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ABSTRACT 

As reported by the world health organization in 2020, prostate cancer is one of the leading forms 

of cancer in humans affecting approximately 191,930 men. Studies have shown that castration-

resistant prostate cancer (CRPC) could develop even if the patient has undergone surgical 

procedures and radiotherapy. Thus, understanding the mechanism that causes CRPC could result 

in promising CRPC therapeutic approaches. Several approaches such as targeting Aurora A kinase, 

an oncogene overexpressed in multiple cancer types, have not been successful since AURKA is 

vital for cell survival. LIMK2 is a kinase that directly regulates AURKA and could be a better 

target. Recently our lab has shown that overexpression of LIMK2 results in the upregulation of 

AURKA and vice versa. However, five substrates of LIMK2 have been published so far amongst 

which 3 were identified by Shah et al. In this study, we have identified NKX3.1, a transcription 

factor for cell proliferation and differentiation, as a substrate of both AURKA and LIMK2. 

Interestingly, we have shown that overexpression of NKX 3.1 leads to downregulation of LIMK2 

and AURKA. Herein, we focus on the direct communication between NKX 3.1, AURKA, and 

LIMK2 to develop a CRPC therapy targeting LIMK2 and NKX 3.1 as direct regulators of 

AURKA. 
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 LITERATURE REVIEW 

1.1 Significance of kinases in cell signaling 

Well-regulated intracellular signal transduction is a fundamental feature in noncancerous 

human cells. Under normal conditions, a cell will receive signals from either neighboring cells or 

the extracellular environment and then respond appropriately by changing its cellular biochemistry 

and physiology. One example is cell proliferation (1). Inappropriate intracellular cell signaling can 

lead to diseases such as cancer; therefore, understanding how cells coordinate signaling networks 

has important pharmacological implications (2).  

Protein kinases modulate signal transduction and help control cell function (3). The 

scientific community has identified numerous kinases and determined their respective roles in 

signaling pathways; however, our understanding regarding the mechanisms of signaling pathways 

and their cellular functions is still limited. Therefore, identifying novel protein kinases and 

understanding their underlying mechanisms will provide useful insights into how signaling 

networks function (4). 

1.1.1 Aurora kinases: therapeutic targets for cancer therapy 

The protein kinase family is one of the largest and most diverse enzyme families. Kinases 

regulate a variety of biological processes via post-translational phosphorylation of their substrates. 

Post-translational phosphorylation modulates many cellular functions, such as cell proliferation, 

cell cycle, apoptosis, motility, and differentiation (5). The deregulation of kinases is oncogenic 

due to pathophysiological changes in the cell cycle (6). Moreover, kinase deregulation can cause 

the cell cycle to encounter errors in distributing chromosomes from the parent cell to the daughter 

cells, resulting in aneuploidy, chromosome instability, and other oncogenic properties (7). One 

family that has shown to have several significant roles in regulating the cell cycle is the Aurora 

kinase family (8). Multiple studies have denoted a strong correlation between deregulation of 

Aurora kinases and tumorigenesis through numerous mechanisms. These mechanisms include 

defective spindle poles, aneuploidy, and centrosome overgrowth (9).   
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1.1.2 Discovery of Aurora kinases 

Aurora kinases were discovered originally by David Glover in 1989 when investigating the 

regulatory genes involved in Drosophila’s cell cycle (8, 10). The study found that offspring 

produced by females carrying homozygous mutations of aurora had abnormally mitotic 

phenotypes in neuroblast cells (primitive neural cells) during the larval stage of development (10). 

More specifically, abnormalities were observed in the mitotic spindles as they were monopolar 

instead of bipolar (10). Such phenotypic changes suggested lesions affecting the centrosomes 

segregation. This improper segregation affects cell cycle progression (10). Reverse genetics 

studies identified Aurora kinases in the cell cycle by investigating the resulting phenotypes when 

Aurora kinases were mutated, overexpressed, or inhibited. In these studies, overexpression of 

Aurora-A would lead to centrosome overgrowth, multipolar spindles, aneuploidy, chromosomal 

separation defects, and tumorigenesis (11). Additionally, these abnormal phenotypes, notably 

aneuploidy and tumorigenesis, were likewise found to associate with Aurora-B overexpression. 

However, they could not determine whether the overexpression was the cause of tumorigenesis or 

vice versa (12). Furthermore, Aurora-C overexpression induces cell transformation and 

tumorigenesis. (13). These results suggested that the Aurora kinase family has a pivotal role in 

mitosis. 

1.1.3 Evolution of Aurora kinases 

Studies regarding homology and sequence similarity of the Aurora kinase family revealed 

that Aurora genes are evolutionarily conserved. The sequence similarities between human and 

rodent orthologs of Aurora kinases were 82% for Aurora-A, 84% for Aurora-B, and 78% for 

Aurora-C (14). Phylogenetic trees denoted that Aurora genes evolved from a single ancestral 

AURKA gene called Ipl1 (Increased-In-Ploidy 1). AURKA,  first identified in Saccharomyces 

cerevisiae and Tunicata (previously named Urochordata). Ipl1 gene in Saccharomyces cerevisiae 

shows 41% sequence identity with the human AURKA gene (15).  
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1.1.4 Aurora kinase family members 

Aurora kinases have three members in mammalian cells: Aurora-A, Aurora-B, and Aurora-

C. Aurora-A and Aurora-B are both committed to the progression of mitosis in the cell cycle. 

Aurora-C has a unique function in meiosis (16). 

1.2 Structures of Aurora kinase members 

The structure of Aurora kinases is composed of three domains: an N-terminal domain, that 

consists of amino acids from position 39 to 139; a kinase domain, that consists of amino acids 

from position 250 to 300; a C-terminal domain, that covers amino acid from position 15 to 20 (17). 

The catalytic domains in aurora kinases are highly conserved; however, the N-terminal domains 

vary significantly. This variation is crucial as the N-terminal domain is crucial for specific protein-

protein interactions(18). 

The X-ray crystal structure of the human Aurora-A, when bound to TPX2, was solved at 

2.75 A° resolution [Protein Data Bank (PDB) 1OL5]. The results showed that the catalytic domain 

of Aurora-A contains two lobes found in other kinases (19). The structure indicates that the 

catalytic domain of Aurora-A contains two lobes found in other kinases. These two lobes, 

connected by a hinge region, will be referred to as N-lobe and C-lobe.  The N-lobe possesses two 

α-helices and a β-sheet (20). The C-lobe consists of α-helices and loops and is responsible for the 

active conformation (20, 21). TPX2 binds to the N-lobe of Aurora-A by the residues 7-21 and 

residues 30-40 (20). 

AURKA has a low level of enzymatic activity; however, autophosphorylation of Thr288 

enhances AURKA's catalytic activity. Thr288 is an essential residue found in the activation loop 

of AURKA (22). TPX2 a notable protein cofactor that increases AURKA activity by stabilizing 

Aurora-A kinase’s active form (22). AURKA interacts directly with TPX2 via the C- terminal that 

subsequently induces the conformational changes of the activation segment in the kinase. More 

specifically, TPX2 stabilizes Thr288-phosphorylation by changing the Thr288 position, making it 

inaccessible from PP1 phosphatase.      
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The C-terminal domain of Aurora kinases is conserved and has a “destruction box” (D-

box). D-box is a short amino-acid peptide motif that is recognized by the anaphase-promoting 

complex/cyclosome (APC/C) and therefore targets Aurora kinases for proteasomal degradation 

(23). On the other hand, the N-terminal domain is less conserved, and its function has currently 

fallen short of a sophisticated understanding. This domain is noted to serve as the targeting site for 

ubiquitination by the ubiquitin-proteasome pathway (24). AURKA contains the A-box motif 

(residues 31–66). A-box is required for AURKA degradation by APC/C–Cdh1 (25). Besides, the 

N-terminal domain also has a KEN motif. The role of this motif remains unclear whether it is 

required for the AURKA ubiquitination and degradation or not is yet to be determined. In one facet 

of the discussion, an investigation with regards to the preferred site for ubiquitination has shown 

the importance of the motif as a ubiquitin acceptor for AURKA degradation (26). On the other 

hand, a study to identify the required elements for the AURKA degradation showed that the A-

box and D-box are needed for the Cdh1-dependent destruction of AURKA. However, the KEN 

motif is not a prerequisite for AURKA degradation (25). 
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Figure 1-1. Structures and expressions of the Aurora kinase family. 

(A) Illustrated Aurora kinases’ domains. The catalytic domain of AURKA is highly conserved. D-box is in the 

carboxy-terminal. Furthermore, Aurora-A and Aurora-B have A-box. (B) The Aurora-A level was transitioning from 

a subtle level during the G1 phase to a more noticeable one during the S phase, particularly at centrosomes. The 

expression level of Aurora-A became prominent in the late G2-phase. Aurora-A is prominently on spindle poles during 

prometaphase and metaphase. AURKA expression started to reduce in the metaphase-anaphase transition. In the early 

anaphase, AURKA localized on the centrosomes and the spindles. During late anaphase and telophase/cytokinesis, 

AURKA localized to the spindle midzone and centrosomes. Aurora-B was found initially on pericentromeric 

heterochromatin during the late S phase. The protein kinase’s level remained throughout mitosis with a peak in the 

G2/M phase. During the mitosis, Aurora-B targeted heterochromatin in the prophase, and its expression level increased 

centromeres during prometaphase. Aurora-B was then relocated to spindle microtubules during the early anaphase 

and the equatorial cell cortex during cytokinesis(27). (C) AURKA has two lobes that are similar to the other kinases 

(28). 

1.3 AURKA as a novel target for cancer treatment 

Research substantiates the consensus that AURKA carries a significant contribution to the 

progression of the cell cycle. Initially, when AURKA was found, its expression was observed to 

be upregulated in the transition of the G2-M phase and throughout the mitotic stages but 

downregulated gradually in the anaphase and eventually in the telophase and cytokinesis (29). This 

led to the hypothesis of a connection between AURKA expression and cell division (17). The 
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following discussion will focus on explaining in detail the relationship between Aurora-A and the 

cell cycle, plus how its overexpression could trigger tumorigenesis.  

1.3.1 Biological functions of AURKA 

Findings have long established that cancer is characterized by centrosome abnormalities, 

amplification, and aberrations (30). A study, which emphasized centrosome as the potent anti-

cancer target, has underlined the coupling between centrosome duplication and DNA replication, 

mitosis, and cytokinesis (30). Ensuring the normality of cell division is, therefore, heavily reliant 

on the organization and duplication of centrosomes, which are further under the regulation of 

centrosome-associated proteins (30, 31). The influential protein among these is Aurora-A kinase, 

which is considered as one of the most studied centrosome kinases with an oncogenic relationship 

(30). Researchers found out that Aurora-A asserts its role significantly in the cell cycle by 

controlling cellular entry into mitosis, regulating centrosome maturation, binding microtubule at 

spindle poles, directing spindle assembly, and determining spindle polarity (32, 33). For example, 

AURKA phosphorylates transforming acidic coiled-coil (TACC) and promotes its association with 

XMAP215. Thus, Aurora-A stabilizes the centrosome microtubule (34). Besides, AURKA 

phosphorylates polo-like kinase-1 (PLK1) on T210 (35) and leads to PLK1 activation. Active 

PLK1 then associates with and phosphorylates CDC25C (cell division cycle 25C), which 

subsequently promotes mitotic entry by activating CDK1/cyclin B (36). AURKA phosphorylates 

CDC25B on S353 at the centrosome, and this phosphorylation may contribute to the control of 

mitosis (37). More specifically, CDC25B shows a significant role in the CDK1-cyclin B complex 

formation in G2 and mitosis (38). 

1.3.2 Expression of AURKA in cancer cells 

As previously mentioned, while the causality in tumorigenesis due to the overexpression 

of Aurora-B and Aurora-C was not observed, AURKA’s overexpression was concluded to possess 

the ability of tumor induction through chromosomal overgrowth and aneuploidy (39). A study 

investigating the underlying cause of aneuploidy cells in tumors has shown a correlation with 

centrosome amplification and instability plus chromosomal aberrations (40). A further observation 

from the study noted that a variety of tumor tissues (colon, pancreatic, ovary, breast, prostate, and 
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more) were characterized with the chromosome arm 20q’s amplification, where the Aurora-A gene 

is located (39). An examination of the effects of AURKA overexpression has documented that 

aneuploidy can be triggered. It commonly causes tetraploidization due to centrosome amplification 

resulting from mitotic aberrations (41). Another quantitative analysis, which investigated the 

phenotype of cells with overexpressed Aurora-A, has noted observations of vastly abnormal 

structures, for example, extensive cytoplasmic connections (41). Additionally, 20% of cells that 

overexpressed AURKA showed manifestation of late mitotic stages and a delay in mitotic exit. 

Furthermore, the phenotypic consequences could exacerbate in the absence of p53 (also known as 

TP53), which is strongly linked to cancerous development due to failure in detection for 

hyperdiploid. Tumor protein 53 (TP53) works as a major tumor suppressor by sensing DNA 

damage, keeping the pace of the cell cycle under control, and inducing apoptosis. A study revealed 

that TP53 mutations occur in all cancerous cell types and ranging from 10% (in hematopoietic 

malignancies) to 100% (in high-grade serous carcinoma of the ovary), which shows how likely the 

consequences from Aurora-A overexpression can be worsened in tumor tissues (42). Moreover, 

Aurora-A is found to promote cell proliferation via upregulating mitotic substrates, including 

PLK1 (polo-kinase-1), TPX2, PP1, and LAST2, which in turn causes cell invasion and metastasis 

(43). 

1.3.3 Aurora-A inhibition as a potential cancer treatment? 

As AURKA overexpression is highly associated with tumorigenesis, Aurora-A inhibition 

may deem to be plausible as a cancer treatment. However, targeting Aurora-A was not successful 

in the clinical trial. Direct targeting of AURKA results in significant adverse side effects as Aurora-

A contribution is important in cell division (28). Researchers likewise studying the consequences 

from Aurora-A inactivation in normal tissues have revealed that mitotic spindle fragmentation and 

defects in the formation of mitotic spindles can arise, which could cause unequal chromosome 

segregation and aneuploidy and trigger tumor formation (44).  

1.4 Aurora-A kinase substrates 

To gain information on how AURKA modulates signaling in the cells, it is essential to 

unravel its targets. Ferrari and coworkers conducted a peptide assay experiment to find the 
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consensus sequence that is phosphorylated by AURKA. Their results indicated that R/K/N-R-X-

S/T-B, where B denotes any hydrophobic residue except Pro, is the consensus sequence (figure1-

2) (45). 

 

Figure 1-2. AURKA recognition sequence. 

AURKA recognizes the consensus of amino acid R/K/N-R-X-S/T-B. B denotes any hydrophobic residue except 

proline. AURKA substrate specificity was determined by phosphoacceptor peptide following mass spectrometry 

analysis (45). 

 

A study using a chemical genetic approach to investigate direct substrates for Aurora-A 

kinase has uncovered that TWIST1 is a direct substrate for AURKA. AURKA phosphorylates 

Twist1 at S123, T148, and S184 (46). AURKA-mediated Twist1 phosphorylation subsequently 

inhibits ubiquitin-mediated degradation in Twist1 and induces tumorigenesis in vivo. An 

investigation about uncovering the consequences from the AURKA-Twist1 axis in pancreatic 

cancer has highlighted an enhancement of epithelial-to-mesenchymal transition (EMT) and 

chemoresistance. EMT, along with cancer stem cells (CSC), are the underlying cause leading to 

metastasis, drug resistance, tumor recurrence, and high lethality (46). In other words, AURKA-

mediated Twist1 phosphorylation promotes cancer cell growth. Twist1 regulates Aurora-A via a 

positive feedback loop and reciprocally prevents Aurora-A degradation at the protein level. Hence, 

ablation or inhibition of Aurora-A or Twist1 would result in an inhibition of EMT. Furthermore, 

the feedback loop between Aurora-A and Twist1 was observed to facilitate aggressive cancer 

phenotypes in pancreatic cells (46). 

Our lab has recently found an additional novel and direct substrate of Aurora-A kinase in 

prostate cancer, which is Speckle-type POZ protein (SPOP) known as an E3 ubiquitin ligase 

substrate-binding adaptor protein (47). SPOP has been observed to be commonly mutated in 
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prostate cancer. An examination regarding the effects of prostate cancer-associated SPOP 

mutations has shown an enhancement of cancer cell survival via caprin1 (cell cycle-associated 

protein 1) (48). Three phosphorylation sites by Aurora-A on SPOP were identified to be at S33, 

T56, and S105 using a chemical-genetic technique (49). However, a key difference between the 

AURKA-mediated phosphorylation in SPOP with respect to LIMK2 and Twist1 is that Aurora-A 

negatively regulates SPOP, in which the ubiquitylation of SPOP was observed due to Aurora-A 

overexpression. Furthermore, Aurora-A inhibits AR degradation via the depletion of SPOP 

through phosphorylation. Also, phosphorylation SPOP by AURKA is correlated with oncogenic 

phenotypes, tumor progression, and EMT in vivo. Moreover, our lab has observed a reduction in 

tumor growth from the overexpression of SPOP in C4-2 cells. Thus, SPOP works as a tumor 

suppressor (49). An additional direct substrate of Aurora A, ALDH1A1, has been confirmed in 

our lab using the same method and observed the phosphorylation to occur at three critical residues 

(T267, T442, and T493). Like how Aurora-A exerts its effect on LIMK2 activity via T505 

phosphorylation, Aurora-A regulates ALDH1A1 activity primarily via T267 phosphorylation (50). 

AURKA-mediated ALDH1A1 phosphorylation positively affects protein stability and 

dehydrogenase enzymatic activity and prevents ubiquitin-dependent degradation of proteins. The 

results from our lab suggested that the modulation of ALDH1A1 activity by Aurora-A could 

potentially be the pivotal path that Aurora-A enhances the phenotypes in EMT and CSC, which 

subsequently leads to increased cell motility, metastasis, and drug resistance (50). Furthermore, 

same as LIMK2 and Twist1, ALDH1A1 has also shown a positive regulation on Aurora A and 

prevents Aurora-A degradation. From the collective results in our lab, it is presumed that Aurora-

A triggers highly and aggressively cancerous phenotypes via ALDH1A1-mediated EMT, CSC, 

motility, and drug resistance (50). Also, our lab has identified YBX1 as a direct substrate for 

Aurora-A. The group has identified two sites of direct phosphorylation by Aurora-A on YBX1 

(T62, and S102). AURKA-mediated YBX1 phosphorylation leads to an inhibition of YBX1 

degradation and promotes cancer progression (51). PHLDA1 is an AURKA substrate that is 

involved in apoptosis. AURKA phosphorates PHLDA1 at S98 and results in its downregulation 

and cancer progression (52).  
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Table 1-1. Aurora-A Kinase substrates (53) 

This table is a gist of the known substrates and the respective consequence of AURKA-mediated phosphorylation.  

Substrates Substrate function 
Targeted 

residue 

Lats2 

S83 phosphorylation of Lats2 disturbs its centrosomal localization. S380 

phosphorylation regulates appropriate mitotic localization and mitotic 

progression 

S83, S380 

NDEL1 NDEL1 phosphorylation by AURKA regulates centrosome maturation. S251 

Cdc25B 
Cdc25B  phosphorylation activates its phosphatase activity and promotes G2-M 

transition. 
S353 

MCAK MCAK phosphorylation increases bipolar spindle formation. S196, S719 

IκBα 
IκBα is phosphorylated upon H2o2 stimulation and results in IKK and NF-κB 

activation. 
S32, S36 

Gsk3β 
Gsk3β  phosphorylation results in β-catenin phosphorylation and degradation. 

Thus, it leads to cancer progression. 
S9 

ASAP 
ASAP phosphorylation by AURKA results in its localization to centrosomes from 

late G2 to telophase and results in proper mitotic progression. 
S625 

TACC3 
Phosphorylation of TACC3 at S558 results in its localization on mitotic spindles 

and microtubule stabilization. 
S558 

CENP‐A 
Phosphorylation of CENP-A by AURKA modulates AURKB concentration at 

the centromeres. 
S7 

RASSF1A 
Phosphorylation of RASSF1A inhibits RASSF1A-microtubules interaction and 

stimulates M-phase arrest. 
S203, T202 

HURP 
AURKA phosphorylates and stabilizes HURP. Thus, HURP is a transforming 

target of AURKA. 

S627, 

S725, 

S757, S830 

P53 
AURKA upregulation results in p53 degradation and contributes to the oncogenic 

phenotypes. 
S215 

Plk1 
PLK1 phosphorylation by AURKA results in PLK1 activation and leads to 

mitotic entry. 
T210 

LDHB (54) LDHB phosphorylation enhances glycolysis and tumor growth. S162 

KCTD12 (55) 
KCTD12 and AURKA regulate each other in a positive feedback loop. This 

promotes cancer progression. 
S243 

SPOP (49) 

E3 ubiquitin ligase substrate-binding adaptor protein. AURKA modulates SPOP 

in a negative feedback loop. SPOP downregulation induces oncogenic 

phenotypes. 

S33, T56, 

S105 

YBX1 (51) 
Transcription factor in the nucleus, RAN-binding protein in the cytosol. YBX1 

and AURKA positive feedback loop promote aggressive cancer phenotype. 
T62, S102 

TWIST1 (46) 
TWIST1 and AURKA positive feedback loop promote aggressive cancer 

phenotype. 

S123, 

T148, S184 

ALDH1A1 (50) 
AURKA regulates ALDH1A1 quaternary structure, protein level, and enzymatic 

action and results in cancer progression. 

T267, 

T442, T493 

LIMK2 (56) 
AURKA regulates LIMK2 in a positive feedback loop that leads to 

tumorigenesis. 

S283, 

T494, T505 

PHLDA1 (52) 
AURKA regulates PHLDA1 in a negative feedback loop that leads to 

tumorigenesis. PHLDA1 overexpression results in cell death. 
S98 
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1.5 LIMK2: A proposal target for cancer therapy regulated by Aurora-A 

AURKA is a ser/threonine kinase, which is engaged in cell cycle progression, proliferation, 

and survival, and it has an oncogenic property in various cancers. Using a chemical approach to 

find Aurora-A kinase substrates, our group identified LIMK2 as the new Aurora A kinase substrate 

(57). In vitro, radioactive kinase studies demonstrated that LIMK2 is a direct substrate of Aurora-

A kinase. Aurora-A kinase phosphorylates LIMK2 at S283, T494, and T505 positions. Studies 

have shown that overexpression of LIMK2 results in the upregulation of Aurora A kinase. More 

specifically, the lab found that Aurora A kinase upregulation is due to stabilization by LIMK2 

(56). Thus, it is essential to study the role of LIMK2, a crucial oncogenic target of Aurora-A. 

1.6 A Comprehensive review of LIMK 

Studies into the mechanism of cytoskeleton remodeling and its role in signaling pathways 

led to the identification of LIM kinase. It was shown that LIMK phosphorylates cofilin leads to 

cytoskeleton dynamics regulation. Subsequent studies of LIMK2 function have revealed the 

importance of LIMK in cancer. Diverse kinases regulate LIMK. This initiates downstream 

signaling (58). 

1.7 Discovery of LIMK 

In 1994 Mizonu et al. screened a cDNA library in human hepatoma HepG2 cells to identify 

novel c-Met/HGF receptor tyrosine kinases (59). However, the subdomain VIB analysis did not 

indicate whether LIMK can be determined as a serine/threonine or tyrosine kinase. A characteristic 

short sequence motif in subdomain VIB is used to determine protein kinases and substrate 

specificity. Tyrosine kinases use DLAARN or DLRAAN as the consensus sequence, while 

serine/threonine kinases have the consensus sequence of DLKXXN in subdomain VIB (60). 

However, the sequence motif of the LIMK family is DLNSHN which is not in agreement with 

either the consensus sequence for serine/threonine kinases or tyrosine kinases. Thus, LIM kinases 

are considered to have dual specificity of serine/threonine and tyrosine kinase (59). 
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1.8 Members of the LIMK family 

LIM kinase 1 (LIMK1) and LIM kinase 2 (LIMK2) are two LIMK family members. 

LIMK1 was identified in 19941, and LIMK2 was identified in 1995 (61, 62). Human LIMK1 and 

LIMK2 genes were mapped to 7q11.23 and 22q12.2 chromosomes. LIMK1 contains 16 exons and 

39,499 base pairs, whereas LIMK2 has 19 exons and 68,617 base pairs. The LIMK family has 

been discovered in Xenopus, chicken, rat, mouse, and human. The family has 50% global identity 

and 70% identity in the catalytic domain. Besides, human and mouse LIMKs have 92% homology 

(63). Although LIMK1 and LIMK2 have significant structural homology, they show different 

expression and subcellular localization. LIMK1 is expressed in the skeletal muscle, heart, and 

brain. However, LIMK2 is detected in all the tissues. LIMK1 is detected at focal adhesions. 

However, LIMK2 is detected in the cytoplasm. However, LIM kinases share some related roles, 

like, the role in cancer progression. Different localization and expression levels indicate that 

LIMK1 and LIMK2 might have unique cellular functions (64). 

1.9 LIMK2 structure 

LIMK2 is a dual serine/threonine and tyrosine kinase that has two LIM domains. LIM 

domains are located at the N-terminal region. Besides, LIMK2 has a PDZ domain, a proline/serine-

rich, and a kinase domain. The kinase region is located at the carboxy-terminal region (59, 65). 

1.9.1 Gene Architecture of LIMK2 

Northern blot analysis of rat tissues provided evidence for the existence of a potential 

LIMK2 spliced variant. The identified spliced variants are LIMK2-1, LIMK2-2a, and LIMK2-2b, 

each characterized by their boundaries (65, 66). LIMK2-1 (GenBank NM_001031801) is different 

from the others in the 5′ untranslated regions (UTR) and codes the largest protein. In silico analysis 

indicated that LIMK2-1 is only present in the Hominidae primate. LIMK2-1 is detected in both 

mRNA and protein levels in the human brain. These data indicate that LIMK2-1 is engaged in 

neurodevelopment and cognitive disorders. LIMK2-1 has a phosphatase 1 inhibitory domain 

(PP1i) in its C-terminal. PP1i shows an inhibitory effect on phospho-cofilin and inhibits PP1 

partially and therefore increases the phospho-cofilin level (figure 1-3A). Thus, cofilin is not being 

phosphorylated by LIMK2-1 (67, 68). 
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Two complete LIM domains are present in LIMK2. However, LIMK2b has one and a half 

LIM domains since 17 amino acids substitute the N-terminal part of the initial LIM domain. 

LIMK2a and LIMK2b distribute differently in tissue (65, 69). While LIMK2a transcripts were 

present in the stomach, liver, and colon LIMK2b was detected mainly in the brain, kidney, and 

placenta (65). While there is now determined that LIMK2 has different isoforms and has a 

significant role in cytoskeleton remodeling and cancer development, the mechanism through 

which this occurs by each isoform is still unclear. Several lines of evidence suggest differences in 

several respects. LIMK2a and LIMK2b show different subcellular localization: While LIMK2a is 

found in the nucleus and the cytoplasm, LIMK2b is mainly detected in the cytoplasm and the 

subcellular localization of LIMK2-1 has not well studied. Stability analysis revealed that LIMK2a 

is more stable than LIMK2b. LIMK2a turn-over is about 24 hours, LIMK2b turn-over is 6h (70). 

Unlike LIMK2b and LIMK2-1, LIMK2a is not a target of p53 (71). Most studies on LIMK2 did 

not specify which isoform was under investigation and functional differences between these 

isoforms remain a still mystery in the LIMK2 field. 

1.9.2 Protein structure of LIMK2 

LIM is named after the initial identification of the motif in three proteins Lin-11, Isl-1, and 

Mec-3. LIM domains are characterized by a double zinc-finger motif consisting of (C-X2-C-X16-

23-H-X2-C)-X2-(C-X2-C-X16-21-C-X2- H/D/C) sequence (figure1-3B). Aspartic acid, cysteine, 

and histidine form two tetrahedral zinc-binding pockets that stabilize LIMK2’s structure (72). The 

LIM domain is made of a β-sheet. The β-sheet is formed by the β1-IV (figure1-3C) (73). LIM 

domain is involved in protein-protein interactions. Unlike other LIM domains that are engaged in 

interaction with DNA, the LIM domains of LIMK do not associate with DNA. In vivo and in vitro 

binding analysis revealed that the LIM domains of LIMK1 are involved in interaction with 

proteins. More specifically, the N-terminal LIM domains of LIMK1 binds to the domain and 

sequesters the kinase activity (74, 75). Association of LIM domains with the other activators might 

release its inhibitory effect and result in kinase activation. As with LIM domains of LIMK1, the 

LIM domains of LIMK2 regulates kinase activity, although LIMK2 uses a different mechanism. 

The LIM domains of LIMK2 masks the NLS and regulates its shuttling. Given the differences 

between LIMK1 and LIMK2, the LIM domain of LIMK2 might have different mechanisms in 

kinase activity regulation (74, 75). 
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PDZ is the initial letter of PSD-95 (PSD-95 is a 95 kDa protein that regulates signaling at 

the postsynaptic density), DLG (the Drosophila melanogaster Discs Large protein), and ZO-1 (the 

zonula occludens 1 is a scaffold protein that plays role in epithelial polarity) in which the domain 

was identified. The PDZ domain has six ß-strands and two α-helices and interacts with binding 

proteins (figure1-3D) (76).  

The X-ray crystal structure of LIMK1 has shown a canonical protein kinase domain 

containing 12 conserved subdomains (figure1-3E). These subdomains fold into two lobes: N-

terminal and the C-terminal lobe. The N-terminal lobe is the smaller lobe and has one α helix, 

which is called the C helix, and a five-stranded β sheet. 20-35 residues in the c lobe made the 

activation loop and spans between DFG and APE motif and renders a docking site for the substrate 

(77). Activation loop phosphorylation stabilizes kinase open conformation. A cleft between N and 

C lobes provides an ATP-binding pocket. P loop is a glycine-rich sequence that allows the loop to 

turned in toward the phosphates of ATP and stabilize the ATP conformation (73, 78). 



 

 

25 

 

Figure 1-3. LIMK2 structure 

LIMK2 isoforms. Two complete LIM domains are present in LIMK2. However, LIMK2b has one and a half LIM 

domains. LIMK2-1 has a phosphatase 1 inhibitory domain (PP1i) in its C-terminal (67, 68). (B) LIM domain 

illustration. LIM domains are characterized by a double zinc-finger motif (73). (C) LIM domain structure. The LIM 

domain is made of a β-sheet. The β-sheet is formed by the β1-IV (73). (D) PDZ domain structure. The PDZ domain 

has six ß-strands and two α-helices (76). (E) Kinase domain structure. These subdomains fold into two lobes: N-

terminal and the C-terminal lobe (73, 78). 
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1.10 Regulation of LIMK2 

Protein kinases are activated in the presence of upstream signals. These inputs cause the 

binding of the kinase to the activator or kinase phosphorylation. LIMK2 activity is modulated 

positively by multiple upstream stimuli, including Rho-associated kinase, Protein kinase C, Aurora 

A, and p53. In contrast, as discussed above, N-terminal LIM domains have a suppressive role in 

LIMK1 activity. LIM domains interact with the kinase domain. Lim domain-kinase interaction 

results in kinase-inactive conformation stabilization. LIM domains might also prevent kinase 

catalytic site or substrate-binding site from interacting with the substrate. Association of LIM 

domain with the other activators can release its inhibitory effect (75). Although the LIM domain 

acts as a negative regulator of LIMK1 or possibly LIMK2, it is not clear if LIM interaction with 

the kinase domain is an inter or intramolecular association. It also needs to determine if this 

inhibition is mediated by any other protein binders. Nevertheless, the LIM domain is an important 

regulator of LIMKs activity (75). 

1.10.1 Post-translational modifications LIMK2 

Rho-associated kinase, Protein kinase C, and Aurora-A have a regulatory effect on LIMK2 

by post-translational modifications. These modifications affect the behavior of LIMK2, including 

alterations in its activity, subcellular localization, and protein-protein interaction (75). 

1.10.2 ROCK regulates LIMK2 activity by phosphorylation 

Phosphorylation of threonine 508 by Rho-kinases, PAK1, and PAK4 activates LIMK1. 

However, LIMK2 is activated by Rho-kinase and MRCKα at Thr505. Rho-associated kinase (Rho-

kinase/ROCK/ROK) is a downstream target of small GTPase and regulates cytoskeleton 

dynamics. Rho GTPases switches between GDP- and GTP-bound states where the GDP-bound 

state is the inactive form, and the GTP-bound state is the active form. GTPases recognize target 

proteins in a GTP-bound state and respond to stimuli until hydrolysis of GTP (79). Sumi et al. 

have shown that ROCK directly phosphorylates LIMK2 at Thr505 and results in cytoskeleton 

rearrangement (80-82). 
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1.10.3 PKC regulates LIMK2 localization by phosphorylation 

Protein kinase C (PKC) regulates LIMK2 phosphorylation and localization. LIMK2 is 

mainly found in the cytoplasm. However, tLIMK2 has been detected in the nucleus. tLIMK2 does 

not have LIM domains. This observation suggested that the LIM domain masking by NLS is not 

the only mechanism to regulate LIMK2 localization (83). Analysis of LIMK2 by FRAP and FLIP 

shows that LIMK2 moves between the cytoplasm and the nucleus, where PKC has a significant 

role in this transportation. PKC is a serine or threonine kinase that targets Ser and Thr in basic 

sequences. PKC phosphorylates LIMK2 directly at Ser283 and regulates LIMK2 shuttling. The 

stimulation of PKC with PMA, a potent activator of PKC, results in inhibition of nucleus 

localization of LIMK2.  More specifically, PKC stalls LIMK2 nuclear internalization by 

phosphorylation of LIMK2 at Ser283 (74). These data support the importance of PKC in LIMK2 

phosphorylation and localization.  

1.11 Transcriptional regulation of LIMK2 

LIMK2 is regulated by P53 and MED12 at the transcriptional level, and this results in 

tumorigenesis regulation.  

1.11.1 LIMK2b is a p53-transcriptional target. 

P53 is a DNA-associated protein that coordinates the expression of stress response genes. 

Mutations in TP53 lead to loss-of-function of P53 and reduces the ability of DNA damage 

checkpoints and repair mechanisms. Thus, it initiates cancer. Also, some mutant p53 proteins are 

oncogenic. Recent findings have indicated that p53 targets LIMK2b at the transcriptional level 

(71).  

Alternative splicing produces two main LIMK2 transcripts: LIMK2a and LIMK2b. 

LIMK2a is a full-length transcript. However, LIMK2b lacks a half portion of the first LIM domain, 

and instead, a random sequence is substituted. Recent studies have indicated that p53 targets 

LIMK2b directly following genotoxic stress. The upregulation of LIMK2 by p53 promotes cancer 

cell survival and contributes to chemoresistance (71). 
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1.11.2 LIMK2 is a MED12-transcriptional target 

The Mediator is a multiprotein complex that has remained conserved during evolution, and 

it regulates protein-coding genes. One of the subunits of Mediator is MED12, whose upregulation 

has been observed in prostate cancer (84, 85). Surprisingly, the RNA-seq experiment has shown 

that the transcript level of LIMK2 was increased in the cells that MED12 is knocked out. It turns 

out that activated LIMK2 promotes the phosphorylation cofilin, which changed actin-relevant gene 

expression in NSCLC cells. Cofilin phosphorylation led to multinucleation of the cells and 

cytokinesis defects. This means MED12 downregulated LIMK2 to affect cytokinesis and promote 

tumorigenesis (54). 

1.12 Downstream effectors of LIMK2 

The currently reported targets of LIMK2 appear to be cofilin and TWIST1. We will, 

therefore, begin with an introduction to these substrates. 

1.12.1 LIMK2 Phosphorylation on cofilin and modulation on cytoskeleton dynamics 

Cofilin is a small (19 kDa) abundant protein that regulates the dynamics of actin. It binds 

to G- and F-actin with a preference for ADP-bound actin subunits and decorates the filaments. (86) 

Then, the filament is severed near boundaries between cofilin-decorated and bare regions (87). 

LIMK2 phosphorylates cofilin at Ser3 and results in cofilin inactivation (88, 89). 

1.12.2 LIMK2 phosphorylation on TWIST1 promoting cancer 

Twist1 is a transcription factor, and it is a part of the basic helix-loop-helix (bHLH) family. 

The family is described by two α-helices linked by a short loop. (90, 91). Twist1 was originally 

found in Drosophila embryos as a factor for dorso-ventral patterning that leads to mesoderm 

formation. Drosophila embryos deficient in the Twist1 gene cannot gastrulate, and they die with a 

‘twisted’ form (92). Twist1 is also linked with several types of cancer, like prostate cancer. Several 

studies have revealed that Twist1 promotes EMT and cancer metastasis (90, 91). TWIST1 is 

phosphorylated by LIMK2 at S199, S95, S78, and S45. LIMK2 stabilizes TWIST1 by inhibiting 
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its ubiquitination. TWIST1 also stabilizes LIMK2 at the protein level that leads to the upregulation 

of LIMK2. This positive feedback loop results in cancer progression and development (93). 

1.12.3 LIMK2 phosphorylation PTEN 

PTEN is a tumor suppressor that is phosphorylated by LIMK2 at S207, S361, S226, S360, 

and S362. This leads to PTEN downregulation by ubiquitination pathway. Also, LIMK2 sequesters 

PTEN enzymatic activity. PTEN also regulates LIMK2 in a negative feedback loop. This results 

in cancer progression (94). 

1.12.4 LIMK2 phosphorylation SPOP 

SPOP is an E3 ubiquitin ligase adaptor that is phosphorylated by LIMK2 at S59, S226, 

S171, and S226. This results in SPOP degradation by ubiquitination pathway and tumor 

progression (95). 

 

Table 1-2. LIMK2 substrates 

This table is a gist of the known substrates and the respective consequence of LIMK2-mediated phosphorylation.  

Substrates Substrate function Targeted residue 

Cofilin (88, 89) Regulation of cytoskeleton dynamics S3 

SPOP (95) 

E3 ubiquitin ligase substrate-binding adaptor protein. 

SPOP and LIMK2 negative feedback loop promote 

tumorigenesis.  

S59, S226, S171, S226 

PTEN (94) 

LIMK2 regulates PTEN expression and enzymatic 

function negatively. PTEN also regulates LIMK2 in a 

negative feedback loop. This results in cancer 

progression. 

S207, S361, S226, S360, 

S362 

TWIST1 (93) 

LIMK2 increases the mRNA and protein level of 

TWIST1. TWIST1 also upregulates LIMK2 protein 

level. This positive feedback loop promotes cancer 

aggressive phenotypes. 

S199, S95, S78, S45 

1.13 MicroRNA and LIMK2 regulation 

1.13.1 MicroRNA and cytoskeleton dynamics 

MicroRNAs (miRNA) are non-coding RNAs with 22 nucleotides that regulate several 

biological activities such as cell differentiation and homeostasis. Deregulation of miRNA is linked 
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to cancer (96). miRNAs regulate Rho GTPase members, their effectors, and their regulators’ 

expression. For example, miR-31 targets Rho A and inhibits cell metastasis (97). Along with Rho, 

microRNAs regulate cytoskeletal remodeling. For example, miRNA-142, miR-142-3p represses 

cytoskeleton regulators such as Grlf1, Wasl, Twf1, Cfl2, and Itgav, therefore leading to the proper 

execution of actin-dependent proplatelet formation (98). MicroRNA-23b is involved in the 

regulation of cellular architecture by regulation of cytoskeleton dynamics. More specifically, 

microRNA-23b promotes cell-to-cell interaction and reduces cell motility and invasion (98). 

1.13.2 MicroRNA regulation on LIMK2 

Single nucleotide polymorphisms (SNPs) in the binding site of microRNA are linked to 

cancer progression. SNPs could change microRNA-mRNA interaction, thereby change their 

binding. Consequently, it modulates protein expression (99). For example, SNPrs2073859 changes 

G to A and decreases MiR‐135a binding to the UTR regain of LIMK2 gene. The A allele expression 

is higher than the G allele in cancer cell lines and tissues. These data indicate that miR‐135a binds 

to the G allele stronger and regulates LIMK2 expression negatively (99). miR-192 is another 

regulator of LIMK2 phosphorylation. miR-192 is a tumor suppressor and negatively regulated 

tumor cell initiation and progression. MiR-192-5p inhibits the phosphorylation of LIMK2 (p-

LIMK2), which results in cell growth inhibition (100). 

1.14 LIMK2 involvement in cancer 

Cancer is a complex disease, and dysregulation of cellular signaling pathways underlies 

most of the characteristics that promote tumorigenesis. Cellular studies have revealed that LIMK2 

signaling has a key role in cancer progression (101). As reported, LIMK2 overexpression enhanced 

multinucleation in the cells and modulate cytoskeleton stability (70). LIMK2 is upregulated in 

hypoxia and contributes to chemoresistance in neuroblastoma cell lines (71).  

1.15 Is LIMK2 inhibition effective in cancer therapy? 

Inhibitors of LIM kinases are considered of interest in cancer (102). However, the number 

of reported LIMK inhibitors remains low compared to other kinase targets, and most reported 

inhibitors target LIMK1 (103). Two series of LIMK inhibitors have been proposed by Bristol-
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Myers-Squibb: 5-thiazolopyrimidine and pyrazolo series (104). Lexicon Pharmaceuticals 

proposed LX-7101 as the potential inhibitor of LIMK2 to treat glaucoma (105). In 2009, Harrison 

and coworkers reported pyrrolopyrimidine class as the potential inhibitor of LIMK2 (106). In 

2013, Hou and coworkers’ theoretical study determined that Ile408, Leu337, Val358, Ala345, and 

Leu458 are critical residues for the interaction with the inhibitors (107). Goodwin and coworkers 

used high-throughput screening followed by optimization efforts to identify a sulfonamide as a 

novel inhibitor (108). They found LIMK2 selective inhibitor by IC50 of 0.0039 M. 

1.16 Objectives: To Uncover AURKA and LIMK2-mediated in prostate cancer 

Prostate cancer is the second most prevalent cancer in men in the USA (109). it is 

anticipated that 1 in 6 men will suffer from prostate cancer (110). Different chromosomal 

alterations have been observed in prostate cancer, including losses of 16q, 10q, 13q, 8p, and gains 

of Xq, 7p, 8q, and 7q. (111). Tumor susceptibility genes that are linked to these chromosomal 

alterations are PTEN (phosphatase and tensin homolog), NKX3.1, c-Myc (v-myc 

myelocytomatosis viral oncogene homolog), AR, and Rb (retinoblastoma 1) (112). NKX3 belongs 

to the homeobox genes, which are considered transcription factors. They contain 180 nucleotides 

in the DNA sequence and are involved in embryonic development (113). NKX3.1 is considered a 

tumor suppressor whose expression is reduced in prostate cancer. Immunohistochemical analysis 

has revealed the correlation of the progression of prostate cancer with loss of NKX3.1 (114-116).  
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Figure 1-4. LIMK2 signaling  

LIMK2 is activated by Rho-kinase at Thr505 (79). LIMK2 phosphorylates cofilin at Ser3 and results in cofilin 

inactivation (88, 89). Cofilin binds to G- and F-actin with a preference for ADP-bound actin subunits and decorates 

the filaments (86). Then, the filament is severed near boundaries between cofilin-decorated and bare regions (87). 

Aurora-A kinase phosphorylates LIMK2 and regulates LIMK2 in a positive feedback loop that leads to tumorigenesis 

(56). TWIST1 is phosphorylated by LIMK2. TWIST1-LIMK2 positive feedback loop promotes cancer aggressive 

phenotypes (93). P53 targets LIMK2b directly following genotoxic stress. The upregulation of LIMK2 by p53 

promotes cancer cell survival and contributes to chemoresistance (71). MED12 downregulates LIMK2 and modulates 

tumorigenesis (54). 
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 MATERIAL AND METHOD 

2.1 Cell lines and tissue culture 

DMEM with 10% FBS was utilized to culture Phoenix and HEK-293T cells. RPMI with 

10% FBS was used to culture C4-2 and 22Rv1 cells. All cell lines were incubated at 37 C, 5% 

C02. The cells were purchased from the American Type Culture Collection (ATCC). 

2.2 Cloning and Site-Directed Mutagenesis 

Full-length human NKX3.1 was N-terminally fused with Histidine cloned into a pTAT-

HA and DH5α E. Coli cells. Bacterial competent cells were prepared using the Inoue method. 

NKX3.1 was cloned in p-TAT-HA vector at BamH1 and Xho1 sites and proteins were expressed 

in Escherichia coli BL21 (DE3) cells.  

2.3 Transformation and production of DNA 

Competent E. coli cells were mixed with DNA. The cell-DNA mixture was kept on ice for 

30 minutes. The cells were placed at 42 ᴼC for 45 seconds. Subsequently, the cells were put on ice 

for 120 seconds. Next, 1 mL LB broth was put into the cells and grown at 37 ᴼC, 225 rpm for 1 

hour to recover from heat shock. Following recovery, cells were spined at 1000 rpm for 5 minutes 

and plated on LB agar. Plates were kept for 16 hours at 37 ᴼC. For DNA production, a 30 mL 

culture having 100 μg/mL carbenicillin was inoculated from the transformed plates and grown at 

37 ᴼC, 225 rpm for 10 hours. DNA was isolated from bacteria using standard mini-prep columns. 

2.4 Protein production and purification 

The DNA was transformed into Escherichia coli BL21 (DE3). A single colony from a 

transformed was inoculated in a 30 mL starter culture containing 100 μg/mL carbenicillin and 

incubated at 37 ᴼC, 225 rpm for 10 hours. The culture was then centrifuged and washed with 20 

mL of fresh media to remove any B-galactamase secreted by the bacteria into the culture media.  

Then the washes pellet was added to the flask having 600 ml LB broth. The cells were incubated 

at 37 ⁰C till an OD600 of 0.5-0.6. The protein was expressed by using 50 µM (isopropyl ß-D-1-
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thiogalactopyranoside) IPTG for 8 hours at 22 ⁰C. Then the cells were collected by spinning at 

6000 g. The cells were resuspended in a lysis buffer (50 mM Tris, pH 8.0, 10% glycerol, 500 mM 

NaCl, 1% NP-40, and 1 mM PMSF). Subsequently, the cells were lysed with the French press. 

The cells and medium separation were done using centrifugation at 10000 g for 20 min. During 

this step, 100 μL of Ni-NTA beads were washed with washing buffer (150 mM NaCl, 50 mM Tris, 

pH 8.0). Then, the soluble fraction and Nickel NTA agarose bead were incubated for 1 hour at 4 

⁰C. The beads were washed twice with low stringency wash buffer (150 mM NaCl, 50 mM Tris, 

pH 8.0), twice with medium stringency wash buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 10 mM 

imidazole), and once with high stringency wash buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 20 

mM imidazole). After washing the beads, the protein was eluted using an elution buffer (250 mM 

imidazole, 50 mM Tris, pH 8.0).   

2.5 In vitro kinase assay 

The in vitro kinase assay for LIMK2 was performed as reported before (93). Briefly, 

LIMK2 was purified from Sf9 cells on Ni-NTA beads. LIMK2 was activated by 100 μM ATP in 

a buffer containing 50 mM Tris, and 10 mM MgCl2 for 2 hours. The kinase activity of LIMK2 

toward NKX3.1 was determined by incubating NKX3.1 (wild type or mutant protein) and 0.5 mCi 

[γ-32P-ATP] at room temperature for half an hour. SDS-PAGE loading dye was used to stop the 

reaction. The SDS-PAGE gel was used to separate the proteins. The potential radioactivity was 

obtained by autoradiography. 

2.6 DNA Transfection in Phoenix cells and retrovirus generation, cell infection and stable 

cell line generation 

Constructs for the expression of S185A-NKX3.1 and S3A-NKX3.1 were created by 

overlapping PCR, subcloned into a puromycin-inducible retroviral expression vector VIP3.To 

generate retrovirus, Phoenix cells were transfected by NKX3.1-encoding plasmids using calcium 

phosphate. The media was changed after 8 hours. The supernatant containing the retrovirus was 

harvested 24 hours after the transfection. The virus was used to infect the prostate cancer cell lines 

(C4-2 and 22Rv1) using 8 mg/ml polybrene. 12 hours after infection a fresh medium was added. 
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Protein expression was analyzed by western blot 32-34 hours after infection. Puromycin was used 

to make a stable cell line. 

2.7 Mammalian lentiviral shRNAs 

The expression of the anti-NKX3.1 and anti-LIMK2 was accomplished by sub-cloning into 

PLKO.1 lentivirus vector (Addgene). HEK-293T cells were used to transfect them with either 

NKX3.1 shRNA or LIMK2 shRNA or AURKA shRNA constructs in combination with psPAX2 

packaging and pMD2G envelope plasmids. The media was changed 8 hours after transfection and 

the supernatant containing-lentivirus was saved 24 hours posttransfection. Prostate cancer cell 

lines (C4-2 and 22Rv1) were infected with the lentivirus using 8 mg/ml polybrene. Thirty-two 

hours later, the cells were lysed for western blot analysis. 

2.8 Isolation of cytosolic and nucleus fractions 

C4-2 and 22Rv1 cells were washed with cold PBS, following resuspension in 10 mM Tris, 

pH 7.9 containing 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.05% NP40 and 1mM PMSF. The 

cells were kept on ice for 10 minutes. The lysates were centrifuged at 3000 rpm for 10 min at 4 °C. 

The nuclear fraction was isolated from the pellet using 5 mM Tris, pH 7.9 containing, 0.2 mM 

EDTA, 1.5 mM MgCl2, 300 mM NaCl, 0. 26% glycerol (v/v), 0.5 mM DTT and 1 mM PMSF. 

Then it was homogenized by passing 10 times using a 27½ gauge needle. The lysates were kept 

on ice for 30 minutes. Finally, the nuclear fraction was isolated by spinning at 24000 g at 4 ℃ for 

20 minutes. The cytosolic and nuclear extracts were further analyzed by western blot.   

2.9 Immunofluorescence assays 

Fibronectin-coated glass coverslips were seeded with C4-2 and 22Rv1. Then they were 

infected by NKX3.1 shRNA, LIMK2 shRNA, and AURKA shRNA. Slides were washed with PBS 

32-34 hours postinfection. Subsequently, the slides were fixed by 4% paraformaldehyde for 15 

min at room temperature. Permeabilization was done using 0.05% Triton X-100. Then the cells 

were treated with the primary antibody for 16 hrs at 4°C. Then again, the slides were washed with 

PBS. The slides were incubated with secondary antibody conjugated FITC for 4 hrs. Zeiss Laser 

Scanning Microscope was used to image the cells. 
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2.10 RNA isolation 

RNA was extracted by TRIzol™ Reagent. To do so, the cells were lysed in 1000 µl of 

TRIzol™ Reagent. The cell lysate was cleared by spinning at 12000 g at 4 °C. 200 µl of chloroform 

was mixed with clear supernatant. After 3 minutes of incubation, the samples were again 

centrifuged and 500 µl of isopropanol was mixed with clear supernatant. RNA was isolated by 

sping the samples at 12000 g at 4°C. Then 1 mL of 75% ethanol was added to wash the precipitate. 

The supernatant was discarded after centrifugation. The RNA was resuspended in 20 µL of RNase-

free water. 

2.11 Synthesis of cDNA from total RNA and analysis of gene expression 

3μg of RNA was mixed with Oligo(dT) at 65°C for 10 min. cDNA was synthesized using 

0.1M DTT, dNTP, 1μl MLV Reverse Transcriptase, and 1μl of RNase inhibitor for 60 min at 37°C. 

Reverse Transcriptase was inactivated at 95°C for 2 minutes. The RT-PCR was performed using 

iScript™ Reverse Transcription Supermix. GAPDH was used as the control. 

2.12 Cell viability assay 

Cells were plated in triplicates in a 24-well plate at 1000 cells per well. After 12 hours the 

cells were infected with the virus. To detect cell viability, 24- and 48-hours post-infection, 25 µl 

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was added to each well. 

The final concentration of MTT is 0.5mg/ml. The cells were incubated with the MTT reagent for 

4 hours at 37 °C. Then the media was removed and 500 µl DMSO was added to each well. A 

microplate reader (Tecan Spark multimode) was used to read cell viability at the absorbance of 

570 nm. 

2.13 Soft-agar colony formation 

0.5% agar was made by mixing an equal amount of 1% of Noble agar and RPMI 1640 

containing 20% of FBS. and seeded in a 24-well plate as a base. Then 1250 cells were mixed with 

500 µl of 0.7% agarose in RPMI 1640 having 20% of FBS and added on top of solidified base 

agar. 500 µl of RPMI 1640 having 10% of FBS was added per well. The cells were supplied every 
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3 days with the medium. We incubated the cells at 37 °C for 3 weeks. We stained the colonies with 

0.01% crystal violet and finally detected them by a light phase-contrast microscope. 

2.14 Migration assay 

For the migration assay, RPMI 1640 having FBS was added to the bottom of a Boyden 

chamber. The cells were starved in serum-free media for 12 hours and placed on top of the 

chamber. A polycarbonate filter membrane (Nuclepore Track-Etched Polycarbonate, Whatman) 

was used to separate RPMI 1640 with FBS and serum-free media. After 4 hours, the cells on the 

upper surface of the filter were cleaned by a cotton swab. Then, the membrane was placed on glass 

and counted under a microscope. 

2.15 Ubiquitination assay 

For the ubiquitination assay, Phoenix cells were transfected with 6-His Ubiquitin, NKX3.1, 

and LIMK2 separately. After 48 hours, target cells were coinfected with 6-His Ubiquitin and 

NKX3.1 (wild type or mutated plasmid) to detect LIMK2 ubiquitination. Similarly, target cells 

were coinfected with 6-His Ubiquitin and LIMK2 to detect NKX3.1 ubiquitination. To block the 

proteolytic activity of the 26S proteasome complex, cells were also treated with MG132 (Sigma) 

for12 hours. Then, the cells were lysed with 20 mM Tris, pH 7.4 having 0.25% Sodium 

deoxycholate, 150 mM NaCl, NP-40 1%, and 1 mM PMSF. Ubiquitination was analyzed by 

western blot analysis and the specific antibody against histidine. 

2.16 C4-2 xenografts in nude mice 

All mice were housed at the Purdue animal facility provided husbandry and clinical care.  106 cells 

were mixed with 50% matrigel and injected subcutaneously in nude mice. Tumor measurements 

were done every alternative day. Mice were sacrificed after 23 days of injection. 
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 LIMK2 AND NKX3.1 RELATIONSHIP 

3.1 Hypothesis and specific aims 

LIMK2 is a serine/threonine kinase that regulates cytoskeleton dynamics and is 

overexpressed in prostate cancer (93). The Shah lab's studies indicate that LIMK2 contributes to 

prostate cancer progression by phosphorylating PTEN (94), SPOP (95), and TWIST1 (93), all of 

which have a multitude of functions. Our studies indicated that LIMK2 is a promising target in 

castrate-resistant prostate cancer therapies, and its deletion reverts the tumorigenic phenotype (93). 

Although the role of LIMK2 in prostate cancer is well established, its mechanism of action remains 

unclear. Moreover, only a small number of LIMK2 substrates are currently known. Identification 

of additional LIMK2 substrates is a key step for discovering the role of LIMK2 in cancer 

progression. Here, we identified NKX3.1 as a new substrate for LIMK2 and unraveled the 

mechanism of LIMK2 and NKX3.1's crosstalk, which is involved in cancer progression. NKX3.1 

is a gatekeeper suppressor and frequently deleted in prostate cancer. We hypothesize that LIMK2 

contributes to the tumorigenic phenotypes by phosphorylating NKX3.1 at specific sites. This 

phosphorylation then deregulates NKX3.1s expression.  

In this chapter, we plan to understand the role of LIMK2 in cancer progression by pursuing 

the following specific aims:  

Aim1: We will examine how LIMK2 expression regulates NKX3.1 phosphorylation, 

expression, and localization. 

Aim2: We will examine how NKX3.1 expression regulates LIMK2 expression and 

localization. 

Aim3: We will identify the specific site in NKX3.1 that is phosphorylated by LIMK2. We 

will also examine the importance of the identified site in the aggressive oncogenic phenotypes. 
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3.2 Results 

3.2.1 Aim1 

In this aim, we will examine how LIMK2 expression regulates NKX3.1 phosphorylation, 

expression, and localization. 

NKX3.1 is a substrate of LIMK2 

Our primary screen proposed NKX3.1 as the potential substrate of LIMK2. To explore this, 

in vitro kinase assay has been performed using [γ-32P] ATP. We purified NKX3.1 from bacteria 

and LIMK2 from Sf9 and then we performed the kinase assay. As shown in figure 3-1, LIMK2 

phosphorylates NKX3.1 directly. 

 

Figure 3-1. LIMK2 phosphorylates NKX3.1 directly. 

LIMK2 and NKX3.1 were incubated with [γ-32P] ATP. The mixtures were separated by SDS-PAGE. NKX3.1 

phosphorylation was detected by autoradiography. The gel was stained with Coomassie Brilliant Blue. The upper 

panel shows an autoradiograph. The lower panel shows a gel stained with Coomassie blue. In lane1, LIMK2 was 

incubated with radiolabeled ATP and without NKX3.1. In lane 2, NKX3.1 was incubated with radiolabeled ATP and 

without LIMK2. In lane 3, NKX3.1 was incubated with radiolabeled ATP and LIMK2. In vitro kinase assay was 

repeated three times. 
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NKX3.1 promotes LIMK2 nuclear localization 

Because LIMK2 phosphorylates NKX3.1, we next asked whether NKX3.1 and LIMK2 

change the subcellular localization of one another.  

To do so, the cells were treated with LIMK2 lentivirus for 32-34 hours. Then, NKX3.1 

localization was checked with immunofluorescence analysis using NKX3.1 specific antibody. 

Immunofluorescence analysis indicates that the treatment of cells with LIMK2 lentivirus did not 

affect NKX3.1 localization in C4-2 cells (figure 3-2 A). Consistent with immunostaining results, 

knockdown of LIMK2 lacked an effect on NKX3.1 localization using fractionation analysis in C4-

2 cells (figure 3-2B). We verified our data using 22Rv1 cells. In agreement with C4-2 cells, 

knockdown of LIMK2 did not affect NKX3.1 localization (figure 3-2C, 3-2D). 

We also treated the cells with NKX3.1 lentivirus. Then we checked LIMK2 localization 

using immunofluorescence and western blot analysis. Immunostaining data indicated that 

treatment of C4-2 cells with NKX3.1 lentivirus caused the distribution of LIMK2 from the cytosol 

to the nucleus (figure 3-3A, 3-3B). To confirm our immunostaining study, we performed a 

subcellular fractionation analysis. As indicated in figure 3-3C, knockdown of NKX3.1 causes 

diffusely localized LIMK2 throughout the cell. We confirmed our data by using 22Rv1 cells. 

Consistent with data from C4-2 cells, the knockdown of NKX3.1 leads to the LIMK2 distribution 

throughout the cell (figure 3-3D-F).  
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Figure 3-2. Subcellular localization of NKX3.1 in response to LIMK2. 

(A)Treatment of C4-2 cells with LIMK2 lentivirus did not change NKX3.1 localization. Subcellular localization of 

NKX3.1 in C4-2 cells infected by LIMK2 lentivirus using immunofluorescence is shown in A. NKX3.1 (green) and 

nucleus (blue). C4-2 cells were stained with an anti-NKX3.1 monoclonal antibody. We used a FITC-conjugated 

antibody as the secondary antibody. Nuclei were stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. 

The experiment is performed three times. (B) Subcellular fractionation of NKX3.1 in C4-2 cells in response to 

knockdown of LIMK2 is shown B. C4-2 cells were treated with LIMK2 lentivirus, and NKX3.1 location was checked 

by western blot analysis. Actin and lamin were used as the control. The experiment is performed three times. 
(C)Treatment of 22Rv1 cells with LIMK2 lentivirus did not change NKX3.1 localization. Subcellular localization of 

NKX3.1 in 22Rv1 cells infected by LIMK2 shRNA using immunofluorescence is shown in C. NKX3.1 (green) and 

nucleus (blue). 22Rv1 cells were stained with an anti-NKX3.1 monoclonal antibody. We used a FITC-conjugated 

antibody as the secondary antibody. Nuclei were stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. 

The experiment is performed three times. (D) Subcellular fractionation of NKX3.1 in 22Rv1 cells in response to 

knockdown of LIMK2 is shown D. 22Rv1 cells were treated with LIMK2 lentivirus, and NKX3.1 location was 

checked by western blot analysis. Actin and lamin were used as the control. The experiment is performed three times.  
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Figure 3-3. Subcellular localization of LIMK2 in response to NKX3.1. 

(A) Treatment of C4-2 cells with NKX3.1 lentivirus caused the distribution of LIMK2 from the cytosol to the nucleus. 

Subcellular localization of LIMK2 in C4-2 cells infected by NKX3.1 shRNA using immunofluorescence is shown in 

A. LIMK2 (green) and nucleus (blue). C4-2 cells were stained with an anti-LIMK2 monoclonal antibody. The 

secondary antibody was the FITC-conjugated antibody. Nuclei were stained with DAPI. Scale bar equals 100 µM. 

100 cells were counted. The experiment is performed three times. (B) Quantification of LIMK2 localization in 

response to the NKX3.1 lentivirus in C4-2 cells is shown in B. Bar graph shows the mean number of counted cells. 

The data are shown as the number of cells ± SD. The experiment was performed three times. ** P < 0.01 (C) 

Subcellular fractionation of LIMK2 in C4-2 cells in response to knockdown of NKX3.1 is shown C. C4-2 cells were 

treated with NKX3.1 lentivirus and LIMK2 location was checked by western blot analysis. Actin and lamin were used 

as the control. The experiment is performed three times. (D) Subcellular localization of LIMK2 in 22Rv1 cells infected 

by NKX3.1 shRNA using immunofluorescence is shown D. LIMK2 (green) and nucleus (blue). 22Rv1 cells were 

stained with an anti-LIMK2 monoclonal antibody. The secondary antibody was conjugated to FITC. Nuclei were 

stained with DAPI. Scale bar equals 100 µM. The counted cells were 100. The experiment was performed three times. 

(E) Quantification of LIMK2 localization in response to the NKX3.1 lentivirus in 22Rv1 cells is presented in E. The 

experiment is performed three times.** P < 0.01.  (F) Subcellular fractionation of LIMK2 in 22Rv1 cells in response 

to the NKX3.1 knockdown as ascertained by western blot analysis. The experiment was performed three times. 
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LIMK2 negatively regulates NXX3.1 protein levels 

We suspected that LIMK2 expression might regulate NKX3.1 expression because LIMK2 

phosphorylates NKX3.1. To check this hypothesis, we infected C4-2 cells with LIMK2 retrovirus. 

Then we check the NKX3.1 protein level by western blot analysis. This analysis revealed that the 

upregulation of LIMK2 results in the downregulation of NKX3.1 (figure 3-4A). We have 

quantified the western blot results to analyze our data statistically. The histogram presents the 

quantitative analyses of the data (figure 3-4B). Consistent with this finding, overexpression of 

LIMK2 inhibits the expression of NKX3.1 in 22Rv1 cells (figure 3-4C, 3-4D). Besides, 

suppression of LIMK2 by shRNA in the C4-2 enhanced the NKX3.1 level, as detected by western 

blot analysis (figure 3-4E). The histogram shows the statistical analysis of the western blot (figure 

3-4F). Similarly, in 22Rv1cells, the knockdown of LIMK2 increased the NKX3.1 protein levels 

(figure 3-4G, 3-4H). Thus, we conclude that LIMK2 regulates NKX3.1 at the protein level. 
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Figure 3-4 LIMK2 negatively regulates NXX3.1 protein levels. 

(A) Overexpression of LIMK2 decreases NKX3.1 protein level. C4-2 cells were infected with LIMK2 retrovirus. 

Cells were harvested after thirty-three hours. Then the cells were lysed and analyzed by western blot. Actin was used 

as a control. (B) Quantitative analysis of detected LIMK2 and NKX3.1 protein levels is presented in B. The data 

obtained from three independent experiments and normalized to the actin. * P < 0.05, ** P < 0.01. (C) Overexpression 

of LIMK2 decreases NKX3.1 protein level. 22Rv1 cells were infected with LIMK2 retrovirus. Thirty-three hours 

later, the cells were collected and lysed by western blot. We used actin as a control. (D) Quantitative analysis of protein 

levels is presented in D. The data were analyzed from three independent experiments. Signals obtained from western 

blot are normalized to the actin. ** P < 0.01. (E) Downregulation of LIMK2 increases NKX3.1 protein level. C4-2 

cells were infected with LIMK2 lentivirus. Thirty-three hours after infection, we collected the cells and analyzed them 

by western blot. Actin was used as a control. (F) Quantitative analysis of detected LIMK2 and NKX3.1 protein levels 

is presented in F. The data obtained from three independent experiments and normalized to the actin. * P < 0.05, ** P 

< 0.01. (G) Downregulation of LIMK2 increases NKX3.1 protein level. 22Rv1 cells were infected with LIMK2 

lentivirus. Thirty-three hours later, the cells were collected and lysed by western blot. We used actin as a control. (H) 

Quantitative analysis of detected LIMK2 and NKX3.1 protein levels is presented in H. The data obtained from three 

independent experiments. Signals obtained from western blot are normalized to the actin. ** P < 0.01, *** P < 0.001. 
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LIMK2 negatively regulates NKX3.1 mRNA level 

Since our protein expression analysis showed that LIMK2 regulates NKX3.1 negatively at 

the protein level, we reasoned that LIMK2 might regulate NKX3.1 at the mRNA level. To test this 

hypothesis, we examined the effect of LIMK2 expression on NKX3.1 mRNA level. We treated 

target cells (C4-2 and 22Rv1) with LIMK2 retrovirus or lentivirus. Thirty hours later, RNA was 

extracted and cDNA was prepared using MLV Reverse Transcriptase and random hexamer. 

mRNA abundance was measured by quantitative PCR (qPCR) using SYBR Green PCR mix and 

specific primers for LIMK2, NKX3.1, GAPDH, and RAMP1. The signals were then normalized 

to GAPDH and presented as a histogram. Receptor activity–modifying protein 1 (RAMP1) is a 

target of NKX3.1 that is upregulated in prostate cancer. Thereby we used it as an internal control. 

When LIMK2 was overexpressed, the mRNA level of NKX3.1 was decreased in both C4-2 (figure 

3-5A).and 22Rv1 cells (figure 3-5B). The shRNA-mediated knockdown of LIMK2 increased 

NKX3.1 at the mRNA level in both C4-2 (figure 3-5C) and 22Rv1 cells (figure 3-5D). These data 

suggest that LIMK2 modulates the expression of NKX3.1 at mRNA levels. 

 

Figure 3-5 LIMK2 expression negatively regulates NXX3.1 mRNA level. 

(A) LIMK2 overexpression reduced the mRNA levels of NKX3.1 in C4-2 and (B) 22Rv1 cells. The target cells were 

treated with LIMK2 retrovirus. Total RNA was isolated and mRNA levels were measured by qRT–PCR.  The data 

are from three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. (C) shRNA-

mediated knockdown of LIMK2 increased NKX3.1 mRNA level in C4-2 cells and (D) 22Rv1 cells. Data were 

obtained from three independent experiments. * P < 0.05, ** P  < 0.01, *** P < 0.001 and **** P < 0.0001. The signal 

was normalized to the GAPDH. 

LIMK2 decreases NKX3.1 stability 

Since we had demonstrated that LIMK2 regulates the NKX3.1 level, we next investigated 

whether LIMK2 regulates NKX3.1 turnover. To answer this question, we knocked down LIMK2 

in C4-2 cells using LIMK2 lentivirus. Then we treated the cells with cycloheximide (CHX)  for 
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two and four hours. Cycloheximide is a protein synthesis inhibitor. Thus, we can estimate the 

protein's half-life. The cells were collected, lysed, and evaluated by Western blotting after 

cycloheximide treatment. Our results indicate that the suppression of LIMK2 promotes NKX3.1 

stability and increases its half-life (figure 3-6A). The graph presents the statistical analysis of the 

CHX experiment (figure 3-6B). Consistent with the C4-2 cell line finding, LIMK2 knockdown 

22Rv1cells increases NKX3.1' half-life (figure 3-6C). The graph presents the statistical analysis 

of the CHX experiment (figure 3-6D). 

 

Figure 3-6 LIMK2 reduces NKX3.1 protein stability. 

(A) NKX3.1 degradation in C4-2 cells treated with LIMK2 shRNA and CHX. We treated C4-2 cells with LIMK2 

lentivirus to knock down LIMK2 for thirty-three hours. We then treated the cells with CHX (20 µg/ml) for 2 and 4 

hours. Next, we collected the cells and analyzed the level of NKX3.1 by western blot. (B) NKX3.1 protein level was 

normalized to actin, and the graph is presented in B. * P < 0.05. (C) NKX3.1 degradation in 22Rv1 cells treated with 

LIMK2 lentivirus and CHX. 22Rv1 cells were treated by LIMK2 lentivirus for thirty-three hours. Next, we treated 

the cells with CHX (20 µg/ml) for 2 and 4 hours. Then, we collected the cells and analyzed the level of NKX3.1 by 

western blot. (D) The graph represents the statistical analysis of three independent experiments. * P < 0.05, ** P < 

0.01. 
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LIMK2 promotes NKX3.1 degradation via phosphorylation 

To determine how LIMK2 overexpression reduces the NKX3.1 protein levels, we asked 

whether LIMK2 overexpression leads to NKX3.1 degradation through ubiquitylation. To do so, 

C4-2 cells were co-infected by 6x-His-ubiquitin and LIMK2 retrovirus. We added MG132 after 

24 hours of infection. MG132 (carbobenzoxy-Leu-Leu-leucinal) is a peptide aldehyde that inhibits 

the proteolytic activity of the 26S proteasome complex. After 12 hours, NKX3.1 was pulled down 

using the NKX3.1 antibody. Then NKX3.1 ubiquitylation was evaluated by western blot using 

histidine antibody. Our data indicated that NKX3.1 phosphorylation by LIMK2 resulted in 

proteasomal degradation of NKX3.1, thus decreasing the protein level of NKX3.1 (figure 3-7A). 

We also tested NKX3.1 degradation by ubiquitination in 22Rv1 cells. Briefly, 22Rv1 cells were 

infected with 6x-His-ubiquitin and LIMK2 and treated with MG132. NKX3.1 was pulled down, 

and its degradation was evaluated by western blot analysis. In agreement with the results obtained 

in C4-2 cells, we detected NKX3.1 ubiquitination in response to the LIMK2 upregulation (figure 

3-7B). 

 

Figure 3-7 The ubiquitination of LIMK2 is promoted by NKX3.1. 

(A) Western blots analysis NKX3.1 ubiquitination upon LIMK2 protein upregulation. C4-2 cells overexpressing 

LIMK2 were infected with 6x-His-Ubiquitin retrovirus. Then MG132 was added to the cells for 10 hours. Next, IgG 

or NKX3.1 was immunoprecipitated from the cells, and ubiquitination was checked using a 6x-His antibody. (B) 

Western blots of 6x-His Ubiquitin after control IgG or NKX3.1 immunoprecipitation from 22Rv1 cells infected with 

LIMK2 and 6x-His-Ubiquitin retrovirus. Protein degradation was checked using a 6x-His antibody.  
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3.2.2 Aim2 

In this aim, we will examine how NKX3.1 expression regulates LIMK2 expression and 

localization. 

NKX3.1 negatively regulates LIMK2 protein levels 

Our lab has identified TWIST1 (93), PTEN (94), and SPOP (95) as LIMK2 substrates that 

regulate LIMK2 expression. Thus, we reasoned that NKX3.1 might also regulate the LIMK2 levels 

in the cells. To unravel the effect of NKX3.1 on the LIMK2 protein level, the C4-2 cell line was 

infected with NKX3.1 retrovirus. We then tested the protein level by western blot analysis using 

NKX3.1 and LIMK2 antibodies. Our data showed that upregulation of NKX3.1 resulted in a 

reduction of LIMK2 levels (figure 3-8A). We analyzed our data statistically and presented them 

in a histogram (figure 3-8B). We then tested the LIMK2 protein level in response to NKX3.1 

upregulation in 22Rv1 cells. Like the data from C4-2 cells, our results showed that an enhanced 

level of NKX3.1 leads to downregulation of LIMK2 protein level (figure 3-8C, 3-8D). We have 

also tested the effect of NKX3.1 downregulation on the LIMK2 protein level. Thus, we infected 

the C4-2 cells with NKX3.1 lentivirus,  and after thirty-two hours, we checked LIMK2 protein 

level using western blot analysis. Our data indicated that knockdown of NKX3.1 results in the 

overexpression of LIMK2 (figure 3-8E, 3-8-F). We have confirmed our knockdown experiment 

using the 22Rv1 cells. Infection of 22Rv1 cell with NKX3.1 lentivirus results in an enhanced level 

of LIMK2 (figure 3-8G). We analyzed our data statistically and presented them in a histogram 

(figure 3-8H). 
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Figure 3-8 NKX3.1 negatively regulates LIMK2 protein level. 

(A) NKX3.1 overexpression results in LIMK2 protein level downregulation. C4-2 cells were harvested after 

thirty-three hours of infection. Then the cells were analyzed by western blot. We used actin as a control. (B) The graph 

in B presents quantitative analysis of protein levels for n=3. The protein levels are normalized to the actin. *** P < 

0.001 and **** P < 0.0001. (C) NKX3.1 upregulation results in LIMK2 protein level downregulation. 22Rv1 cells 

were infected with NKX3.1 retrovirus for thirty-three hours. Then we collected the cells and assessed the protein 

levels by western blot. We used actin as a control. (D) The graph in D is the quantitative analysis of protein levels for 

n=3. The protein levels are normalized to the actin. ** P < 0.01. (E) Downregulation of NKX3.1 increases LIMK2 

protein level. C4-2 cells were infected with NKX3.1 lentivirus for thirty-three hours. We then collected the cells and 

analyzed them by western blot using actin as a control. (F) The histogram in F is the quantitative analysis of protein 

levels for n=3. The protein levels are normalized to the actin. * P < 0.05, **** P < 0.0001. (G) Downregulation of 

NKX3.1 increases LIMK2 protein level. 22Rv1 cells were infected with NKX3.1 lentivirus. The cells were lysed after 

thirty-three hours. We assessed the protein levels by western blot. Actin was used as a control. (H) Quantitative 

analysis of detected protein levels is presented in H. The data obtained from three independent experiments. Signals 

obtained from western blot are normalized to the actin. * P < 0.05. 
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NKX3.1 negatively regulates LIMK2 mRNA level 

To get more understanding into the regulation of LIMK2 by NKX3.1, first, we have tested 

the LIMK2 mRNA level in the cells overexpressing NKX3.1. There was a marked decrease in 

LIMK2 mRNA in the cells overexpressing wild-type NKX3.1 in C4-2 and 22Rv1 cell lines 

(figure3-9A, 3-9B). Because of the control of LIMK2 mRNA levels by NKX3.1, we next wanted 

to confirm the effect of NKX3.1 on the LIMK2 mRNA level. Thus, we knockdown NKX3.1 using 

shRNA, and we measured mRNA level. Our data have shown that NKX3.1 downregulation 

resulted in upregulation of LIMK2 mRNA level (figure3-9C, C-9D). 

 

Figure 3-9 LIMK2 expression is regulated at the mRNA level by NKX3.1. 

(A) An enhancement in NKX3.1 mRNA level results in the reduction of LIMK2 mRNA level in C4-2 and (B) 22Rv1 

cells. The target cells were infected with NKX3.1 retrovirus. Total RNA was extracted, and mRNA levels were 

quantified by qRT–PCR from n=3. * P < 0.05, ** P < 0.01, and *** P < 0.001. (C) Depletion of NKX3.1 results in an 

enhanced level of LIMK2 mRNA level in C4-2 cells and (D) 22Rv1 cells. Data were obtained from three independent 

experiments. * P < 0.05, *** P < 0.001 and **** P < 0.0001. The signal was normalized to the GAPDH. 

NKX3.1 modulates LIMK2 stability 

To get a better understanding of LIMK2 regulation by NKX3.1, we test the effect of 

cycloheximide (CHX) on the LIMK2 half-life in the target cells. To do so, we infected C4-2 cells 

with NKX3.1 lentivirus. Then we added cycloheximide for 2 and 4 hours. After the mentioned 

time points, we harvested the cells and performed western blot analysis to check LIMK2 stability. 

We found the knockdown of NKX3.1 prolongs LIMK2 half-life in C4-2 cells(figure3-10A). We 

analyzed our data statistically and presented them in a histogram (figure 3-10B). We further 

validate this finding in 22Rv1 cells. To do so, we knock down NKX3.1 in 22Rv1 cells, and then 

we inhibit protein synthesis with cycloheximide. Our data have suggested that a decreased level 



 

 

51 

of NKX3.1 increases LIMK2 stability (figure3-10C, 3-10D). Collectively, these data have shown 

that NKX3.1 regulates LIMK2 steady-state.  

 

Figure 3-10 NKX3.1 modulates LIMK2 protein stability. 

(A) LIMK2 degradation in C4-2 cells treated with NKX3.1 lentivirus and CHX (20 µg/ml). C4-2 cells were treated 

by NKX3.1 lentivirus. Thirty-three hours postinfection, the cells were treated with CHX (20 µg/ml) for 2 and 4 hours. 

Subsequently, the cells were lysed, and the LIMK2 protein level was analyzed by western blot. (B) The graph 

represents the statistical analysis of three independent experiments. * P < 0.05. (C) LIMK2 degradation in 22Rv1 cells 

treated with NKX3.1 lentivirus and CHX (20 µg/ml) is shown in C. (D) The graph represents the statistical analysis 

from n=3. * P < 0.05. 

NKX3.1 promotes LIMK2 degradation via phosphorylation 

Because NKX3.1 downregulates LIMK2 expression, we sought to understand if NKX3.1 

targets LIMK2 for degradation through the ubiquitin-dependent proteolytic pathway. Thus, we 

carried out a ubiquitination assay. The target cells were co-infected with NKX3.1 and 6x His-tag-

ubiquitin for 48 h. 12 h before harvesting the cells, a proteasome inhibitor, MG132,  was added to 

the cells. Then we pulled down LIMK2 with LIMK2 antibody. We tested LIMK2 ubiquitination 
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with histidine antibody using western blot. As shown in figure 3-11, we observed more 

ubiquitinated LIMK2 in the cells overexpressing NKX3.1 compared to the control.  

 

Figure 3-11 NKX3.1 overexpression increases LIMK2 ubiquitination. 

NKX3.1 overexpression increases LIMK2 ubiquitination in C4-2 cells. Target cells stably expressing NKX3.1 were 

infected by 6x-His Ubiquitin retrovirus. Cells were treated with MG132 for 10 hours. Then ubiquitination of LIMK2 

was analyzed by western blot with 6x-His antibody. We detected more ubiquitinated LIMK2 in the cells 

overexpressing NKX3.1. 

LIMK2 phosphorylates NKX3.1 at S185 

We aimed to identify the specific phosphorylation site of LIMK2 on NKX3.1. To do so, 

we predicted the phosphorylation sites of LIMK2 on NKX3.1. The predicted motif contains Ser 

followed by either an alanine, serine, or glycine is a target sequence of LIMK2. Based on this 

analysis, we proposed S185 as a possible LIMK2 phosphorylation site. To confirm our hypothesis, 

we mutated S185 to alanine. Then we performed a kinase assay using radioactive ATP. Our results 

indicated a marked decrease in NKX3.1 phosphorylation when S185 was changed to alanine. This 

data suggested that LIMK2 phosphorylates NKX3.1 at the S185 position (figure 3-12). 
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Figure 3-12 Mutation of LIMK2 phosphorylation sites of NKX3.1 at positions S185. 

In vitro phosphorylation assay was performed using LIMK1, NKX3.1 wild type, and S185A-NKX3.1. LIMK2 

phosphorylates wild-type NKX3.1, but it does not phosphorylate S185A mutant. In vitro phosphorylation assay was 

performed using LIMK1, NKX3.1 wild type, and S185A-NKX3.1. NKX3.1 phosphorylation was detected by 

autoradiography. The gel was stained with Coomassie Brilliant Blue. The Top panel represents an autoradiograph. 

The bottom panel shows a gel stained with Coomassie blue. In lane1, LIMK2 was incubated with radiolabeled ATP 

and without NKX3.1. In lane 2, NKX3.1 was incubated with radiolabeled ATP and LIMK2. In lane 3, S185A-NKX3.1 

was incubated with radiolabeled ATP and LIMK2. In vitro kinase assay was repeated three times.  

Mutation of S185 to alanine increases its expression 

Since our results indicated that LIMK2 phosphorylates NKX3.1, we investigated whether 

this phosphorylation might affect NKX3.1 stability. Thus C4-2 and 22Rv1 cells were infected with 

NKX3.1 will and S185-NKX3.1. Our results suggested that mutation of S185 to alanine increases 

NKX3.1 expression that, in turn, decreases LIMK2 level. More specifically, the protein levels of 

NKX3.1 and LIMK2 were quantified in the target cells (C4-2 and 22Rv1). The effect of the 

mutation on NKX3.1 protein level could be detected in the target cells. As shown in figure 3-13, 

higher levels of NKX3.1 expression were detected in western blot analysis in the cells 

overexpressing S185A-NKX3.1. Furthermore, the LIMK2 protein level is reduced by NKX3.1 

S185A, and the downregulation was more than when the target cells were infected with NKX3.1. 

Serine phosphorylation is known to modulate NKX3.1 stability. Consistent with the previous 

report, these data show that the phosphorylation of Ser185 plays a significant role in NKX3.1 

stability and thus regulates the LIMK2 protein level (figure 3-13). 
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Figure 3-13 The effect of S185 phosphorylation on NKX3.1 and LIMK2 protein levels. 

(A) S185A-NKX3.1 is expressed at a higher level compared to wild-type. C4-2 cells infected with NKX3.1 and 

S185A-NKX3.1 retrovirus for thirty-three hours.  Cell lysates were analyzed were by western blot to detect NKX3.1 

and LIMK2 protein levels. (B) Quantification of western blot analysis normalized to the actin is shown B. The data 

are from three independent experiments. * P < 0.05, *** P < 0.001 and **** P  < 0.0001. (C) S185A-NKX3.1 is 

expressed at a lower level compared to wild-type in 22Rv1 cells. (D) Quantification of western blot analysis 

normalized to the actin is shown in D. The data are from three independent experiments. * P < 0.05, ** P  < 0.01, *** 

P < 0.001.   

NKX3.1 phosphorylation by LIMK2 decrease its stability 

Since our result has shown that changing the serine 185 to alanine results in higher 

expression of NKX3.1 compared to the wild type, we checked the effect of S185A on NKX3.1 

stability. Thus, we performed a cycloheximide (CHX) experiment. C4-2 cells were infected with 

NKX3.1 and S185A-NKX3.1 retrovirus. Next, the cells were treated with cycloheximide for 2 and 

4 hours. Subsequently, we did a western blot experiment using the NKX3.1 antibody. Our results 

indicated that mutation of S185A increases NKX3.1 stability compared to the wild-type (figure 3-
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14A). We have also analyzed our data statistically and presented them in figure 3-14B. We 

confirmed our results by using 22Rv1 cells (figure 3-14C), and we showed statistical analysis in 

figure 3-14D. Collectively, our data suggest that S185A increases NKX3.1 stability. 

 

Figure 3-14 Stabilization of NKX3.1 correlates with S185. 

(A) The stability of S185A-NKX3.1 is increased due to the mutation of serine to the alanine. NKX3.1 degradation in 

C4-2 cells was tested using CHX. C4-2 cells were treated with NKX3.1 and S185A-NKX3.1 for thirty-three hours. 

Then the cells were treated with CHX (20 µg/ml) for the indicated times. Subsequently, protein levels were analyzed 

by western blot. (B) Quantification of western blot analysis normalized to the actin is shown in B for n=3. ** P  < 

0.01, and *** P < 0.001 (C) Stability of NKX3.1-S185A due to the mutation of serine to the alanine in 22rRv1 cells. 

22Rv1 cells were treated with NKX3.1 and S185A-NKX3.1, and CHX (20 µg/ml). Next, we assessed  NKX3.1 

stability by western blot. (D) Quantification of western blot analysis normalized to the actin is shown in D. Data are 

from three independent experiments. * P < 0.05, and *** P < 0.001. 
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S185A-NKX3.1 promotes LIMK2 degradation more significantly 

Since our data have shown that S185A increased NKX3.1 stability, we next investigated 

whether enhanced degradation of LIMK2 was a result of NKX3.1 mediated ubiquitination. Thus 

we infected the target cells (C4-2 and 22Rv1 cells) with NKX3.1 wild-type and S185A-NKX3.1 

along with 6x-His-ubiquitin. Then we immunoprecipitated LIMK2 and performed western blot 

analysis. We used histidine antibody to check ubiquitination. Our results indicated that the 

improvement in the stability of NKX3.1 increases LIMK2 degradation by enhancing its 

ubiquitination. This means we detected more ubiquitinated-LIMK2 in the cells overexpressing 

S185A-NKX3.1 compared to the cells overexpressing wild-type NKX3.1 (figure 3-15A, 3-15C). 

 

Figure 3-15 NKX3.1 regulates ubiquitination of LIMK2. 

(A) C4-2 and (B) 22Rv1 cells overexpressing NKX3.1 and S185A-NKX3.1 were infected with 6x-His-ubiquitin 

retrovirus following MG132 treatment. Then we lysed the cells and the lysate was subjected to immunoprecipitation 

by the anti-LIMK2 antibody. Ubiquitination was detected by western blot using a 6x-Histidine antibody. NKX3.1 

regulates the ubiquitination of LIMK2. The assay is repeated three times.  
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3.2.3 Aim3 

In this aim, we will identify the specific site which is phosphorylated by LIMK2. We will 

also examine the importance of identified sites in aggressive oncogenic phenotypes. 

NKX3.1 inhibits cell proliferation 

NKX3.1 serves as a tumor suppressor and inhibits cell proliferation. S185A increases 

NKX3.1 stability raised the possibility that S185A enhanced the inhibitory effect of NKX3.1 on 

cell proliferation. To test this assumption, we measured the effect of S185A-NKX3.1 on cell 

viability. Thus, we plated the cells (C4-2 and 22Rv1) and after 12 hours, we added the retrovirus 

(NKX3.1 and S185A-NKX3.1). Then we measured cell viability at different time points (18 and 

36 hours). As expected, NKX3.1 inhibited cell proliferation significantly compared to the control 

(figure 3-16A, 3-16B). Besides, we observed that S185A increases the inhibitory effect of NKX3.1 

on cell proliferation. These data suggest that S185A has a key role in NKX3.1 stability, and its 

mutation represses cell proliferation. We have also tested the effect of NKX3.1 and S185A on the 

stable cell line expressing LIMK2. We have seen that the infected cells with NKX3.1 and S185A 

grow slowly as compared to control. We have also noticed that S185A-NKX3.1 dampens cell 

proliferation more significantly compared to NKX3.1 (figure 3-16C). 



 

 

58 

 

Figure 3-16 NKX3-1 inhibited prostate cancer cell proliferation. 

(A) NKX3-1 inhibited prostate cancer cell proliferation in C4-2 and (B) 22Rv1 cells. Target cells were seeded in a 

24-well plate and infected by NKX3.1 and S185A-NKX3.1 retrovirus for 18 and 36 hours. Proliferative activity was 

measured by MTT assay. The absorbance was measured at 570 nm. All data are from three independent experiments. 

* P < 0.05. (C) C4-2 cells stably expressed NKX3.1, S185A-NKX3.1 were infected by LIMK2 retrovirus. Proliferative 

activity was measured by MTT assay. The absorbance was read at 570 nm. All data are from three independent 

experiments. **** P < 0.0001. 

NKX3.1 inhibits cell invasion 

Next, we studied the effect of NKX3.1 expression on C4-2 cell migration and invasion. 

Thus the cells overexpressing NKX3.1 and S185A-NKX3.1 were treated with the serum-free 

media for 12 hours. Then we used the Boyden chamber to perform the migration assay. The results 

of in vitro migration assay showed that NKX3.1 reduced the migration of the C4-2 cells. The data 

showed that LIMK2 increased cell migration (figure 3-17A). This result is consistent with the 

published data. We then explore if S185A-NKX3.1 suppresses cell migration and invasion. Our 

migration data suggested that S185A dampens cell migration (figure 3-17A). We have analyzed 
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our data statistically and presented them in figure 3-17B. Collectively, the migration assay data 

confirmed that S185 phosphorylation is important for the NKX3.1 function. Subsequently, we 

verified our results using 22Rv1 cells. Our data from 22Rv1 is in agreement with our results from 

C4-2 cells (figure 3-17C, 3-17D). These results confirm S185 plays a key role in NKX3.1 activity. 

 

Figure 3-17 NKX3.1 suppressed cell migration in vitro. 

(A) NKX3.1 suppressed cell migration in C4-2 cells. Target cells infected by NKX3.1 lentivirus, LIMK2 lentivirus, 

NKX3.1 retrovirus, and S185A-NKX3.1 retrovirus. The cells were starved in serum-free media for 12 hours and 

migration assay was performed using Boyden chambers. (B) The results are plotted as the means ± SD of three 

independent experiments. * P < 0.05, ** P < 0.01. (C) NKX3.1 suppressed cell migration in 22Rv1 cells. (D) The 

results are plotted as the means ± SD of three independent experiments. * P < 0.05, ** P < 0.01.  
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To verify that S185 plays an important role in NKX3.1 stability and suppression of tumor 

growth, colony formation assays were performed in the C4-2 prostate cancer cell line. VIP3-

NKX3.1, VIP3-NKX3.1-185, were transfected into Phoenix cells. A control transfection has been 

performed as a negative control. Puromycin has been used for selection, and colonies were 

visualized using 0.01% crystal violet. We have seen mock-infected cells forming colonies. 

However, NKX3.1, S185A-NKX3.1 infected cells failed to form colonies. These data suggested 

that phosphorylation of S185 is an important mechanism by which regulates NKX3.1 stabilization 

and function (figure 3-18). 

 

Figure 3-18 NKX3.1 inhibits colony formation of C4-2 cells in soft agar. 

(A) Colony formation assay showed that NKX3.1 and S185A-NKX3.1 inhibit the proliferation ability of C4-2 cells 

in a soft-agar experiment. (B) Quantitative data analysis of the soft agar experiment is shown in B. All data were from 

n=3. *, P<0.05; **, P<0.01. 

NKX3.1 phosphorylation at S185 decreases its expression 

Our data have shown that LIMK2 directly phosphorylates NKX3.1 at S185. Our cell 

experiment data have revealed that mutation of S185 to the alanine increase NKX3.1 stability and 

thus results in a significant reduction of LIMK2. We also noted that S185A increases the 

antitumorigenic properties of NKX3.1. Therefore, in the next step, we change S185 to aspartic 

acid (D) to explore how enhanced phosphorylation modulates NKX31 and LIMK2 expression in 

the cells. Aspartic acid is a phosphomimetic residue, thereby increasing NKX3.1 phosphorylation. 

Thus, we infected C4-2 cells with NKX3.1 wild type and NKX3.1-185D retrovirus, and after 32 
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hours, we measured NKX3.1 and LIMK2 protein levels using western blot analysis. As shown in 

figure 3-19A, the NKX3.1-185D expression was markedly less than the NKX3.1 wild type, 

suggesting that phosphorylation of NKX3.1 at S185 sites lowers the NKX3.1 expression level. 

The statistical analysis of the experiment is shown in figure 3-19B. In turns, we detected an 

enhanced level of LIMK2 in the cells treated with S185D-NKX3.1 (figure 3-19C, figure3-19D). 

We verified our results in 22Rv1 cells. 

 

Figure 3-19 The effect of S185D phosphorylation on NKX3.1 and LIMK2 protein levels.   

(A) S185D-NKX3.1 is expressed at a lower level compared to wild-type. C4-2 cells infected with NKX3.1 and S185D-

NKX3.1 retrovirus for thirty-three hours.  Cell lysates were analyzed were by western blot to detect NKX3.1 and 

LIMK2 protein levels. (B) Quantification of western blot analysis normalized to the actin is shown B. The data are 

from three independent experiments. * P < 0.05. (C) S185D-NKX3.1 is expressed at a higher level compared to wild-

type in 22Rv1 cells. (D) Quantification of western blot analysis normalized to the actin is shown in D. The data are 

from three independent experiments. * P < 0.05. 
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LIMK2 regulates NKX3.1 protein stability 

To uncover the possible mechanisms for the observed relationship between LIMK2 and 

NKX3.1, we assessed the half-life of NKX3.1 using the protein synthesis inhibitor cycloheximide. 

We treated C4-2 cells with NKX3.1 and S185D-NKX3.1. Then we inhibited protein synthesis 

using cycloheximide for 2 and 4 hours. Subsequently, we tested LIMK2 half-life using western 

blot analysis. Our result indicated that increased phosphorylation of NKX3.1 in the cells treated 

with S185D-NKX3.1 increases LIMK2 half-life in C4-2 (figure 3-20A). The statistical analysis 

of immunoblotting is shown in figure 3-20B. We confirmed our data in 22Rv1 cells (figure 3-

20C, 3-20D).  

 

Figure 3-20 Stabilization of NKX3.1 correlates with S185. 

(A) The stability of LIMK2 protein is increased due to the mutation of serine to the aspartic acid of NKX3.1. LIMK2 

degradation in C4-2 cells was tested using CHX. C4-2 cells were treated with NKX3.1 and S185D-NKX3.1 retrovirus 

for thirty-three hours. Then the cells were treated with CHX (20 µg/ml) for the indicated times. Subsequently, protein 

levels were analyzed by western blot. (B) Quantification of western blot analysis normalized to the actin is shown in 

B for n=3. * P < 0.05. (C) Stability of LIMK2 due to the mutation of serine to the aspartic acid in 22Rv1 cells. 22Rv1 

cells were treated with NKX3.1 and S185D-NKX3.1, and CHX (20 µg/ml). Next, we assessed  LIMK2 stability by 

western blot. (D) Quantification of western blot analysis normalized to the actin is shown in D. Data are from three 

independent experiments. ** P < 0.01.  
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NKX3.1 inhibits cell migration 

Substantial evidence indicates that NKX3.1 shows tumor suppressor properties in cell 

culture and nude mice (117-119). To understand whether phosphorylation of NKX3.1 by LIMK2 

regulates its antitumorigenic properties, we performed a cell migration assay. C4-2 and 22Rv1 

cells were infected by NKX3.1 wild type and S185D-NKX3.1. Then we performed a migration 

assay. Our results revealed that cells overexpressing S185D-NKX3. migrate significantly more 

than the vector-treated control. Overall, the data have shown that NKX3.1 phosphorylation by 

LIMK2, which subsequently regulates NKX3.1 function as a tumor suppressor, regulates NKX3.1 

stability. Thereby, the phosphomimetic version of NKX3.1 decreases its anti-tumorigenic function 

and increases cell migration (figure 3-21). 

 

Figure 3-21 NKX3.1 suppressed cell migration in vitro. 

(A) NKX3.1 suppressed cell migration in C4-2 cells. Target cells were infected by NKX3.1, and S185D-NKX3.1 

retrovirus. The cells were starved in serum-free media for 12 hours and migration assay was performed using Boyden 

chambers. (B) The results are plotted as the means ± SD of three independent experiments. * P < 0.05. (C) NKX3.1 

suppressed cell migration in 22Rv1 cells. (D) The results are plotted as the means ± SD of three independent 

experiments. * P < 0.05.  
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NKX3.1 suppresses tumor growth in vivo 

Our results indicated that NKX3.1 suppresses aggressive phenotypes in vitro. Next, we 

wanted to test the role of NKX3.1 in tumor growth in vivo. Thus, we assess the potential of NKX3.1 

in vivo in tumor suppression. Thereby, 106  cells were injected subcutaneously into 

immunocompromised mice to establish tumor xenograft. We measured tumor size every 

alternative day. As expected, animals receiving C4-2 developed tumors. By contrast, noticed that 

tumors do not arise in animals that received NKX3.1 and S185A-NKX3.1 after 23 days of injection  

(figure 3-22). This provided further evidence of the tumor-suppressor properties of NKX 3.1 and 

its phosphoresistant mutant. 

 

Figure 3-22 NKX3.1 inhibits tumor growth in vivo 

(A) Representative xenografts 23 days after subcutaneous injection with NKX3.1 and (B) S185A-NKX3.1. (C) Tumor 

volumes measured 23 days after subcutaneous transplantation of wild-type and S185A-NKX3.1 
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3.3 Discussion 

By analyzing NKX3.1 expression and phosphorylation status, we showed a new 

mechanism that NKX3.1 downregulation results in prostates cancer. We showed that NKX3.1 and 

S185A-NKX3.1 overexpressing cell lines decreased LIMK2 Levels and revealed anti-tumorogenic 

properties. These factors are cell growth, cell migration, and anchorage-independent growth. Thus, 

it appears that post-translational modification of NKX3.1 affects its stability and its function as a 

tumor suppressor. Although NKX3.1 overexpressed cells displayed suppression of growth 

migration and anchorage-independent growth, S185A-NKX3.1 showed more anti-tumorigenic 

properties. A key step in the mechanism in which S185A-NKX3.1 has more antitumorigenic 

characteristics is due to lack of phosphorylation by LIMK2. 

It was shown that NKX3.1 phosphorylation controls its stability. For example, single 

phosphorylation of NKX3.1 at S185 by PIM1 kinase and DYRK (128) destabilizes NKX3.1 and 

promotes NKX3.1 turnover. It also has shown that PTEN affects S185 phosphorylation and loss 

of PTEN increases NKX3.1 half-life (94). These data implied that NKX3.1 phosphorylation at 

S185 decreases NKX3.1 half-life and results in cancer development. High levels of LIMK2 are 

associated with tumor progression in prostate cancer. Our results show that LIMK2 promotes 

cancer progression by affecting NKX3.1 steady-state. Therefore, we propose that an accumulation 

of LIMK2 in cells, following phosphorylation and downregulation of NKX3.1, can promote 

cellular transformation (figure 3-23). 
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Figure 3-23 Proposed model of LIMK2 and NKX3.1 regulation 

(A) LIMK2 phosphorylates NKX3.1 and results in its downregulation. NKX3.1 downregulation leads to prostate 

cancer progression. (B) NKX3.1 functions as a tumor suppressor and downregulates LIMK2 at mRNA and protein 

levels. 
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 AURKA AND NKX3.1 REALSHIOSHIP 

4.1 Hypothesis and specific aims 

Prostate cancer (PCa) is the second leading cause of cancer in men worldwide (120). 

Although local therapies such as surgery and radiotherapy are effective in most patients, some 

patients may develop a metastatic disease such as castration-resistant prostate cancer (121). 

Additionally, androgen deprivation therapy (ADT), which targets androgen, can result in 

castration-resistant prostate cancer (CRPC) in some patients (122). CRPC is characterized by an 

adenocarcinoma phenotype and dependence on androgen receptor (AR) signaling (123). Non-AR–

driven prostate cancer is a clinical concern. Thus, the identification of non-AR-target genes may 

provide alternatives to treat CRPC (124). In this context, there is evidence that AURKA is 

upregulated in prostate tumors (125). AURKA is a serine-threonine kinase that contributes to 

mitotic spindle formation, chromosome segregation, and G2- M transition during the cell cycle 

(15). Furthermore, AURKA upregulation has been detected in several human cancers. Targeting 

AURKA is currently being explored as a possible treatment for cancer. However, the clinical trials 

of AURKA inhibitors have not been successful. Moreover, the underlying mechanism of this 

failure is currently unknown (126). Thus, it is essential to map the kinase-substrate network to 

facilitate drug development. Using an innovative chemical-genetic approach, our lab has identified 

NKX3.1 as the direct target of AURKA. NKX3.1 is a transcription factor that functions in cell 

proliferation and differentiation. Findings have revealed that NKX3.1 is the most frequently 

deleted gene in prostate cancer. In ∼50% of primary prostate tumors and 80% of metastatic tumors, 

NKX3.1 is either absent or significantly reduced (127). Phosphorylation regulates the steady-state 

of NKX3.1 protein levels. One regulator of NKX3.1 is the dual-specificity tyrosine-regulated 

kinase (DYRK). DYRK's phosphorylation of NKX3.1 results in NKX3.1's polyubiquitination and 

proteasomal degradation (128). We hypothesize that AURKA phosphorylates NKX3.1 at 

specific sites. This phosphorylation regulates NKX3.1's expression and contributes to the 

tumorigenic phenotype. 
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In this chapter, we aim to learn the function of AURKA in cancer progression by pursuing 

the following aims:  

Aim 1: We will examine how AURKA expression regulates NKX3.1 phosphorylation, 

expression, and localization. 

Aim 2: We will examine how NKX3.1 expression regulates AURKA expression and 

localization. 

Aim 3: We will identify the specific sites on NKX3.1 that are phosphorylated by AURKA. 

Moreover, we will examine the importance of these identified sites in aggressive oncogenic 

phenotypes. 

4.2 Results 

4.2.1 Aim 1 

The investigation of how AURKA expression regulates NKX3.1 phosphorylation, 

expression, and localization. 

Aurora kinase A phosphorylates NKX3.1 

We examined the phosphorylating capability of Aurora kinase A on NKX3.1 by in vitro 

kinase assay. To do so, we expressed histidine-tagged NKX3.1 in E. coli BL21(DE3) and AURKA 

in insect cells. The purified proteins and γ32P ATP were incubated together for 30 minutes. We 

used SDS-PAGE to separate the proteins. Phosphorylation has been detected by autoradiography. 

As indicated in figure 4-1, Aurora kinase A phosphorylated NKX3.1. 
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Figure 4-1 NKX3.1 is phosphorylated by AURKA. 

(A) NKX3.1 was incubated with AURKA for 30 minutes. The reaction was stopped and proteins were separated by 

SDS-PAGE. Phosphorylation of NKX3.1 was detected by autoradiography. The upper panel shows an image of an 

autoradiograph of NKX3.1 phosphorylation. The lower panel shows an image of the Coomassie blue stain of NKX3.1. 

In vitro kinase assay was repeated three times. In lane1, AURKA was incubated with radiolabeled ATP and without 

NKX3.1. In lane 2, NKX3.1 was incubated with radiolabeled ATP and without AURKA. In lane 3, NKX3.1 was 

incubated with radiolabeled ATP and AURKA. In vitro kinase assay was repeated three times. 

NKX3.1 associates with AURKA 

To understand the mechanistic basis by which AURKA phosphorylated NKX3.1, we 

sought to understand whether NKX3.1 interacts with AURKA. We first immunoprecipitated 

NKX3.1 from C4-2 cells. Our results indicated that immunoprecipitation of NKX3.1 copurified 

AURKA. We also performed a reverse assay in which we immunoprecipitated AURKA from C4-

2 cells. Our results showed that immunoprecipitation of AURKA copurified NKX3.1, confirming 

that AURKA interacts with NKX3.1 (figure 4-2). 
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Figure 4-2 Co-immunoprecipitation assays reveal NKX3.1 and AURKA association.  

(A) NKX3.1 was immunoprecipitated with an NKX3.1-specific antibody (IP: NKX3.1). The association was analyzed 

by western blot analyses using the AURKA antibody. (B) AURKA was immunoprecipitated with an AURKA-specific 

antibody (IP: AURKA). The association was analyzed by western blot analyses using the NKX3.1 antibody. The assay 

was repeated three times. 

AURKA and NKX3.1 do not regulate each other localization 

Since AURKA interacts with NKX3.1 and phosphorylates it, we sought to test if AURKA 

and NKX3.1 regulate each other localization. Thus, we have performed an immunofluorescence 

experiment along with fractionation analysis using C4-2 cells. Experiment with 

immunofluorescence experiment has revealed that in the untreated cells, NKX3.1 is in the nucleus, 

and treating cells with AURKA shRNA lentivirus does not change NKX3.1 localization (figure 

4-3A). To confirm immunofluorescence staining, we have performed subcellular fractionation 

following western blot analysis. C4-2 cells were transiently infected with AURKA shRNA 

lentivirus. Consistent with the immunofluorescence experiment NKX3.1, was mainly detected in 

the nucleus (figure 4-3B). We verified or results using 22Rv1 cells (figure 4-3C, figure 4-3D).  

We next investigated the subcellular distribution AURKA in response to the NKX3.1 level 

by performing fluorescence microscopy and fractionation. Fluorescence microscopy has indicated 

that AURKA is mainly localized in the cytosol in the untreated cells, and treatment of cells with 

NKX3.1 lentivirus has not changed AURKA localization significantly (figure 4-4A). In agreement 

with our fluorescence experiment, NKX3.1 knockdown did not change AURKA localization using 

fractionation experiment (figure 4-4B). We confirmed AURKA localization in 22Rv1 cells 

(figure 4-4C, figure 4-4D). Overall, our results suggested that NKX3.1 and AURKA do not 

regulate each other localization. 
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Figure 4-3 Localization of NKX3.1 and AURKA in C4-2 and 22Rv1 cells. 

(A)Treatment of C4-2 cells with AURKA lentivirus did not change NKX3.1 localization. Subcellular localization of 

NKX3.1 in C4-2 cells infected by AURKA shRNA using immunofluorescence is shown in A. NKX3.1 (green) and 

nucleus (blue). C4-2 cells were stained with an anti-NKX3.1 monoclonal antibody and FITC-conjugated secondary 

antibody. Nuclei were stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. The experiment is 

performed three times. (B) Subcellular fractionation of NKX3.1 in C4-2 cells in response to knockdown of AURKA 

is shown B. C4-2 cells were treated with AURKA lentivirus, and NKX3.1 location was checked by western blot 

analysis. Actin and lamin were used as the control. The experiment is performed three times. (C) Treatment of 22Rv1 

cells with AURKA lentivirus did not change NKX3.1 localization. Subcellular localization of NKX3.1 in 22Rv1 cells 

infected by AURKA shRNA using immunofluorescence is shown in C. NKX3.1 (green) and nucleus (blue). 22Rv1 

cells were stained with an anti-NKX3.1 monoclonal antibody and FITC-conjugated secondary antibody. Nuclei were 

stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. The experiment is performed three times. (D) 

Subcellular fractionation of NKX3.1 in 22Rv1 cells in response to knockdown of AURKA is shown D. 22Rv1 cells 

were treated with AURKA lentivirus, and NKX3.1 location was checked by western blot analysis. Actin and lamin 

were used as the control. The experiment was performed three times. 
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Figure 4-4 Immunofluorescent localization of AURKA. 

(A) Treatment of C4-2 cells with NKX3.1 lentivirus did not change AURKA localization. Subcellular localization of 

AURKA in C4-2 cells infected by NKX3.1 shRNA using immunofluorescence is shown in A. AURKA (green) and 

nucleus (blue). C4-2 cells were stained with an anti-AURKA monoclonal antibody and FITC-conjugated secondary 

antibody. Nuclei were stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. The experiment is 

performed three times. (B) Subcellular fractionation of AURKA in C4-2 cells in response to knockdown of NKX3.1 

is shown B. C4-2 cells were treated with NKX3.1 lentivirus, and AURKA location was checked by western blot 

analysis. Actin and lamin were used as the control. The experiment is performed three times. (C) Treatment of 22Rv1 

cells with NKX3.1 lentivirus did not change AURKA localization. Subcellular localization of AURKA in 22Rv1 cells 

infected by NKX3.1 shRNA using immunofluorescence is shown in C. AURKA (green) and nucleus (blue). 22Rv1 

cells were stained with an anti-AURKA monoclonal antibody and FITC-conjugated secondary antibody. Nuclei were 

stained with DAPI. Scale bar equals 100 µM. 100 cells were counted. The experiment is performed three times. (D) 

Subcellular fractionation of AURKA in 22Rv1 cells in response to knockdown of NKX3.1 is shown D. 22Rv1 cells 

were treated with NKX3.1 lentivirus, and AURKA location was checked by western blot analysis. Actin and lamin 

were used as the control. The experiment was performed three times. 

AURKA regulates NKX3.1 protein level 

We next considered the possibility that AURKA regulates the protein expression of 

NKX3.1. To test the effect of the increased expression of AURKA on NKX3.1 protein level, we 

infected C4-2 cells with AURKA retrovirus. We collected the cell lysates after 33 hours and 
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determine the protein levels using western blot analysis. As shown in figure 4-5A expression of 

AURKA in cells resulted in a decreased level of NKX3.1 in the cells. The graph in figure 4-5B 

shows statistical analysis. We confirmed our results in 22Rv1 cells (figure 4-5C, 4-5D). 

 We also investigate the impact of AURKA knockdown on the NKX3.1 protein level. Thus, 

we infected C4-2 with AURKA lentivirus. Then, the cells were collected after 33 hours and we 

determine the protein levels by western blot analysis. As indicated in Figures 4-5E cells infected 

by shRNA targeting AURKA had significantly elevated NKX3.1 protein levels. The histogram in 

figure 4-5F shows statistical analysis from n=3. We validated our results in 22Rv1 cells (figure 

4-5G, 4-5H). To this end, we conclude that AURKA regulates the NKX3.1 protein level 

negatively. 
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Figure 4-5 Expression of NKX3.1 was regulated by AURKA. 

(A) Overexpression of AURKA decreases NKX3.1 protein level. C4-2 cells were infected with AURKA retrovirus. 

Cells were harvested after thirty-three hours. Then the cells were lysed and analyzed by western blot. Actin was used 

as a control. (B) Quantitative analysis of detected AURKA and NKX3.1 protein levels is presented in B. The data 

obtained from three independent experiments and normalized to the actin. ** P < 0.01. (C) Overexpression of AURKA 

decreases NKX3.1 protein level. 22Rv1 cells were infected with AURKA retrovirus. Thirty-three hours later, the cells 

were collected and lysed by western blot. We used actin as a control. (D) Quantitative analysis of protein levels is 

presented in D. The data were analyzed from three independent experiments. Signals obtained from western blot are 

normalized to the actin. * P < 0.05. (E) Downregulation of AURKA increases NKX3.1 protein level. C4-2 cells were 

infected with AURKA lentivirus. Thirty-three hours after infection, we collected the cells and analyzed them by 

western blot. Actin was used as a control. (F) Quantitative analysis of detected AURKA and NKX3.1 protein levels 

are presented in F. The data obtained from three independent experiments and normalized to the actin. * P < 0.05, ** 

P < 0.01. (G) Downregulation of AURKA increases NKX3.1 protein level. 22Rv1 cells were infected with AURKA 

lentivirus. Thirty-three hours later, the cells were collected and lysed by western blot. We used actin as a control. (H) 

Quantitative analysis of detected AURKA and NKX3.1 protein levels is presented in H. The data obtained from three 

independent experiments. Signals obtained from western blot are normalized to the actin. ** P < 0.01. 



 

 

75 

AURKA regulates NKX3.1 protein stability 

To understand the possible mechanisms for the observed relationship between AURKA 

and NKX3.1 we assessed the half-life of NKX3.1. Therefore, C4-2 cells were infected with 

AURKA shRNA lentivirus for 33 hours. Then cycloheximide (CHX), a protein synthesis inhibitor 

was added to get protein half-life. After 2 and 4 hours of treatment, the cells were collected and 

evaluated by western blot analysis. As indicated in figure 4-6A NKX3.1 protein level in the cells 

infected with AURKA shRNA decreased much more slowly than that of untreated cells. Figure 

4-6B indicates data analysis from three different experiments. The results have been validated in 

22Rv1 cells (figure 4-6C, figure 4-6D). 

 

Figure 4-6 AURKA decreases NKX3.1 protein stability. 

(A) NKX3.1 degradation in C4-2 cells treated with AURKA shRNA and CHX. We treated C4-2 cells with AURKA 

lentivirus to knockdown AURKA for thirty-three hours. We then treated the cells with CHX (20 µg/ml) for 2 and 4 

hours. Next, we collected the cells and analyzed the level of NKX3.1 by western blot. (B) NKX3.1 protein level was 

normalized to actin, and the graph is presented in B. * P < 0.05. (C) NKX3.1 degradation in 22Rv1 cells treated with 

AURKA lentivirus and CHX. 22Rv1 cells were treated by AURKA lentivirus for thirty-three hours. Next, we treated 

the cells with CHX (20 µg/ml) for 2 and 4 hours. Then, we collected the cells and analyzed the level of NKX3.1 by 

western blot. (D) The graph represents the statistical analysis of three independent experiments. * P < 0.05. 
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AURKA mediates NKX3.1 ubiquitination 

To investigate the mechanism by which AURKA regulates NKX3.1 expression, we wanted 

to study the impact of overexpression of AURKA on NKX3.1 ubiquitination. To do so, 

ubiquitination analyses were performed in C4-2 cells infected with AURKA and ubiquitin 

retrovirus. Ubiquitinated NKX3.1 was pulled down using NKX3.1 antibody and ubiquitination 

was checked by western blot using 6x-Histidine antibody. When AURKA was overexpressed 

NKX3.1 ubiquitination was observed suggesting that attenuation of NKX3.1 protein level go 

through proteasomal degradation (figure 4-7). 

 

Figure 4-7 Ubiquitination of NKX3.1 when AURKA was overexpressed. 

Ectopic expression of AURKA results in NKX3.1 ubiquitination. Cells were infected with AURKA and 6x-His-Ub 

and then treated with MG132. NKX3.1 was purified, and ubiquitination was detected by western blot analysis and 6x-

His antibody. The assay is repeated three times. 

4.2.2 Aim2 

We will examine how NKX3.1 expression regulates AURKA expression. 

NKX3.1 regulates AURKA protein level 

AURKA is upregulated in prostate cancer cells. On the other hand, reduced expression of 

NKX3.1 plays a role in prostate cancer initiation. Thus, we examined the effect of NKX3.1 on 

AURKA protein level. To do so, C4-2 cells were treated with NKX3.1 retrovirus. The cells were 

harvested after thirty-three hours and analyzed by western blot. We observed a decreased level of 

AURKA in the cells overexpressing NKX3.1 (figure 4-8A). The graph in figure 4-85B shows 

statistical analysis. We confirmed our results in 22Rv1 cells (figure 4-8C, 4-8D).To test whether 

NKX3.1 can suppress AURKA protein levels; we downregulate NKX3.1 expression in C4-2 and 
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22Rv1 cells by shRNA. Then we tested AURKA protein levels by western blot analysis. AURKA 

protein levels were increased in C4-2 and 22Rv1 cells upon NKX3.1 shRNA infection compared 

to the control, suggesting the contribution of NKX3.1 to the AURKA protein level regulation. 

Collectively, these findings suggest that AURKA and NKX3.1 regulate each other in a negative 

feedback loop (figure 4-8 E-H). 
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Figure 4-8 Expression of NKX3.1 was regulated by AURKA. 

(A) NKX3.1 overexpression results in AURKA protein level downregulation. C4-2 cells were harvested after thirty-

three hours of infection. Then the cells were analyzed by western blot. We used actin as a control. (B) The graph in B 

presents quantitative analysis of protein levels for n=3. The protein levels are normalized to the actin. * P < 0.05 and . 

** P < 0.01.. (C) NKX3.1 upregulation results in AURKA protein level downregulation. 22Rv1 cells were infected 

with NKX3.1 retrovirus for thirty-three hours. Then we collected the cells and assessed the protein levels by western 

blot. We used actin as a control. (D) The graph in D is the quantitative analysis of protein levels for n=3. The protein 

levels are normalized to the actin. * P < 0.05. (E) Downregulation of NKX3.1 increases AURKA protein level. C4-2 

cells were infected with NKX3.1 lentivirus for thirty-three hours. We then collected the cells and analyzed them by 

western blot using actin as a control. (F) The histogram in F is the quantitative analysis of protein levels for n=3. The 

protein levels are normalized to the actin. * P < 0.05 and *** P < 0.001. (G) Downregulation of NKX3.1 increases 

AURKA protein level. 22Rv1 cells were infected with NKX3.1 lentivirus. The cells were lysed after thirty-three hours. 

We assessed the protein levels by western blot. Actin was used as a control. (H) Quantitative analysis of detected 

protein levels is presented in H. The data obtained from three independent experiments. Signals obtained from western 

blot are normalized to the actin. * P < 0.05. 
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1 regulates AURKA protein stability 

Having demonstrated that NKX3.1 regulates AURKA protein level, we explore the 

mechanisms by which NKX3.1 decreased AURKA protein level. abundance. Thus, we next 

examine whether NKX3.1 regulates AURKA turnover using cycloheximide. To do so, C4-2 cells 

were infected with NKX3.1 lentivirus for thirty-two hours. Then, the cells were then incubated 

with cycloheximide for 2 and 4 h. Cell lysates were resolved by SDS-PAGE and analyzed by 

western blot with anti-AURKA (figure4-9A). We noted that the reduced expression of NKX3.1 

increases AURKA's half-life and stability (figure4-9B). We validated our results in 22rv1 cells 

figure4-9C, 4-9D). Together, these results suggest that NKX3.1 controls AURKA expression. 

 

Figure 4-9 NKX3.1 mediated AURKA protein stability. 

(A) AURKA degradation in C4-2 cells treated with NKX3.1 lentivirus and CHX (20 µg/ml). C4-2  cells were treated 

by NKX3.1 lentivirus. Thirty-three hours postinfection, the cells were treated with CHX (20 µg/ml) for 2 and 4 hours. 

Subsequently, the cells were lysed, and the AURKA protein level was analyzed by western blot. (B) The graph 

represents the statistical analysis of three independent experiments. * P < 0.05. (C) AURKA degradation in 22Rv1 

cells treated with NKX3.1 lentivirus and CHX (20 µg/ml) is shown in C. (D) The graph represents the statistical 

analysis from n=3. * P < 0.05. 
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NKX3.1 mediates AURKA ubiquitination 

To understand the mechanism of how NKX3.1 promotes AUKKA downregulation, we 

examined ubiquitin-mediated AURKA degradation. To do so, ubiquitinated AUTKA levels were 

measured by western blot analysis. We infected C4-2 cells with NKX3.1 and ubiquitin retrovirus. 

Then, AURKA was immunoprecipitated using an anti-AURKA antibody. We tested and AURKA 

ubiquitination by western blotting using anti histidine antibody. Our results showed an increase in 

the level of ubiquitination in the cells overexpressing NKX3.1 (figure4-10). 

 

Figure 4-10 Ubiquitination of NKX3.1 when AURKA was overexpressed. 

NKX3.1 overexpression increases AURKA ubiquitination in C4-2 cells. Target cells expressing NKX3.1 were 

infected by 6x-His Ubiquitin retrovirus. Cells were treated with MG132 for 10 hours. Then ubiquitination of AURKA 

was analyzed by western blot with 6x-His antibody. We detected more ubiquitinated AURKA in the cells 

overexpressing NKX3.1. The assay is repeated three times. 

4.2.3 Aim 3 

In this aim, we will identify the specific sites on NKX3.1, which are phosphorylated by 

AURKA. We will further examine the importance of these identified sites in aggressive oncogenic 

phenotype. 

Aurora-A phosphorylates NKX3.1 at serine 28, 102 and 209 

Since AURKA phosphorates NKX3.1 and regulates its expression, we next identify the 

potential phosphorylation sites of AURKA on NKX3.1. Based on prior knowledge of the AURKA 

consensus phosphoacceptor motif, we know that it recognizes R/K/N-R-X-S/ T-B, where B 

denotes any hydrophobic residue except for proline. Therefore, we predict serin 28,101, and 209 

as the phosphorylation targets. We mutagenized each of these serines to alanines to abolish 



 

 

81 

phosphorylation. Then, the proteins were incubated with [γ-32P]ATP and AURKA. Then, the 

proteins were separated by SDS-PAGE, and phosphorylation was examined by autoradiography. 

We observed that mutated proteins showed a significant decrease in phosphorylation compared to 

the wild type (figure 4-11A). After identification of the specific phosphorylation sites, we mutated 

all tree targets to alanine and performed in vitro kinase assay. As shown in figure 4-11B we 

observed that mutation of these three positions abolished phosphorylation completely.   

 

Figure 4-11 AURKA phosphorylates NKX3.1 at S28, 101, and 209 positions. 

(A) In vitro phosphorylation assay indicated that S28, 101, and 209 are the potential AURKA phosphorylation sites 

on NKX3.1. (B) In vitro phosphorylation assay indicated that AURKA phosphorylates wild-type NKX3.1 but it does 

not phosphorylate 3A mutant. NKX3.1 phosphorylation was detected by autoradiography. The gel was stained with 

Coomassie Brilliant Blue. The Top panel represents an autoradiograph. The bottom panel shows a gel stained with 

Coomassie blue. The assay is repeated three times. 

AURKA decreases NKX3.1 stability via phosphorylation at S28, S101, and S209 

Since AURKA directly phosphorylates NKX3.1 at three positions, we, therefore, examined 

whether the phosphorylation of NKX3.1 at the identified sites (S28, S101, and S209) regulates its 

stability. We infected  C4-2cells with NKX3.1 wild type and S3A-NKX3.1 retrovirus and after 32 

hours, we treated them with cycloheximide for indicated periods ( 2 and 4 hours). Then we 
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measured the turnover of NKX3.1 using western blot analysis. As shown in figure 4-12A the 

NKX3.1-3A stability was markedly higher than the NKX3.1 wild type, suggesting that 

phosphorylation of NKX3.1 at S28, S101, and S209 sites lowers NKX3.1 stability. Figure 4-12B 

represents the statistical analysis. We validated our results in 22Rv1 cells (figure 4-12C, 4-13D). 

 

Figure 4-12 Effect S3A phosphorylation on the protein level of NKX3.1 and AURKA. 

(A) S3A-NKX3.1 is expressed at a higher level compared to wild-type. C4-2 cells infected with NKX3.1 and S13A-

NKX3.1 retrovirus for thirty-three hours.  Cell lysates were analyzed were by western blot to detect NKX3.1 and 

AURKA protein levels. (B) Quantification of western blot analysis normalized to the actin is shown B. The data are 

from three independent experiments. * P < 0.05 and ** P  < 0.01. (C) S3A-NKX3.1 is expressed at a higher level 

compared to wild-type in 22Rv1 cells. (D) Quantification of western blot analysis normalized to the actin is shown in 

D. The data are from three independent experiments. * P < 0.05.   

 

To determine the significance of phosphorylation at Ser 28, 101, and 209 on NKX3.1 

stability, we performed a cycloheximide experiment using NKX3.1 and S3A-NKX3.1. We 

observed an increase in protein stability of S3A-NKX3.1. This provides further evidence for the 

importance of NKX3.1 phosphorylation by AURKA on its stability (figure4-13).  
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Figure 4-13 NKX3.1 phosphorylation decreases NKX3.1 protein stability. 

(A) Immunoblot analysis of cell lysates from C4-2 cells ectopically expressing NKX3.1 and S3A-NKX3.1 treating 

with CHX. C4-2 cells were treated with NKX3.1 and S3A-NKX3.1 for thirty-three hours. Then the cells were treated 

with CHX (20 µg/ml) for the indicated times. Subsequently, protein levels were analyzed by western blot (B) 

Normalized fold changes of NKX3.1 are presented in B. The data show the analysis of three independent experiments. 

* P < 0.05, ** P  < 0.01, *** P < 0.001 and **** P  < 0.0001. 

NKX3.1 phosphorylation regulates AURKA stability via ubiquitination 

To assess the effect of NKX3.1 phosphorylation on AURKA degradation by 

ubiquitination, we infected cells overexpressing wild-type NKX 3.1 and S3A-NKX3.1 with 6x-

His-ubiquitin and detect the ubiquitination pattern using western blot analysis. As shown in figure 

4-14A S3A-NKX3.1 enhanced AURKA ubiquitination compared to the wild-type NKX 3.1. These 

data suggest that phosphorylation of NKX3.1 at the three identified sites (S28, S101, and S209) 

would decrease NKX3.1 stability and result in attenuating degradation of AURKA. We validated 

our results in 22Rv1 cells (figure 4-14B). 
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Figure 4-14 Ubiquitination of AURKA is promoted by S3A-NKX3.1 

(A) AURKA immunoprecipitated with AURKA antibody and analyzed with western blot. We detected an increased 

level of  AURKA degradation when C4-2 cells were treated with S3A-NKX3.1. The cells were infected with 6x-His-

ubiquitin retrovirus following MG132 treatment.  Then we lysed the cells and the lysate was subjected to 

immunoprecipitation by the anti-AURKA antibody. Ubiquitination was detected by western blot using a 6x-Histidine 

antibody. NKX3.1 regulates the ubiquitination of AURKA. (B) AURKA immunoprecipitated with AURKA antibody 

and analyzed with western blot. We detected an increased level of ubiquitination when 22Rv1 cells were treated with 

S3A-NKX3.1.  

NKX3.1 inhibits cell proliferation growth of cancer cell lines 

NKX3.1 is a transcription factor that plays an important role in normal prostate 

development. Moreover, loss-of-function of NKX3.1 has been reported in prostate cancer (127). 

Thus, we examined the effect of NKX3.1 and S3A-NKX3.1 on cell proliferation using MTT assay. 

Briefly, cells were transiently infected with NKX3.1 and S3A-NKX3.1. At the indicated times ( 18 

and 36 h).MTT reagent was added to the cells the absorbance value was measured at 570 nm. 

Consistent with previous findings, ectopic expression of NKX3.1 reduce cell growth in C4-2 and 

22Rv1 cells (figure4-15A, figure 4-15B). Our results also indicated that S3A-NKX3.1 inhibited 

cell growth more effectively. Cell proliferation was further analyzed by infecting NKX3.1 and 

S3A-NKX3.1 stable cell lines with AURKA retrovirus. Expression of AURKA increased cell 

viability of stable cell lines (figure4-15C). Together, these results indicate that NKX3.1 inhibits 

the proliferation of human prostate cells. Also, the mutation of AURKA phosphorylation sites on 

NKX3.1 enhances the anti-tumorigenic properties of NKX3.1 on cell proliferation at the analyzed 

time points. 
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Figure 4-15 NKX3.1 inhibits aggressive cancer phenotype in prostate cancer cells. 

(A) Cell proliferation measurement after indicated time in the C4-2 and (B) 22 Rv1 cells treated with NKX3.1 and 

S3A-NKX3.1. Target cells were seeded in a 24-well plate and infected by NKX3.1 and S3A-NKX3.1 retrovirus for 

18 and 36 hours. Proliferative activity was measured by MTT assay. The absorbance was measured at 570 nm. All 

data are from three independent experiments. * P < 0.05. (C) C4-2 cells stably expressed NKX3.1, S3A-NKX3.1 were 

infected by AURKA retrovirus. Proliferative activity was measured by MTT assay. The absorbance was read at 570 

nm. All data are from three independent experiments. , ** P  < 0.01, and *** P < 0.001. 

NKX3.1 inhibits cell migration and cell proliferation growth of cancer cell lines in soft agar 

assay 

Next, we determined the effect of NKX3.1 protein level on cell migration. The results of 

the migration assay indicated that NKX3.1 and S3A-NKX3.1 overexpression inhibited C4-2 and 

22Rv1 cell migration compared to the control (figure4-16A-D). In addition to C4-2 and 22Rv1 

cells, we also tested the effect of AURKA protein level on cell migration in the NKX3.1. S3A-

NKX3.1 cell lines. We observed S3A-NKX3.1 expression decrease the number of migrated cells 

compared with NKX3.1 (figure4-16F). These results further showed that phosphorylation of 

NKX3.1 by AURKA decreases its tumor suppressor ability. We next determine the role of NKX3.1 

in cloning-forming ability. We detected a decrease in colony formation upon NKX3.1 and S3A-

NKX3.1 expression. Our results showed a decrease in the level of colonies when the cells have 
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been treated by S3A-NKX3.1 (figure4-16G-H). The results validate the conclusions drawn by the 

role of NKX3.1 as a tumor suppressor. Additionally, our results confirmed that AURKA regulates 

NKX3.1 stability by phosphorylation as reflected in cell migration cell proliferation growth in soft 

agar assay. 
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Figure 4-16 NKX3.1 inhibits aggressive phenotypes. 

(A) NKX3.1 suppressed cell migration in C4-2 cells. Migration assay of C4-2 cell infected with AURKA shRNA, 

NKX3.1, and S3A-NKX3.1 is shown in A. The cells were starved in serum-free media for 12 hours and migration 

assay was performed using Boyden chambers. (B) The results are plotted as the means ± SD of three independent 

experiments. ** P < 0.01. (C) Migration assay of 22Rv1 cell infected with AURKA shRNA, NKX3.1, and S3A-

NKX3.1 is shown in C. (D) The results are plotted as the means ± SD of three independent experiments. * P < 0.05. 

(E) Migration assay of NKX3.1 and S3A cell lines infected with AURKA (F) ) The results are plotted as the means ± 

SD of three independent experiments. * P < 0.05. (G) Colony formation assay showed that NKX3.1 and S3A-NKX3.1 

inhibit the proliferation ability of C4-2 cells in a soft-agar experiment. (H) Quantitative data analysis of the soft agar 

experiment is shown in B. All data were from n=3. *. P<0.05. 
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4.3 Discussion 

NKX3.1 is a tumor suppressor that plays a prominent role in normal prostate development. 

The NKX3.1 protein level is underexpressed in the early stage of prostate cancer (129). NKX3.1 

is downregulated in 65% to 78% of metastatic prostate cancers (130). AURKA is a 

serine/threonine kinase that is upregulated in prostate cancer cells (131).  In the current study, we 

identified NKX3.1 as the direct substrate of AURKA. Our results have shown that AURKA 

phosphorylates NKX3.1 at three positions and downregulates its expression. Knockout of AURKA 

results in stabilization and increased levels of NKX3.1. Our results indicate that NKX3.1 also 

regulates AURKA protein expression. In specific, NKX3.1 induces ubiquitin-mediated 

degradation of AURKA and reduces AURKA protein levels. We also investigate the consequences 

of NKX3.1 phosphorylation by AURKA in the oncogenic phenotype. We demonstrate that 

overexpression of NKX3.1 inhibited cell proliferation and migration. NKX3.1 phosphorylation by 

AURKA decreases NKX3.1 stability and promotes the oncogenic phenotype. Together, our results 

indicated that AURKA and NKX3.1 regulate each other in a negative feedback loop and result in 

prostate cancer progression (figure4-17). 

 

Figure 4-17 Proposed model of NKX3.1 and AURKA regulation. 

(A) AURKA phosphorylates NKX3.1 and results in its downregulation. NKX3.1 downregulation leads to prostate 

cancer progression. (B) NKX3.1 functions as a tumor suppressor and downregulates AURKA at protein levels. 
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 FUTURE DIRECTION 

AURKA is a serine-threonine kinase that regulates the cell cycle. AURKA overexpression 

drives several human cancers; however, AURKA inhibitors in clinical trials are not successful due 

to their toxicity. Our lab has shown that AURKA and LIMK2 regulate each other in a positive 

feedback loop. Moreover, unlike AURKA, LIMK2 is a non-toxic target. 

LIMK2 is a serine-threonine kinase that regulates cytoskeleton dynamics. Its 

overexpression is detected in prostate cancer yet, the detailed mechanism by which LIMK2 

promotes prostate cancer is not well established. Currently, there are only 5 known substrates of 

LIMK2. 

This thesis provides valuable information on how LIMK2 and AURKA contribute to 

prostate cancer progression. First, we identified NKX3.1 as a direct substrate of LIMK2. Our 

results also indicated that AURKA phosphorylates NKX3.1. Then we uncovered the nature of the 

feedback loop that regulates NKX3.1-LIMK2 and NKX3.1-AURKA expression. In this chapter, 

we discuss several ideas that come from this thesis. 

 

Does NKX3.1 phosphorylation regulate NKX3.1-mediated gene expression? 

NKX3.1 functions as a transcription factor and its stability is regulated by phosphorylation.  

However, whether phosphorylation regulates NKX3.1 activity is currently unknown. In order to 

investigate this, we can measure NKX3.1 transactivation using NKX3.1 response element–driven 

luciferase. Moreover, to uncover the gene expression program modulated by NKX3.1 

phosphorylation, we can compare gene expression profiles of the cells overexpressing wild-type 

with dominant-negative NKX3.1 using RNA sequencing. 

 

How many more LIMK2 substrates remain to be discovered? 

The number of known LIMK2 substrates is likely a small fraction of LIMK2’s total 

substrates. Developing high-accuracy mass spectrometry techniques could help determine LIMK2 

phospho-signaling profiles. After the initial screening, we can analyze the phospho-signaling 

profile to find potential LIMK2 substrates. A combination of proteomics and in-vivo models can 

investigate LIMK2 signaling networks and cancer progression.   
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What determines how cells respond to the LIMK2? 

Signaling pathways respond to the extracellular stimuli and determine cell fate. Accurate 

regulation of biological networks can assist cells in maintaining homeostasis. Inappropriate 

activation of the signaling network leads to a variety of diseases.  

LIMK2 is upregulated in CRPC but downregulated in colorectal cancer. This phenomenon 

indicates that not all cell types have the same response to LIMK2 expression. Understanding the 

context in which LIMK2 level results in cancer progression would have therapeutic application. A 

multitude of factors could lead to the heterogeneity of LIMK2 signaling. For example, multiple 

transcription factors can contribute to the LIMK2 expression level and its behavior. Additional 

experiments are required to identify the transcription factors regulating LIMK2 expression.  

 

Potential future exploration for therapy of ADT-resistant cancer 

It is also possible to explore the role of S185A-NKX3.1 as a method to overcome androgen 

resistance. Since NKX3.1 has been directly linked to AR-associated signaling events (116), it 

would be worthwhile to study the effect of the phospho-resistant mutant in overcoming androgen 

resistance in prostate cancer. For example, cell viability and oncogenic phenotypes can be assessed 

upon reinstatement of S185A-NKX3.1 and treatment with ADT drugs like enzalutamide. Any 

enhancement in chemoresistance will be indicative of successful therapy. The study can then be 

taken up in clinical specimens using biopsy samples from ADT resistant.  
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