5rap2 vs actin in Figure 1, with values from cells transfected with control sSiRNA
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normalized to 1.0. *p<0.005. Representative images of SA-B-gal staining in B (left panel) are from one of three
independent experiments (n=3) showing similar staining patterns. The number of SA-B-gal positive cells (B,
right panel) was assessed in ~200 cells per treatment group in each of the 3 independent experiments (n=3).

*p=0.00016.

To establish a link between senescence induced by Cdk5rap2 loss and downregulated WIP1
expression, BJ-5ta cells were co-transfected with Cdk5rap2 siRNA #2 and pReceiver-M02
vector carrying WIP1. As shown in Figure 7, ectopic WIP1 overexpression in
Cdk5rap2-depleted cells (Figure 14A) reverses the appearance of SA-B-gal positive cells
induced by Cdk5rap2 loss (Figure 14B), supporting our view that senescence due to loss of

Cdk5rap? is linked to downregulated WIP1 expression.
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Figure 14. Ectopic expression of WIP1 reverses the senescent phenotypes observed in cells depleted of

Lysates of BJ-5ta cells co-transfected with Cdk5rap2 siRNA #2 and pReceiver-M02 carrying WIP1 were

analyzed by SDS-PAGE and immunoblotting for Cdk5rap2 and WIP1 (A, upper panel), and SA-B-gal staining

(B, upper panel) 72 hrs post-transfection. Actin was used as loading control for immunoblotting. Representative

blots are from one of three independent experiments (n=3) showing similar results. Ratios of levels of WIP1 vs



actin and standard deviation for the 3 independent sets of experiments (A, lower panel) were calculated as
described for Cdk5rap2 vs actin in Figure 1, with values from cells co-transfected with control siRNA and
empty vector normalized to 1.0. *p<0.05. Representative images of SA-B-gal staining in B (upper panel) are
from one of three independent experiments (n=3) showing similar staining patterns. The number of SA-B-gal
positive cells (B, lower panel) was assessed in ~100 cells per treatment group in each of the 3 independent

experiments (n=3). *p<0.001.

2.4.4 Cdk5rap?2 regulates WIP1 expression through f-catenin

As indicated above, we found that loss of Cdkbrap2 causes downregulation of WIP1
expression at both the mRNA and protein levels. The WIP1 promoter contains a nuclear
factor-kB (NF-kB) binding site [236] (Figure 15A) through which NF-kB positively regulates

WIP1 expression %%

, and B-catenin associates with NF-«B, affecting the expression of
NF-kB target genes 2. These apparent interactions led us to test whether loss of Cdk5rap2,
which causes reduced WIP1 level, influences B-catenin expression. As shown in Figure 15B,
loss of CdkSrap2 reduces B-catenin level in the nucleus where B-catenin associates with

NF-xB. Depletion of B-catenin by siRNA downregulates WIP1 level (Figure 15C), suggesting

that CdkSrap2 loss may reduce WIP1 level through downregulation of B-catenin.
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Figure 15. CdkS5rap2 loss reduces p-catenin level.

A. The WIP1 promoter contains an NF-kB binding site ?**. BJ-5ta cells transfected with Cdk5rap2 siRNA #2
(B), or B-catenin siRNA (C) for 3 days were analyzed by SDS-PAGE and immunoblotting. Nuclear fractions and
whole cell lysates in (B) were probed for B-catenin and histone H3 (nuclear fraction) or Cdk5rap2 and actin
(whole cell lysate), and whole cell lysates in (C) were probed for B-catenin, WIP1 and actin. Actin blot was used
as loading control. Representative blots are from one of three independent experiments (n=3) showing similar
results. Ratios of levels of B-catenin vs histone H3 (in nuclear fraction) or actin (in whole cell lysate) in (B) and
B-catenin or WIP1 vs actin in (C), right panels, and standard deviation for the 3 independent sets of experiments
were calculated as described for Cdk5rap2 vs actin in Figure 1, with values from cells transfected with control

SiRNA normalized to 1.0. *p<0.05 (in B). *p<0.005 (in C).
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2.4.5 Cdkbrap2 interacts with glycogen synthase kinase-3fp (GSK3p) and such
interaction inhibits GSK3p activity

Because GSK3p phosphorylates B-catenin, targeting B-catenin for ubiquitination-mediated
degradation by the proteasome pathway %! we examined whether Cdk5rap2 interacts with
GSK3p and affects GSK3p activity. To do so, lysates of BJ-5ta cells co-transfected with
Myc-tagged Cdkbrap2 and FLAG-tagged GSK3p were subjected to immunoprecipitation
using FLAG or Myc antibody then analyzed for Cdk5rap2 and GSK3p
co-immunoprecipitation by immunoblotting both immunoprecipitates with Myc and FLAG
antibodies. Fig. 16A shows reciprocal co-immunoprecipitation of Cdk5rap2 and GSK3p. To
determine whether Cdk5rap2 interacts directly with GSK3pB, GST-Cdk5rap2 purified from
baculovirus-infected Sf9 insect cells was bound to GSH-agarose beads then mixed with
purified GSK3p. Analysis of the GST pulled-down complex by SDS-PAGE and
immunoblotting using GST or GSK3p antibody show the presence of both GST-Cdk5rap2 and
GSK3p (Figure 16B), indicating direct interaction between these proteins.
GSH-agarose-bound GST mixed with GSK3[ was used as negative control. We then sought to
determine whether Cdk5rap2 interaction with GSK3p affects GSK3p activity. Since GSK3f3
phosphorylation at Ser9 inhibits its activity 2822 we first examined whether Cdk5rap2 loss
influences the state of GSK3B Ser9 phosphorylation. As shown in Figure 16C, cells
transfected with CdkSrap2 siRNA #2 have reduced GSK3f Ser9 phosphorylation compared
to cells transfected with control siRNA, suggesting that CdkSrap2 interaction with GSK3f3
could affect GSK3p activity. Indeed, by in vitro GSK3p kinase assay, we found that the
GSK3p immunoprecipitate from cells transfected with CdkSrap2 siRNA #2 show greater
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GSK3p activity compared to cells transfected with control siRNA (Figure 16D). To examine a
link between increased GSK3p activity and reduced P-catenin and WIP1 levels in
Cdk5rap2-depleted cells, we tested whether inhibition of GSK3f with TWS119 restores
B-catenin and WIP1 levels in these cells. Western blot analysis shows that TWS119 restores
B-catenin and WIP1 levels in cells transfected with Cdk5rap2 siRNA #2 (Figure 16E),
supporting a link between increased GSK3p activity and reduced B-catenin and WIP1 levels

upon loss of Cdk5rap2.
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Figure 16. GSK3p interaction with CdkSrap2 inhibits its kinase activity.
A. Lysates of BJ-5ta cells co-transfected with Myc-tagged Cdk5rap2 and FLAG-tagged GSK3p (upper panel)
were subjected to immunoprecipitation (IP) using FLAG antibody (middle panel) or Myc antibody (lower panel)

then analyzed for Cdk5rap2 and GSK3p co-immunoprecipitation by immunoblotting both IPs with Myc and
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FLAG antibodies. B. Cdk5rap2 directly interacts with GSK3p. GST-Cdk5rap2 bound to GSH-agarose beads was
mixed with GSK3p as described in Materials and Methods. The resulting complexes were washed extensively
then analyzed by SDS-PAGE and immunoblotting for GST and GSK3p. C. Lysates of cells transfected with
Cdk5rap2 siRNA #2 for 3 days were analyzed by SDS-PAGE and immunoblotting for Cdk5rap2,
phosphoSer9-GSK3p and GSK3B (left panel). Representative blots are from one of three independent
experiments (n=3) showing similar results. Ratios of levels of phosphoSer9-GSK3p vs GSK3pB and standard
deviation for the 3 independent sets of experiments (right panel) were calculated as described for Cdk5rap2 vs
actin in Figure 1, with values from cells transfected with control siRNA normalized to 1.0. *p=0.01. D. Lysates
of cells transfected with Cdk5rap2 siRNA #2 for 3 days were subjected to IP using GSK3p antibody. The IPs
were then examined for in vitro GSK3p kinase activity as described in Materials and Methods. Data represent
means = SD from three independent experiments (n=3). *p=0.0027. E. Inhibition of GSK3p activity with
TWS119 in cells depleted of CdkSrap2 restores B-catenin and WIP1 expression (left panel). Representative blots
from one of three independent experiments (n=3) showing similar results are shown. Ratios of levels of
B-catenin and WIP1 vs actin and standard deviation for the 3 independent sets of experiments (right panel) were
calculated as described for Cdk5rap2 vs actin in Figure 1, with values from cells transfected with control siRNA

and treated with DMSO normalized to 1.0. *p<0.05.

2.4.6 CdkSrap2 loss induces senescence through upregulation of GSK3p activity and
subsequent downregulation of B-catenin-mediated WIP1 expression

Our next step was to examine whether inhibition of GSK3p with TWS119, which restores
B-catenin and WIP1 levels in BJ-5ta cells depleted of Cdk5rap2, inhibits senescence in these
cells. We found that treatment of BJ-5ta cells with TWS119, which increases j-catenin and
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WIP1 levels and reduces p53 Serl5 phosphorylation in cells transfected with Cdk5rap2
SIRNA #2 (Figure 17A), results in loss of SA-B-gal staining in these cells (Figure 17B),
suggesting that inhibition of GSK3p prevents senescence in Cdk5rap2-depleted cells through
upregulation of B-catenin and WIP1 and subsequent inactivation of p53. We then examined
the effect of inhibition of WIP1 activity with GSK2830371 in Cdk5rap2-depleted cells
treated with TWS119. Figure 10A shows that GSK2830371 has no effect on B-catenin and
WIP1 levels in these cells but causes an increase in p53 Serl5 phosphorylation and thus, as
shown in Figure 17B, an increase in SA-B-gal staining. These findings support our view that
GSK3p acts upstream of p-catenin as well as WIP1 and, therefore, while GSK3p inhibition
prevents senescence in Cdkb5rap2-depleted cells by increasing B-catenin and WIPL levels,
reducing p53 Serl5 phosphorylation, direct inactivation of WIP1 in cells lacking Cdk5rap2

and GSK3 activity results in p53 Ser15 phosphorylation and increased senescence.
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Figure 17. Inhibition of GSK3p in CdkSrap2-depleted cells inhibits senescence that is induced upon
inhibition of WIP1 activity.

A. BJ-5ta cells transfected with Cdk5rap2 siRNA #2 were treated with TWS119 and/or GSK2830371, a potent
inhibitor of WIP1 activity. Cell lysates were then analyzed by SDS-PAGE and immunoblotting for Cdk5rap2,
B-catenin, WIP1, phosphoSer15-p53, p53 and actin (left panel). Actin blot was used as loading control.
Representative blots from one of three independent experiments (n=3) showing similar results are shown. Ratios
of levels of B-catenin and WIP1 vs actin and phosphoSer15-p53 vs p53, and standard deviation for the 3
independent sets of experiments (right panel) were calculated as described for Cdk5rap2 vs actin in Figure 1,
with values from cells transfected with control siRNA and treated with DMSO normalized to 1.0. *p<0.05. B.

Representative images of SA-B-gal staining (upper panel) are from one of three independent experiments (n=3)
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showing similar staining patterns. The number of SA-B-gal positive cells (lower panel) was assessed in ~100

cells per treatment group in each of the 3 independent experiments (n=3). *p<0.05.

Promoter bashing analysis by transfecting a luciferase reporter vector carrying wt WIP1
promoter (pGL3-WIP1, Figure 11A) into cells transfected with Cdk5rap2 siRNA#2 (Figure
11B) or B-catenin SiRNA (Figure 11C) show reduced luciferase activity in these cells
compared to cells transfected with control siRNA (Figure 11, B &C). Conversely, transfection
with WIP1 lacking its NF-kB binding site (pGL3-WIP1-AxB; Figure 11A) has no effect on
luciferase activity in Cdk5rap2- or B-catenin-depleted cells. Treatment with TWS119 restored
luciferase activity in Cdk5rap2-depleted cells transfected with pGL3-WIP1 (Figure 11B, right
panel), further suggesting that senescence due to CdkSrap2 loss is controlled by GSK3f3

through regulation of the WIP1 promoter via -catenin.
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Figure 18. Cdk5rap2 regulates WIP1 promoter activity via p-catenin.

A. Sequence of pGL3 luciferase reporter vector carrying WIP1 or WIP1-AxB promoter. B and C. Loss of
CdkS5rap2 (B, left and right panels) or B-catenin (C) inhibits WIP1 promoter activity as measured by luciferase
reporter activity but inhibition of GSK3p with TWS119 in Cdk5rap2-depleted cells restores WIP1 promoter

activity (B, right panel). Data represent means £SD from three (n=3) independent experiments. *p<0.05.

2.5 Discussion
In this study, we provide for the first time the evidence that Cdk5rap2 loss induces premature
cellular senescence through regulation of GSK3f activity that controls -catenin-mediated

2an/an mice

downregulation of WIP1. We prove this by using BJ-5ta cells as well as Cdk5rap
embryos and their corresponding ex vivo MEF cells. After recovering from cryopreservation,
BJ-5ta cells were used for up to 10 additional population doublings to ensure that there is no
further change in these parameters. We started our experiment by eliminating the possibility

of siRNA off-target effect. To do so, we used two different Cdk5rap2 siRNAs (#1 and #2) and
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confirmed whether Cdk5rap2 depletion by these siRNAs gives rise to similar results: i.e.,
formation of SAHF as demonstrated by staining with DAPI and colocalization with HP1y.
For subsequent experiments, sSiRNA #2, which causes greater depletion of Cdk5rap2 was
used. Premature cellular senescence due to Cdk5rap2 loss was verified by the increase in
number of SAHF positive cells, upregulation of the senescence-associated genes, p21¢'™* and
p16"™4a 2931 "and increased staining for SA-B-gal. In addition, defect in proliferation due to
Cdk5rap2 loss was demonstrated by reduced cell proliferation, which was determined by
increased population of cells at Go/G; and reduced population of cells at S phase. In the
Cdk5rap22”@ mouse model, cell proliferation defect is manifested by reduced embryo body
size as measured by body weight. In addition to E12.5, we also analyzed E17.5 embryos as
well as E12.5, E14.5, E15.5 and E17.5 together to assess the significance of the reduced body
weight of Cdk5rap2®™”® compared to Cdk5rap2*'* and Cdk5rap2*™®". We note that the
senescence phenotypes observed in Cdk5rap2-depleted BJ-5ta cells are recapitulated in ex
vivo MEFs isolated from Cdk5rap22"@ embryos. Previously, a frameshift loss-of-function
mutation in Cdk5rap2, designated as E385fsX4 X% and later corrected to R1334SfsX5 23,
was reported in northern Pakistani microcephaly pedigrees. A mouse model that carries this
mutation has been generated (1701 " and MEFs isolated from these mice are viable but do not
grow to confluence after passages 8 to 10 °!. This observation is consistent with our view
that Cdk5rap2 loss triggers premature cellular senescence.

Loss of Cdk5rap2 causes an increase in p53 Serl5 phosphorylation, one of the early events

leading to cellular senescence 7 2°1

. Unexpectedly but interestingly, we found that
increased 53 Serl5 phosphorylation is not due to activation of the p53 kinases, ATM, Chkl,
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or Chk2 *®1 put rather due to downregulation of WIP1 phosphatase expression. Indeed,
WIP1-mediated p53 dephosphorylation at Ser15 has been associated with cellular senescence
[282. 2831 "1t js known that p53 phosphorylation at Serl5 stabilizes p53 by inhibiting its
interaction with Mdm2, an E3 ubiquitin ligase that catalyzes polyubiquitination and
subsequently induces proteasome degradation of p532*%). However, increased level of p53
was not detected in cells depleted of Cdkbrap2, which showed elevated p53 Serl5
phosphorylation. Since p53 Serl5 phosphorylation is required for p53 activation 2728 it s
possible that loss of Cdk5rap2 induces activation of p53 via Serl5 phosphorylation. Indeed,
elevated level of p21°'™, a major transcriptional target of p53, was observed upon Cdk5rap2
depletion. Examination of Cdk5rap2-depleted cells revealed no YH2AX foci, indicating that
p53-associated senescence that is linked to WIP1 downregulation in these cells is
independent of DDR activation. This is consistent with the lack of activation of ATM, Chk1l
or Chk2 in p53-associated cell senescence induced by loss of Cdk5rap2. Our findings that
knocking down WIP1 causes increased p53 Serl5 phosphorylation and number of SA-B-gal
positive cells, and that ectopic expression of WIPL in cells depleted of Cdk5rap2 reverses
such phenotypes establish a link between cellular senescence due to Cdk5rap2 loss and
downregulation of WIPL1l. In fact, WIP1" mice exhibit aging phenotypes in their
hematopoietic stem cells, including impaired repopulating activity ?**!, and WIP1"- MEFs [?%°]
and mesenchymal stem cells 4 exhibit premature senescence. In addition, reduced level of
WIP1 in primary chondrocytes triggers the onset of senescence and loss of the chondrocyte
phenotype, while ectopic expression of WIP1 delays such onset, retaining their proliferative
capacity %,
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Our observation that Cdk5rap2 loss causes downregulation of WIP1 mRNA and protein

levels together with the fact that the WIP1 promoter contains an NF-kB binding site =%

through which NF-kB positively regulates WIP1 expression =%

, and B-catenin associates
with NF-kB to induce the expression of NF-kB target genes® led to our view that Cdk5rap2
loss reduces WIP1 level through downregulation of B-catenin. In addition, our notion that the
level of PB-catenin is regulated by GSK3p activity is based on the fact that GSK3f
phosphorylates B-catenin, targeting B-catenin for ubiquitination-mediated degradation by the

[288] and inhibiting translocation of B-catenin into the nucleus **4. Our

proteasome pathway
finding that CdkSrap2 interacts with GSK3 and such interaction inhibits GSK3f activity
elucidates the molecular mechanism by which B-catenin level is downregulated upon
Cdk5rap2 loss. Indeed, the harmonizome database 8, and immunoprecipitation and mass
spectrometry analyses ™ show that GSK3p binds to Cdk5rap2. Additional evidence that
reflects their interaction include from their colocalization in centrosome, duplication of which
is synchronized with the cell cycle. Thus, although GSK3p, which promotes mitotic
progression, is mainly distributed throughout the cytoplasm, a subpopulation of GSK3f
localizes at the centrosome ! Recently, the phosphorylated form of GSK3p has been
mapped to the centrosome 2 where Cdk5rap2 exists °% ?%! and regulates centriole
engagement and cohesion during the cell cycle ™. In this study, inhibition of GSK3p
activity due to interaction with Cdk5rap2 was demonstrated by increased inhibitory
phosphorylation at GSK3p Ser9 and a corresponding decline in GSK3 activity as determined
by in vitro kinase assay of GSK3f immunoprecipitates. Since AKT (protein kinase B), which

regulates centrosome composition and integrity during mitosis ** can phosphorylate
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GSK3p at Ser9 178 17 it is possible that GSK3p is recruited to the centrosome where it
interacts with Cdk5rap2, facilitating inhibitory phosphorylation of GSK3B Ser9 by AKT.
However, upon CdkSrap2 loss, unphosphorylated and active GSK3p could be released from
the centrosome and phosphorylate B-catenin, targeting -catenin for ubiquitination-mediated
degradation by the proteasome pathway. Reduced level of B-catenin and subsequent
downregulation of WIP1 expression, increased p53 Serl5 phosphorylation and upregulation
of p21¢' ultimately induces cellular senescence. Using the TWS119 GSK3f inhibitor that
restores B-catenin and WIP1 levels in Cdk5rap2-depleted cells, we established a link between
increased GSK3p activity and decreased B-catenin and WIP1 levels upon loss of Cdk5rap?2.
The fact that TWS119 restores luciferase activity in Cdk5rap2-depleted cells transfected with
the WIP1 promoter (pGL3-WIP1) and luciferase activity is also reduced in
B-catenin-depleted cells transfected with pGL3-WIP1 further suggest that senescence caused
by CdkSrap? loss is controlled by GSK3p through -catenin regulation of the WIP1 promoter.
Taken together, our studies reveal that loss of Cdkb5rap2 triggers premature cellular
senescence via f3-catenin-mediated downregulation of WIP1. Such senescence is associated
with proliferation defect as manifested by increased population of cells at Go/G; and reduced
population at S phase in BJ-5ta cells as well as small body size in Cdk5rap22™@" mice. As
Cdk5rap2 loss-of-function has been associated with primary microcephaly %21 cochlear
and retinal developmental defects™®””, primordial dwarfism 8 2] and Seckel syndrome, a
heterogeneous, autosomal recessive disorder characterized by prenatal proportionate short
stature, severe microcephaly, intellectual disability, and characteristic 'bird-headed' facial
features 1 it is possible that premature cellular senescence contributes to these
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developmental disorders. Results from our studies provide novel insight into the molecular
mechanisms by which Cdk5rap2 loss-of-function causes cell senescence, which may lead to

developmental disorders.
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Chapter Three: Loss of Cdk5rap2 compromises centromeric chromatin

integrity through downregulation of CENP-A
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3.1 Abstract

Centromeres are chromosomal loci where kinetochores assemble to ensure faithful
chromosome segregation during mitosis. CENP-A defines the loci by serving as an epigenetic
marker that recruits other centromere components such as CENP-C for a functional structure.
However, the mechanism that controls CENP-A regulation of centromeric integrity remains
to be explored. Separate studies, showing that loss of either CENP-A or the Cdk5 regulatory
subunit associated protein 2 (Cdk5rap2), which has been shown to play key roles in mitotic
progression, triggers the occurrence of lagging chromosomes, prompted us to investigate a
potential link between these proteins. Here, we demonstrate that Cdk5rap2 loss causes
reduced CENP-A expression while ectopic Cdkb5rap2 expression in cells depleted of
endogenous Cdk5rap2 restores CENP-A expression. Indeed, we show that Cdk5rap2 is a
nuclear protein that acts as a positive transcriptional regulator of CENP-A. Cdk5rap2
interacts with the CENP-A promoter and upregulates CENP-A transcription. Furthermore,
Cdk5rap2 loss causes reduced centromeric CENP-A and CENP-C, which are both known to
induce kinetochore recruitment. Aside from manifesting lagging chromosomes, cells depleted
of Cdk5rap2, and thus CENP-A, show increased micronuclei and chromatin bridge formation.
Altogether, our findings indicate that centromeric chromatn integrity is maintained by

CENP-A under the control of Cdk5rap2.
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3.2 Introduction

Precise segregation and distribution of chromosomes into daughter cells during cell division
are key cellular processes where errors trigger cell death or disease such as cancer 27 2%,
Centromeres are defined as chromosomal loci that nucleate kinetochore assembly for
chromosome attachment to spindle microtubules and chromosome separation during cell
division . Although eukaryotic centromeres are organized into highly-ordered short
tandem repeats %, they differ significantly among and within species ?**. Thus, in spite of
being highly functionally conserved, no specific DNA sequence for the common centromere

has been identified thus far [2°

. In addition, centromeres are known to be specified
epigenetically in most species %392 by accumulating the histone H3 variant, CENtromeric
Protein A (CENP-A), resulting in interspersed H3 and CENP-A nucleosomes within the
chromosome loci®=3%] CENP-A disposition is critical for recruitment of other centromere
components such as CENP-C and CENP-N 20 %71 \yhich are necessary for proper
centromere formation and chromosome segregation *2. Thus, it is not surprising that
CENP-A knock-down cells display lagging chromosomes {7 308 3091

Cyclin-dependent kinase 5 regulatory subunit associated protein 2 (Cdk5rap2), which is also
known as CEP215, was originally identified based on its ability to interact with the Cdk5
regulatory subunit, p35 ™. The human Cdk5rap2 gene (accession #: NP_060719) consists
of 38 exons, encoding a protein that is made up of 1893 amino acid residues. Cdk5rap?2 is
composed of (i) a CM1 domain (residues 58-90) ' that binds y-tubulin complexes, (ii) two
predicted structural maintenance of chromosome (SMC) domains (one each in the N- and C-

terminals, corresponding to residues 137-470 and 1399-1646, respectively) % that are
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known to play a role in chromatid cohesion and DNA recombination during meiosis and
mitosis B33 (iii) a serine-rich EB1 binding region (residues 926-1208)B, (iv) a p35
interacting domain (residues 1682-1827) %161 (v a pericentrin binding domain (residues
1726-1893) ?*1 and (vi) a Cnn Motif 2 (CM2) domain (residues 1861-1870) for Golgi
complex interaction and binding to calmodulin . Cdk5rap2 is ubiquitously expressed in
human and in embryonal mouse tissues % %2 Subcellular localization of Cdk5rap2 in
cultured cells such as murine fibroblasts ™", human embryonic kidney HEK239 cells 2314,
human cervical HelLa cells ?** 3l and human osteosarcoma U20S cells B*! showed its
presence in growing tips of microtubules®* and in centrosomes %! particularly in the
pericentriolar material (PCM) B 31 The level of PCM Cdk5rap2 is regulated in a cell
cycle-dependent manner with the highest level observed during mitosis ™. In this process,
Cdk5rap2 was found to play a role in spindle formation 162! and implicated to be required for
the spindle checkpoint signaling pathway 7%, As with CENP-A knock-down cells, cells
lacking Cdkb5rap2 show lagging chromosomes, suggesting a role for Cdk5rap2 in proper
chromosome segregation *”¥1. However, why and how loss of Cdk5rap2 triggers the
occurrence of lagging chromosomes remains unexplored.

In this study, we examined a potential link between Cdk5rap2 and CENP-A, and their
involvement in mitosis, specifically in chromosome segregation. Interestingly, we found that
Cdkbrap?2 regulates the expression of CENP-A. We determined that Cdk5rap2 localizes in the
nucleus where it acts as a transcriptional activator for CENP-A. Indeed, we found that (i) loss
of Cdk5rap2 causes reduced level of CENP-A, and expression of Cdk5rap2 in cells depleted

of endogenous Cdk5rap2 increases CENP-A level, (ii) Cdk5rap2 interacts with the CENP-A
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promoter and upregulates CENP-A transcription, and (iii) Cdk5rap2 loss causes decreased
level of CENP-A as well as the CENP-A-interacting protein, CENP-C, at the centromeres.
Together with the appearance of lagging chromosomes, the notable formation of micronuclei
and chromatin bridges upon loss of Cdk5rap2 suggests that CENP-A mediated centromeric

chromatin integrity is under the control of Cdk5rap2.

3.3 Materials and Methods

3.3.1 Materials.

hTERT-immortalized BJ-5ta human foreskin fibroblast cells was obtained from Dr. Tara
Beattie at the University of Calgary. SaOS-2 human osteosarcoma and HEK293 cells were
from ATCC (Manassas, VA, USA). The Cdk5rap2 antibody (A300-554A) was from Bethyl
Laboratories (Montgomery, TX, USA). CENP-A (ab13939) and CENP-C (ab193666)
antibody was from Abcam (Cambridge, MA, USA). HA (sc-7392), H2AX (sc-54606) and
actin (sc-8432) antibodies, normal 1gG (sc-2025) and protein A/G PLUS-agarose (sc-2003)
were from Santa Cruz Biotech. (Santa Cruz, CA, USA). c-Myc antibody (9E10) was from
Thermo Fisher Scientific (Waltham, MA USA). The HRP-conjugated anti-rabbit (#7074) and
anti-mouse (#7076) secondary antibodies were from Cell Signaling (Danvers, MA, USA).
The goat anti-mouse Alexa-488 (ZF-0512) and goat anti-rabbit Alexa-594 (ZF-0516) are
from ZSGB Biotech (Beijing, China). Xhol (#R0146) and Hindlll (#R0104) restriction
enzymes were from New England Biolabs (Beverly, MA, USA). The Dual-Luciferase®
Reporter Assay System kit (E1910) was from Promega (Madison, WI, USA). PerfeCTa
SYBR Green supermix (95054-500) was from Quanta Biosciences (Beverly, MA, USA). All
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primers and siRNAs were synthesized at the University of Calgary Core DNA services.

3.3.2 Cell culture

BJ-5ta cells were cultured in Eagle's minimal essential medium (EMEM, Lonza) with 10%
fetal bovine serum (FBS, GIBCO), 50 U/ml penicillin and 50 mg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). Sa0S-2 human osteosarcoma and HEK293 human embryonic kidney
cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Invitrogen), containing
10 % FBS, 50 U/ml penicillin and 50 mg/ml streptomycin. Cells were maintained at 37<C in
a5 % CO2 humidified incubator.

3.3.3 Plasmid or siRNA transfection

Sa0S-2 cells and BJ-5ta cells were seeded 24 hours before transfection. Cdk5rap2 siRNA or
control siRNA target sequence or pcDNA carrying HA-tagged Cdk5rap2(res) expression
vector was transfected using Lipofectamine 2000 (Invitrogen) in serum-free medium, which
was replaced with complete medium 5 hours post-transfection. Cells were harvested at
different time points as indicated.

Table 5. siRNA sequences for gene depletion

Control siRNA CGUACGCGGAAUACUUCGAUU

Cdk5rap2 siRNA#1 GGACGUGUUGCUUCAGAAAUU

Cdk5rap2 siRNA#2 GAGUCAGCCUUCUGCUAAAUU

3.3.4 RNA extraction and qRT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol, and transcribed into cDNA using superscriptase II (Invitrogen).
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Real-time PCR were performed using Power SYBR® Green PCR Master Mix (Thermo
Fisher) on an Applied Biosystems 7500 Real-time PCR system using a standard protocol. The
PCR conditions include 35 cycles of 94 <C for 20 seconds, 60<C for 20 seconds and 72<C for
35 seconds. The following primer sets were used:

Table 6. Primers for examination of gene expresion.

Primer Sequence

Cdk5rap2-F AAGATGCTCGAAAGAAGGTGC
Cdk5rap2-R TTTCCAAACGCAACCGAAGAG
CENP-A-F TTCACTCGTGGTGTGGACTT,;
CENP-A-R CGGCCTGCATGTAAGGTGA
GAPDH-F TCCCTGAGCTGAACGGGAAG
GAPDH-R GGAGGAGTGGGTGTCGCTGT

GAPDH was served as loading control for normalization.

3.3.5 Western blot analysis

Cell lysates were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and
immunoblotted for Cdk5rap2, CENP-A, HA, H2AX, and actin. Following incubation with
HRP-conjugated anti-rabbit or anti-mouse secondary antibody, immunoreactive bands were
detected using the ECL reagent (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Western blot images were obtained using the ChemiDoc™ Imager (Bio-Rad) and using the
optimal exposure setup. No enhancements were performed.

3.3.6 Chromatin immunoprecipitation (ChlIP) assay and ChIP-gPCR.

Sa0S-2 cells were trypsinized, harvested and placed in a centrifuge tube. Cells were washed
in PBS and fixed with 0.5% formaldehyde at room temperature for 10 min then quenched

with the addition of 125 mM glycine. Fixed cells were suspended in sonication buffer (20
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mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 0.02 % SDS), and sonicated using the
Bioruptor (Scientz, China) to fragment chromatin DNA. Soluble chromatin was recovered by
centrifugation and diluted with twice its volume of IP buffer (30 mM Tris-HCI pH 8.0, 450
mM NaCl, 0.75mM EDTA, 0.75mM DTT, 1.5 % Triton X-100, 0.075 % SDS, 7.5 %
glycerol). Input samples were taken from this preparation. Samples from this preparation
were also subjected to immunoprecipitation using a Cdk5rap2 antibody that was
pre-incubated with protein A/G PLUS-agarose. DNA-enriched IPs were de-crosslinked by
incubation at 650C. The purified DNA was analyzed by real-time PCR (Bio-Rad, Hercules,
CA, USA) using PerfeCTa SYBR Green supermix. The following primer were used in ChlIP
assay:

Table 7. Primers for ChlIP assay.

Primer Sequence

Primerl-F CCCAACAAAGGGAAGAGAGCA
Primerl-R AGGACAGGGGAGACTGATGG
Primer2-F CACACCATCCACGTTCCAAAC
Primer2-R CCGCTCGCGTTCAAATCG
Primer3-F ATCAGTCTCCCCTGTCCTCC
Primer3-R CCATGACACGCCGCAGA
Primer4-F GAGTCGCTGGATTCGGGTTT
Primer4-R TTGATGGGAGGAAGCGCCTA

For ChIP-gPCR assay, crosslinked DNAs were subjected to immunoprecipitation for

CENP-A or CENP-C. The ChIP was performed as described above. After ChIP, samples were

—AACT
2 C

diluted 1:100 in dH20 for gPCR. Data were analyzed using comparative quantitation.
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The following primers used in ChIP-PCR assay:

Table 8. Primers for ChIP-PCR assay

Primer Sequence
Centromere-F ACGATCCTTTACAGAGCAGA
Centromere -R ATTGACCTCAAAGCGGCTGA

3.3.7 Luciferase reporter assay
CENP-A promoter region (-330-+4) were amplified by PCR reaction using genomic DNA
from SaOS-2 cells. The following primer were used for amplification:

Table 9. Primers for CENP-A promoter region amplification.

Primer Sequence
CENPA-PRO-CL-F ATCGCTCGAGATCAGTCTCCCCTGTCCTCC
CENPA-PRO-CL-R ATCGAAGCTTATGACACGCCGCAGAGGGTG

PCR production was The PCR products were purified using GeneJET PCR Purification Kit
(Thermo Fisher) and then cloned into pGL3-basic firefly luciferase reporter vector using
Xhol and HindlIll restriction enzyme sites. The insert sequence was confirmed by DNA
sequencing and designated as pGL-3-basic-CENPA-promoter. To measure the luciferase
activity, HEK293 cells  were co-transfected with indicated SIRNA,
pGL-3-basic-CENPA-promoter and renilla luciferase vector using lipofectamine 2000
(Invitrogen). After 48 hours transfection, the luciferase activities were measured using
Dual-Luciferase® Reporter Assay System (Promega) following manufacture’s protocol.

Renilla luciferase served as an internal control for normalization
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3.3.8 Ectopic expression of Myc-tagged full-length (1-1893), N-terminal (1-994) and

C-terminal (991-1893) Cdk5rap2 and analysis of CENP-A expression.

Lysates of HEK293 cells transfected with a vector carrying full length or a fragment of

Cdk5rap2 were resolved by 5-20% gradient SDS-PAGE and immunoblotted for Myc and

CENP-A. Ratios of CENP-A/Myc-tagged Cdk5rap2 band intensities were calculated based

on values obtained by densitometry analysis using the National Institutes of Health Image J

1.61 software.

3.3.9 Primary sequence and protein secondary structure analysis

Primary sequence analysis of Cdk5rap2 was performed using the Motif Scan-MyHits

software. Protein secondary structure analysis was assessed using Secondary Structure

Prediction-ExXPASYy: SIB Bioinformatics.

3.3.10 Immunofluorescence microscopy

Sa0S2 cells transfected with Cdk5rap2 or control siRNA on coverslips were fixed for 48 hrs

at room temperature. To stain centromeric CENP-A, cells were incubated with a mouse
CENP-A antibody for 1 hr, washed, then incubated with a goat anti-mouse

Alexa-488-conjugated secondary antibody for 20 min at room temperature. Coverslips were

mounted on glass slides using ProLong™ Diamond Antifade Mountant (P36961, Invitrogen).

Images were captured using Olympus FSX100 microscope, and the number of

CENP-A-stained foci in these cells (n=86 for each group) were counted. DAPI was used to

visualize the nucleus.

To assess for the formation of micronuclei and chromatin bridges, cells on coverslips were

stained with DAPI and mounted on glass slides using ProLong™ Diamond Antifade
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Mountant (P36961, Invitrogen, Carlsbad, CA, USA). Images were captured using Olympus
FSX100 microscope.

3.3.11 Statistical analyses

All data are expressed as mean zxstandard deviation of at least three biological replicates. The
statistical analyses were done using student’s t-tests for two samples and one-way analysis of
variance (ANOVA) for differences among groups using GraphPad Prism software. A

probability of p< 0.05 was taken to be statistically significant.

3.4 Results

3.4.1 Loss of Cdk5rap2 induces lagging chromosomes

It has been demonstrated that inhibition of Cdk5rap2 expression in HelLa cells causes lagging
chromosomes 731, We further examined the effect of Cdk5rap2 deficiency in SaOS-2 human
osteosarcoma cells and found that cells depleted of Cdk5rap2 (Figure 19A) by two different
SiRNAs (#1 or #2) showed noticeable occurrence of lagging chromosomes (Figure 19B)
while control cells mostly displayed proper chromosome separation. Two independent
siRNAs, which were used to rule out the possibility of off-target effects, caused a similar
extent of occurrence of lagging chromosome in Cdk5rap2-depleted cells. Our analysis
revealed that in Cdk5rap2-depleted cells, 7/41 or 17 % of anaphase cells showed lagging
chromosomes while only 3/52 or 5.7 % of control cells in anaphase exhibited lagging

chromosomes.
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Figure 19. Loss of Cdk5rap2 causes lagging chromosomes.

(A) Sa0S-2 cells transfected with Cdk5rap2 or control siRNA for 2 days were subjected to SDS-PAGE and
immunoblotting for Cdk5rap2. Actin blot was used as loading control. Representative blots are from one of
three independent experiments (n=3) showing similar result patterns. Ratios of levels of Cdk5rap2 vs actin were
calculated following densitometric analysis of blots using NIH Image J 1.61. *p<0.01. (B) Two days after
transfection, cells were stained with DAPI and subjected to microscopic examination. Representative images of

control and Cdk5rap2-depleted cells are shown with arrows directed at lagging chromosomes.

3.4.2 Cdk5rap?2 regulates CENP-A expression

The molecular mechanism by which loss of Cdkbrap2 triggers the occurrence of lagging
chromosomes is undefined. As loss of CENP-A also causes the appearance of lagging
chromosomes % 3% we asked whether loss of Cdk5rap2 alters CENP-A level. We examined
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Sa0S-2 cells depleted of Cdk5rap2 for levels of CENP-A protein and mMRNA by immunoblot
analysis and qRT-PCR, respectively. As shown in Figure 2, levels of CENP-A protein (Figure
20A) and mRNA (Figure 20B) were significantly reduced (p<0.01) in SaOS-2 cells depleted of
Cdk5rap?2 using two different sSiRNAs (#1 and #2) compared to corresponding cells transfected

with control siRNA.
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Figure 20. Loss of Cdkb5rap2 results in reduced expression levels of CENP-A protein and mRNA.

(A) SaOS-2 cells seeded in 6 cm dishes were transfected with control or Cdk5rap2 siRNA (#1 or #2). After 48
hrs, cell lysates were subjected to SDS-PAGE and western blotting using Cdk5rap2 and CENP-A antibodies.
Actin blot was used as loading control. Representative blots are from one of three independent experiments (n=3)
showing similar result patterns. (B) Ratios of levels of Cdk5rap2 and CENP-A vs actin were calculated after
densitometric analysis of blot images using NIH Image J 1.61. Levels of Cdk5rap2 and CENP-A mRNAsS in
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transfected SaOS-2 cells were determined by gRT-PCR using isolated total RNA. (C) Ratios of levels of
Cdk5rap2 and CENP-A vs GAPDH were calculated using the 2 *““T method. Protein and mRNA ratios obtained
from cells transfected with control siRNA were normalized to 1.0. Ratios represent means = SD of calculated

ratios from three independent experiments (n=3). *p<0.01.

BJ-5ta human foreskin fibroblast cells depleted of Cdk5rap2 showed a similar decrease in

levels of CENP-A protein (Figure 21 A) and mRNA (Figure 21 B).
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Figure 21. Loss of Cdk5rap?2 results in reduced expression levels of CENP-A protein and mRNA

in BJ-5ta cells.
(A) BJ-5ta cells seeded in 6 cm dishes were transfected with control or Cdk5rap2 siRNA (#1 or #2).
After 48 hrs, cell lysates were subjected to SDS-PAGE and western blotting using Cdk5rap2 and

96



CENP-A antibodies. Actin blot was used as loading control. Representative blots shown are from one
of three independent experiments (n=3) showing similar result patterns. (B) Ratios of levels of
Cdk5rap2 and CENP-A vs actin were calculated after densitometric analysis of blot images using NIH
Image J 1.61. Levels of Cdk5rap2 and CENP-A mRNAs were determined by qRT-PCR using total
RNA isolated from transfected cells. (C) Ratios of levels of Cdk5rap2 and CENP-A vs GAPDH were
calculated. Ratios obtained from cells transfected with control siRNA were normalized to 1.0. Ratios

represent means £SD of calculated ratios from three independent experiments (n=3). *p<0.001.

To substantiate the observed effect of Cdkb5rap2 loss on CENP-A expression, we depleted
endogenous Cdkbrap2 in SaOS-2 cells using Cdk5rap2 siRNA #1 then overexpressed
exogenous Cdkb5rap2 by transfection with an SiRNA #1-resistant HA-tagged Cdk5rap2
construct [HA-Cdk5rap2(res)] in which the target recognition site of siRNA #1 is mutated.
Figure 22A shows the Cdk5rap2 siRNA #1 target sequence, the corresponding endogenous
Cdk5rap2 nucleotide and amino acid sequences, and the nucleotide substitutions in
HA-Cdk5rap2(res) that do not alter the Cdk5rap2 amino acid sequence but confer resistance
to Cdk5rap2 siRNA #1 1. As shown in Figure 22B, HA-Cdk5rap2(res) expression was not
inhibited in the presence of Cdk5rap2 siRNA #1 (lane 3), indicating that HA-Cdk5rap2(res)
was not targeted by the siRNA, which depleted endogenous Cdk5rap2 (lane 2). Our data also
show that expression of exogenous Cdk5rap?2 restored CENP-A expression, which was clearly
reduced upon depletion of endogenous Cdk5rap2 (lane 2). Together, these findings indicate

that Cdk5rap2 regulates CENP-A expression.
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Figure 22. Expression of exogenous HA-Cdkb5rap2(res) in cells depleted of endogenous
Cdk5rap?2 restores CENP-A expression.

(A) The Cdk5rap2 siRNA #1 target sequence, the corresponding endogenous Cdk5rap2 nucleotide
(NM_018249.6) and amino acid (NP_060719) sequences, and the nucleotide substitutions in
HA-Cdk5rap2(res) that do not alter the Cdk5rap2 amino acid sequence but confer resistance to
Cdk5rap2 siRNA #1. (B) SaOS-2 cells seeded in 6 cm dishes were co-transfected with the indicated
vector and SiRNA. After 48 hrs, cell lysates were resolved by SDS-PAGE and immunoblotted for
Cdk5rap2 and CENP-A. Actin blot was used as loading control. Blots shown represent results from
one of three independent experiments (h=3) showing similar result patterns. Ratios of levels of
Cdk5rap2 and CENP-A vs actin were determined after densitometric analysis of immunoblots. Ratios
obtained from cells transfected with control SiRNA were normalized to 1.0. Ratios represent means =+

SD of calculated ratios from three independent experiments (n=3).
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3.4.3 Cdkbrap?2 is an upstream transcription regulator for CENP-A

We then asked whether Cdk5rap2 acts as a CENP-A transcription regulator. Cdk5rap2 has
been shown to localize in the growing tips of microtubules and in centrosomes, particularly in
the PCM [2%:314:31%1 'yt jts localization in the nucleus has not been demonstrated. Thus, we
further examined SaOS-2 cells for the presence of Cdk5rap2 in the nucleus. By western blot
analysis of subcellular fractions, we found that Cdk5rap2, indeed, localizes in the nucleus
(Figure 23A).

To test whether Cdk5rap2 interacts with the upstream promoter region of CENP-A, we
generated four different overlapping sets of primers that cover the +117 to -802 region of the
putative CENP-A promoter (relative to the transcription start site identified in
hg38_mane_ENSTO000 00335756.9 range=chr2:26785056-26794589, UCSC Genome
Browser). We then performed ChIP analysis using a Cdk5rap2 antibody to immunoprecipitate
Cdk5rap2-cross-linked chromatin fragments in SaOS-2 cells. ChlP-enriched DNA samples
were subjected to PCR using the four different sets of primers to determine which set gives
rise to a positive signal. As shown in Figure 23B, the primer set that covers the -330 to +4
region of the CENP-A promoter produced a positive 334 bp PCR product, suggesting that
Cdk5rap2 binds to the -330 to +4 region of the CENP-A promoter. To further test whether the
-330 to +4 region of the CENP-A promoter acts as a cis-element for Cdk5rap2 binding and
subsequent transcriptional activation of CENP-A, we cloned this region of the CENP-A
promoter into the pGL3 basic luciferase reporter vector, transfected it into HEK293 cells, and
dual luciferase reporter assay was carried out. As shown in Figure 23C, depletion of
endogenous Cdk5rap2 by siRNA #1 caused a 71% decrease (p=0.002) in CENP-A promoter
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activity while overexpression of exogenous HA-Cdk5rap2(res) caused an 89% increase
(p=0.004) in CENP-A promoter activity. Taken together, these findings indicate that

Cdk5rap?2 acts as a transcriptional activator for CENP-A.
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Figure 23. Cdk5rap?2 localizes in the nucleus, interacts with the CENP-A promoter, and

upregulates CENP-A transcription.

(A) Cdk5rap2 localizes in the nucleus. SaOS-2 cell lysates (lane 1) as well as cytoplasmic (lane 2) and

nuclear (lane 3) fractions were resolved by SDS-PAGE and immunoblotted for Cdk5rap2 and histone

H2AX, a nuclear marker, which also served as a loading control for the whole cell lysate and nuclear

fraction. Actin was used as loading control also for the whole cell lysate and cytoplasmic fraction. The

right panel shows the ratios of the levels of Cdk5rap2 vs actin or histone H2AX, which were
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determined after densitometric analysis of immunoblots. Ratios obtained from the whole cell lysates
were normalized to 1.0. Ratios represent means £SD of calculated ratios from three independent
experiments (n=3). *p<0.05. (B) Cdk5rap2 binds to the -330~+4 region of the CENP-A promoter.
ChIP analysis was performed as described in Materials and Methods. Normal 1gG was used as
negative control. The numbers for the 4 different overlapping promoter sets used indicate the
positions of the N- and C-terminal forward and reverse promoters that were designed based on the
CENP-A promoter region relative to its transcriptional start site. Data represent one of three
independent experiments (n=3) showing similar results. (C) Cdk5rap2 depletion causes a decrease in
CENP-A promoter activity while Cdk5rap2 overexpression causes an opposite effect. HEK293 cells
transfected with pGL3 basic luciferase reporter vector containing the Cdk5rap2 promoter region (from
-330 to +4) were depleted of Cdk5rap2 (left panel) or transfected with HA-tagged Cdk5rap2 (right
panel). Luciferase assay was performed 48 hrs post-transfection. Values represent means =SD from

three separate experiments (n=3). Significance cut-off was set at p<0.05 for (A) and p<0.01 for (C).

To obtain a general idea on whether Cdk5rap2 regulates CENP-A expression through its N- or
C-terminal region, we transfected HEK293 cells with full-length or N- or C-terminal regions
(amino acid residues 1-994 and 991-1893, respectively) of Cdk5rap2. As expected, ectopic
expression of Cdk5rap2 caused increased expression of CENP-A compared to cells
transfected with an empty vector (Figure 24, left panel). However, ratios of
CENP-A/Cdkbrap2 band intensities (Figure 24, right panel) were lower in cells
overexpressing the N- or C-terminal regions of Cdk5rap2 compared to cells overexpressing
full-length Cdkb5rap2. These results indicate reduced CENP-A expression in the absence of
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either the Cdkb5rap2 N- or C-terminal, and that each of these regions is important for

Cdk5rap2-mediated CENP-A expression.
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Figure 24. Both the N- and C-terminals in Cdk5rap2 contain sequences that are important for
Cdk5rap2-mediated CENP-A expression.

(A) Sequence alignment of the Cdk5rap2 leucine zipper motifs in various species. The leucine

residues in the leucine zipper motifs are highlighted in black for homology comparison. V, which has
close structural similarity to L is highlighted as well. Basic amino acids (K, R and H) are shown in red.
The grey boxes indicate a-helix motifs that contain the leucine zipper motifs. GenBank accession
numbers are as follows: human, NP_060719; chimpanzee, NP_001035901; bovine, NP_001179098;
dog, XP_855524; rat, NP_775157.2; mouse, NP_666102. (B) Lysates of HEK293 cells transfected
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with Myc-tagged full- length, N-terminal (amino acid residues 1-994) or C-terminal (amino acid
residues 991-1893) Cdk5rap2, were resolved by 5-20% gradient SDS-PAGE and immunoblotted for
Myec (upper panel) and CENP-A (middle panel). Representative blots from 3 independent experiments
showing similar result patterns are shown. Data on the right represent ratios of CENP-A/Myc-tagged
Cdk5rap2 band intensities based on densitometry analysis using the National Institutes of Health

Image J 1.61 software. Values are means £SD, n=3. *p<0.05.

3.4.4 Loss of Cdk5rap2 causes reduced enrichment of CENP-A and CENP-C at the
centromere, and induces the formation of micronuclei and chromatin bridges

CENP-A in the centromeric chromatin recruits CENP-C via its C-terminal domain 2307
allowing centromere establishment and function. Therefore, we sought to determine whether
loss of Cdkbrap2, which causes an overall decrease in cellular CENP-A level, results in
reduced levels of both CENP-A and CENP-C at the centromeres. To do so, we performed
ChIP using CENP-A or CENP-C antibody to immunoprecipitate CENP-A- and
CENP-C-cross-linked centromere fragments, respectively, in SaOS-2 cells. The amount of
captured centromere fragments, which reflects the levels of CENP-A and CENP-C at the
centromere, were quantified by gPCR. As shown in Figure 25A, CENP-A enrichment at the
centromere was reduced upon Cdk5rap2 depletion. Consequently, CENP-C enrichment at the
centromere was also reduced albeit to a lesser extent (Figure 25A). CENP-A and CENP-C
co-staining revealed that CENP-A foci, CENP-C foci as well as CENP-A/CENP-C

co-localized foci were all less in Cdk5rap2 depleted cells (Figure 25B).
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Figure 25. Loss of Cdk5rap2 causes reduced levels of CENP-A and CENP-C at the centromere.
(A) Lysates of SaOS-2 cells transfected with Cdkb5rap2 or control siRNA were subjected to
ChIP-gPCR as described in Materials and Methods. CENP-A- and CENP-C- cross-linked centromere
fragments that were immunoprecipitated using CENP-A and CENP-C antibodies respectively, were
analyzed by gPCR, which quantified level of centromere DNA fragments associated with CENP-A
and CENP-C. Data represent means =SD from three independent experiments (n=3). *p=0.0025 for
CENP-A. (B) Sa0S-2 cells transfected with Cdk5rap2 or control siRNA were subjected to
immunofluorescence microscopy as described in Materials and Methods. The numbers of CENP-A
and CENP-C staining foci and CENP-A/CENP-C co-localization foci in these cells (n=86 for each
group) was counted. Data are presented as means £ SD. *p<0.05. Scale bar=5 um.

With our finding that Cdkbrap2 serves as a transcription factor for CENP-A, it is not
surprising that loss of Cdk5rap2 leads to reduced expression of CENP-A. However, it is
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interesting that both CENP-A-deficient cells % %) and Cdk5rap2-depleted cells 7 show
defects in chromosome segregation, which were demonstrated by lagging chromosomes. We
then sought to examine whether loss of Cdkb5rap2 causes other aberrations related to
chromosome mis-segregation. By DAPI staining, we found that SaOS-2 cells depleted of
Cdk5rap2 have increased formation of micronuclei (Figure 26A) and chromatin bridges
(Figure 26B), which are both known to arise from errors in chromosomes segregation.
Altogether, our findings further indicate that loss of Cdk5rap2 also causes chromosomal

instability.

Control siRNA

Cdk5rap2 siRNA p=0.0007

Zﬂ

20

I

Micronuclei formation %

Control siRNA Cdk5rap2 siRNA

Chromatin bridge %

Figure 26. Depletion of Cdk5rap2 induces the formation of micronuclei and chromatin bridges.
(A and B) Sa0S-2 cells transfected with control or Cdk5rap2 siRNA #1 were stained with DAPI 72
hrs post-transfection and subjected to microscopic examination. Representative images of transfected

cells are shown with arrows directed at a micronucleus (A) and a chromatin bridge (B) in cells
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depleted of CdkSrap2. The percentage of cells with micronuclei (B, right panel, n>400) and chromatin
bridges (C, right panel, n>200) are shown. Data represent meansSEM from three separate

experiments (n=3). *p<0.001.

3.5 Discussion

Cdk5rap2 has been implicated in the regulation of meta-anaphase transition 7% but there is
ambiguity on the mechanisms by which it is involved in this process. Here, we determined
that as with HeLa cells deficient in Cdk5rap2 “7®!, Sa0S-2 human osteosarcoma cells
depleted of Cdk5rap2 exhibit lagging chromosomes. Such phenotype has been observed in
cells depleted of CENP-A B% 31 \which acts as an epigenetic marker that defines the
centromere. However, the molecular mechanism by which cellular CENP-A level is
modulated remains unknown.

Previously, it was shown that loss of Cdk5rap2 corresponds to reduced expression of the
spindle checkpoint proteins, BubR1 and Mad2, which act synergistically to inhibit the
anaphase-promoting complex 1 and sequester Cdc20, causing an increase in
chromatin-associated Cdc20 731, It was then found that Cdk5rap2 interacts with the BubR1
and Mad2 promoters and regulates their transcription (171 Since we found that SaOS-2 and
BJ-5ta cells depleted of Cdk5rap2 exhibit reduced expression of CENP-A, and ectopic
expression of Cdk5rap2 in cells depleted of endogenous Cdk5rap2 reverses CENP-A level,
we sought to examine the possibility that Cdk5rap2 also regulates the expression of CENP-A.
Our finding that Cdk5rap2 is a nuclear protein is consistent with the presence of a bipartite

nuclear localization-like motif ¥ in Cdk5rap2 that is highly conserved among various species
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(Supplementary Figure 2A).

Human:
Chimpanzee:
Bovine:

Dog:

Rat:

Mouse:

Figure 27. Cdk5rap2 has a highly conserved bipartite nuclear localization-like sequence.
Sequence alignment of the bipartite nuclear localization-like sequence in Cdkbrap2. The basic,
functional, residues within this motif are highlighted in black for homology comparison. R, K and H
residues were presumed to be functional basic residues. GenBank accession numbers are as follows:
human, NP_060719; chimpanzee, NP_001035901; bovine, NP_001179098; dog, XP_855524; rat,

NP_775157.2; mouse, NP_666102.

By ChlIP and luciferase reporter assays, we provide the first evidence that Cdk5rap2 interacts
with the CENP-A promoter and upregulates CENP-A transcription. By mapping of the
Cdk5rap2 binding region in the CENP-A promoter, we determined that the length of this
region is similar to those in BUBR1 (345 bps) and MAD2 (201 bps) promoters 1731,

It appears that both the N- and C-terminal regions of Cdk5rap2 are required for complete
Cdkbrap2-mediated CENP-A expression as we determined that CENP-A expression is lower
in cells overexpressing the N- or C-terminal regions of Cdk5rap2 compared to cells
overexpressing full-length Cdk5rap2. Interestingly, by primary sequence analysis of
Cdkbrap2, we identified two potentially functional leucine zipper motifs that are highly
conserved among various mammalian species (Supplementary Figure 2B). The first leucine

zipper motif at the N-terminus consists of four leucine residues from Lgss t0 Lg74, and the
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second at the C-terminus also contains four leucine residues from Ljsss t0 Lise as well as 'V,
which has close structural similarity to L, in human and chimpanzee. Both leucine zipper
motifs reside within a-helices, and as with authentic leucine zipper motifs®*®!, could be
involved in dimerization and DNA binding. It is possible that Cdk5rap2 interaction with the
CENP-A promoter requires both Lgss-Lez4 and Lisss-Liser as the first leucine zipper motif in
Cdkb5rap2 is at the N-terminus and the second at the C-terminus, Together with our
investigations on the involvement of the putative Cdk5rap2 bipartite nuclear localization
motif in the nuclear localization of Cdk5rap2, we are also investigating the involvement of
the Cdkbrap2 leucine zipper motifs in DNA binding and subsequent upregulation of CENP-A
expression. While we identified a third potential leucine zipper motif from Lzg; to Lgog
(L7g7LESRPDLLKVVRELLLGQLFLggg), we will not study the activity of this motif as the
proline residue within the sequence causes a kink in the a-helix, which likely inhibits its
functionality.

Upon depletion of Cdk5rap2, we observed reduced enrichment of centromeric CENP-A and
CENP-C, which cooperate with each other to induce kinetochore assembly 2% 2621 CENP-A
localizes in the centromere through its targeting domain. Centromeric CENP-A interacts with
and recruits CENP-C to the centromere where CENP-C recruits kinetochores via its
C-terminal domain %!, CENP-C, which plays a major role in recruiting other centromeric
proteins®® 324 js also recruited by CENP-B to the centromere %2, This may partly explain
our observation that CENP-C level was not reduced as much as CENP-A in
Cdkbrap2-depleted cells. Nonetheless, reduced recruitment of CENP-A and CENP-C at the
centromere due to loss of Cdk5rap2 can impair centromere organization and function,
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compromising centromeric chromatin integrity. Thus, it is likely that loss of centromeric
chromatin integrity led to the chromosomal instability as manifested by the increased
occurrence of lagging chromosomes and the formation of micronuclei and chromatin bridges
in Cdk5rap2 knockdown cells.

Our findings indicate that centromeric CENP-A-mediated functions are under the control of
Cdk5rap2, and that Cdk5rap2 is critical for the maintenance of centromeric chromatin integrity.
Interestingly, loss of function mutations in Cdk5rap?2 are associated with primary microcephaly,
a rare neurodevelopmental disorder that is characterized by reduced brain size and
non-progressive mental retardation [*%%-31%. The premise is that small brain size, particularly of
the cerebral cortex, results from primary defects in neurogenic mitosis “*4. Since cells
depleted of Cdk5rap2 show increased chromosomal instability, it is conceivable that reduced
brain size in primary microcephaly results from increased neuronal progenitor cell death due to

chromosomal instability.
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