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All samples have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the 

reaction to a 25µL final scale. ........................................................................................... 48 

Figure 2.3  A crystallized structure of SPOP illustrates its fragmentation into three 

pieces: (Blue) SPOP-1-180 which contains the MATH domain, SPOP-1-180 was cloned 

into the TAT-HA vector at the BamHI and EcoRI sites; (Red) SPOP-181-300 which 

contains the BTB domain in SPOP, was cloned into the TAT-HA vector at the BamHI and 

XhoI sites; and (Green, the smaller piece in the figure) SPOP-301-374 in the C-terminus 

domain region, was cloned into the TAT-HA vector at the BamHI and XhoI sites. All 

SPOP-fragments are 6x-His tagged. ................................................................................. 50 

Figure 2.4  LIMK2 phosphorylates SPOP-1-180 and SPOP-181-300. The 1st line (L1) 

from the left is LIMK2 alone. (L2) is SPOP-1-180 with LIMK2, and (L3) is SPOP-1-180 

alone. (L4) shows SPOP-180-300 with LIMK2, (L5) is SPOP-180-300 alone. (L6) is 

SPOP-301-374 with LIMK2, and (L7) SPOP-301-374 is alone. All samples have a 10X 

kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction to a 25µL final scale

........................................................................................................................................... 51 

Figure 2.5 The identification of SPOP phosphorylation sites by LIMK2. (A) A crystal 

structure of SPOP illustrates the identified phosphorylation sites Ser59, Ser171 and Ser226, 

and their localization in these domains: the (Blue) SPOP-MATH domain, and (Red) SPOP-

BTB domain. (B) The amino-acid residue sequence showing the SPOP-sites of 

phosphorylation by LIMK2 favoring a glycine or alanine followed the phosphorylation 

sites. (C) A representation of the SPOP structural domains, showing the SPOP 

phosphorylation sites by LIMK2 and its localization. P1, P2, and P3 are the original 

fragments generated to predict the phosphorylation sites. ................................................ 53 

Figure 2.6  Phosphorylation reduction in SPOP mutants compared to WT-SPOP. 

LIMK2 phosphorylates SPOP at S59, S171, and S226. Lane 1 (L1) contains LIMK2 

only(L2) contains WT-SPOP and LIMK2, (L3) contains SPOP-S59A mutant and LIMK2, 

(L4) contains SPOP-S171A mutant and LIMK2, (L5) contains SPOP-S226A mutant and 

LIMK2. All lanes also have, [32P]ATP, 10X kinase buffer and DI-H2O to adjust the reaction 

to 25µL final scale. Also, all SPOPs are 6x-His tagged. Kinase assay was conducted for 30 
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min. The Top panel shows autoradiography and the bottom panel shows LIMK2 and 

SPOPs coomassie blue stain.  The mutants were generated and subjected to in vitro kinase 

assay using LIMK2. The bar graph shows the phosphor-resistant mutants of SPOP compare 

to WT-SPOP ..................................................................................................................... 54 

Figure 2.7  LIMK2 directly phosphorylates SPOP. (A) The top panel shows 

autoradiography and the bottom panel shows LIMK2 and SPOP’s Coomassie blue stain. 

LIMK2 phosphorylates SPOP at S59, S171, and S226 (S226 is not shown in this 

experiment). Lane 1 (L1) contains SPOP-S171A mutant and LIMK2, (L2) contains SPOP-

S59A mutant and LIMK2, (L3) contains WT-SPOP and LIMK2, (L4) contains LIMK2 

only, (L5) contains WT-SPOP and LIMK2, (L6) contains SPOP-S171A mutant and 

LIMK2, (L7) contains SPOP-S59A mutant and LIMK2, (L8) contains SPOP-S171A 

mutant and LIMK2, (L9) contains SPOP-S59A mutant and LIMK2, (L10) contains WT-

SPOP and LIMK2, (L11) contains LIMK2 only, (L12) contains WT-SPOP and LIMK2, 

(L13) contains SPOP-S171A mutant and LIMK2, (L14) contains SPOP-S59A mutant and 

LIMK2. All samples also have a [32P]ATP, 10X kinase buffer. All SPOPs are 6x-His 

tagged. A kinase assay was conducted for 30 min. The mutants were generated and 

subjected to the in vitro kinase assay using LIMK2. (B) A bar graph shows the phosphor-

resistant mutants of SPOP compare to WT-SPOP in four sets of experiments. (C) (L1) 

contains LIMK2 only, (L2) contains the SPOP-3M (S59A, S171A, and S226A) mutant and 

LIMK2, (L3) contains WT-SPOP and LIMK2. All lanes also contain a [32P]ATP, 10X 

kinase buffer...................................................................................................................... 55 

Figure 3.1  AURKA directly phosphorylates WT-SPOP. The first lane is AURKA alone, 

the second lane is WT-SPOP with AURKA, and the third lane is SPOP alone. All samples 

have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction to a 

25µL final scale. ............................................................................................................... 63 

Figure 3.2 SPOP phosphorylation sites by AURKA are clustered in the MATH 

domain. AURKA directly phosphorylates SPOP at the sites Ser33, Thr56 and Ser105, and 

all sites localizae in the MATH domain. The phosphorylated sites are marked in yellow 

color. ................................................................................................................................. 65 
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Figure 3.3 Phosphorylation reduction in SPOP mutants compared to WT-SPOP. 

AURKA phosphorylates SPOP at S33, T56, and S105. (A) Lane 1 (L1) contains AURKA 

only, (L2) contains WT-SPOP and AURKA, (L3) contains the SPOP-S33A mutant and 

AURKA, (L4) contains the SPOP-T56A mutant and AURKA, (L5) contains the SPOP-

S105A mutant and AURKA. All lanes also contain a [32P]ATP, 10X kinase buffer and DI-

H2O to adjust the reaction to a 25µL final scale. Noted also, all SPOPs are 6x-His tagged. 

A kinase assay was conducted for 30 min. (B) (L1) contains AURKA only, (L2) contains 

WT-SPOP and AURKA, (L3) contains the SPOP-3M (S33A, T56A, and S105) mutant and 

AURKA. All lanes also contain a [32P]ATP, 10X kinase buffer and DI-H2O to adjust the 

reaction to a 25µL final scale. All SPOPs are 6x-His tagged. A kinase assay was conducted 

for 30 min.(C) Bar graph shows the phosphor-resistant individual mutants of SPOP 

compared to WT-SPOP..................................................................................................... 66 

Figure 3.4 The identification of SPOP phosphorylation sites by AURKA. (Left side) a 

crystal structure of SPOP illustrates the identified phosphorylation sites Ser33, Thr56 and 

Ser105, and their localization in the MATH domain. (Right side) is the amino-acid 

sequence recognized by AURKA, where the residue following the site of phosphorylation 

is hydrophobic. The phosphorylation sites of SPOP by AURKA are circled. ................. 67 

Figure 4.1 YBX1 structure and domains. YBX1 contains aniline/proline rich N-terminal 

domain, the cold shock domain CSD, and the C-terminal tail domain. Serine 102 (S102) is 

the first phosphorylation site identified for YBX1 in the CSD region. ............................ 73 

Figure 4.2 AURKA directly phosphorylates WT-YBX1. The first lane is AURKA alone, 

the second lane is WT-YBX1 with AURKA, and the third lane is YBX1 alone. All samples 

have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction to a 

25µL final scale. ............................................................................................................... 75 

Figure 4.3 Phosphorylation reduction in YBX1 mutants compared to WT-YBX1. 

AURKA phosphorylates YBX1 at S62 and S102. (A) Lane 1 (L1) contains AURKA only, 

(L2) contains WT-YBX1 and AURKA, (L3) contains the YBX1-S62A mutant and 

AURKA, (L4) contains the YBX1-S102A mutant and AURKA, (L5) contains WT-YBX1 

only, (L6) contains YBX1-S62A only, and (L7) contains YBX1-S102A only. All lanes also 
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contain a [32P]ATP, 10X kinase buffer and DI-H2O to adjust the reaction to a 25µL final 

scale. Noted also, all YBXs are 6x-His tagged. A kinase assay was conducted for 30 min. 

(B) (L1) contains AURKA only, (L2) contains WT-YBX1 and AURKA, (L3) contains the 

YBX1-2A (S62A and S102A) mutant and AURKA. All lanes also contain a [32P]ATP, 10X 

kinase buffer and DI-H2O to adjust the reaction to a 25µL final scale. All SPOPs are 6x-

His tagged. A kinase assay was conducted for 30 min. (C) Bar graph shows the phospho-

levels of WT and phospho-resistant single mutant of YBX1 (D) Bar graph shows that the 

phospho-levels of WT and phospho-resistant double mutant (S62 and S102) of YBX1. 77 

Figure 4.4  The identification of YBX1 phosphorylation sites by AURKA. (Top) A 

crystal structure of the YBX1-CSD domain illustrates the identified phosphorylation sites 

Ser62 and Ser102, as well as their localization in the CSD domain. (Right side) is the 

amino-acid sequence recognized by AURKA, where the residue following the site of 

phosphorylation is hydrophobic. The phosphorylation sites of YBX1 by AURKA are 

circled. ............................................................................................................................... 78 

Figure 5.1 Step flow-chart overview of cloning and site directed mutagenesis. ........ 82 
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LIMK2 is a serine/threonine/tyrosine kinase that promotes tumor cell invasion and 

metastasis by phosphorylating cell proteins and altering their functions. There is a need to 

find tumor-specific substrates for LIMK2 in order to understand the downstream pathway 

of these substrates, their function, and how they are regulated by LIMK2. Recently, our 

labrotory identified LIMK2 as an excellent target for curing castration-resistant prostate 

cancer (CRPC). In this study, we identify two novel substrates for LIMK2 in CRPC: 

speckle-type POZ protein (SPOP), and Y-box binding protein-1 (YBX1). While LIMK2 

negatively regulates SPOP, it positively regulates YBX1 − both by phosphorylation using 

in-vitro kinase assays. A study in our labrotory also proved that LIMK2 regulates Aurora 

A kinase (AURKA), where AURKA directly phosphorylates LIMK2. AURKA is a 

serine/threonine kinase that regulates cell cycle during mitosis; it is known to be up-

regulated, with uncontrolled activity, in many types of cancer, including prostate cancer. It 

is therefore important to identify new substrates for AURKA, especially in light of reported 

lethality in early embryonic mice, in association with AURKA-knockout. In other words, 

targeting AURKA directly may cause severe toxicity, a finding that has prevented direct 

inhibitors from passing Phase II clinical trials. In this study, we also identified SPOP and 

YBX1 as direct substrates for AURKA. Our results confirm what we know about the 

LIMK2/AURKA relationship: that AURKA negatively regulates SPOP and positively 
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regulates YBX1. Targeting LIMK2 and AURKA indirectly through SPOP, YBX1 and its 

other substrates holds tremendous therapeutic potential in treating prostate cancer. With 

this, we open the door for researches to investigate the direct phosphorylation of SPOP and 

YBX1 in other types of cancer cells known to have overexpression in SPOP and/or YBX1.   
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 INTRODUCTION 

1.1 Prostate Cancer 

Prostate Cancer (PCa) is known to be the most common type of cancer in men worldwide, 

and the second death-causing cancer in the US1,3. Early stages of PCa can be treated by 

androgen-deprivation therapy (ADT)1. In aggressive PCa, the options include radiation 

therapy, surgery and brachytherapy4. Although available therapies have significantly 

improved survival rates, almost all patients relapse within several years due to reactivation 

of androgen receptor (AR) signaling pathways; and despite the testosterone levels present 

in these patients, the PCa becomes more aggressive and at this stage is called castration-

resistant prostate cancer (CRPC)1, 5.   

Multiple pathways show genomic alterations in PCa, including the androgen receptor 

signaling pathway; the phosphoinositide 3-kinase (PI3K) pathway; loss of function of the 

prostate tumor suppressor genes, such as NKX3.1; and the up-regulation/down-regulation 

of transmembrane serine protease 2 (TMPRSS2), which captivate the ETS transcription 

factors family by way of the androgen responsive promotor6.  

Mutation in the tumor suppressor gene, PTEN, has been found to be connected to 

PCa progression by activation of PI3K/AKT pathways7.  Other mutations in several genes 

have been identified as well, including DICER, HDAC9, CHD5, CHD1, ZNF407, SPTA1 

and SPOP7. 

PCa cells develop different mechanisms to overcome the hormonal stress of ADT 

and become resistant to therapy after some time. Investigating the CRPC cells’ mechanisms 
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at the molecular and genetic level as compared to the PCa cells in early stages is necessary 

to provide new approaches to treat CRPC8.  

1.2 LIM Kinase 2 (LIMK2) 

1.2.1 LIMK2 structure and domain 

LIM Kinase 2 (LIMK2) is a member of the LIM kinase (LIMK) family9, 10. LIMK2 is a 

serine/threonine, and sometimes a tyrosine kinase. LIMK2 is highly expressed in the brain, 

kidney, lung, stomach, and testis9. LIMK2 is encoded by different genes located on human 

chromosomes 22q12.2. This kinase, just like LIMK1, has a unique two N-terminal LIM 

domains and a C-terminal kinase domain, in addition to a PDZ and proline/serine (P/S) rich 

domains10, 11 (Figure 1.1). The LIM domains regulate the kinase activity12 and have been 

shown to be involved in  protein-protein interactions, and possibly in protein-DNA 

interactions9, 12-14. Although LIMK2 is localized mainly in the cytoplasm10, LIMK2 

subcellular location can be influenced by the PDZ domain that mediates a protein-protein 

interaction regulating the nuclear/cytoplasmic shuttling processes using two leucine-rich 

nuclear export signals15, 16. Specific nuclear signals found in the domains drive LIMK1 and 

LIMK2 kinases translocation-process into the nucleus17. 

Figure 1.1 LIMK2 structure and domains. LIMK2 is similar to LIMK1 in having 

two unique N-terminal LIM domains, a PDZ domain and proline/serine (P/S) rich 

domain, and finally the C-terminal kinase domain.  
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1.2.2  LIMK2 function, activation, and regulation 

LIM and PDZ domains have been shown to regulate LIMK2 activity. The activity of 

LIMK2 kinase increases by deletion or mutation of LIM-cysteine residues12. Furthermore, 

the activity increases by mutation or deletion of both LIM and PDZ domains together9, 12. 

Phosphorylation is one of the other factors that can affect LIMK2 activity. For example, 

LIMK2 phosphorylation at threonine-505 by Rho-associated protein kinase (ROCK), is 

essential for initial LIMK2 activation18. LIMK2 activation of phosphorylation by the 

myotonic dystrophy kinase-related Cdc42-binding kinase has also been reported19. While 

phosphorylating LIMK2 in the kinase domain increases its activity, phosphorylation 

outside the kinase domain is associated with shuttling of LIMK2 to and from the nucleus 

interfering with its function. For example, the protein kinase C (PKC) has been reported to 

phosphorylate LIMK2 at serine 283 and threonine 494 residues, inhibiting its nuclear 

import in endothelial cells20.  Another study from our laboratory identified Aurora A kinase 

(AURKA) as a regulator for LIMK2, engaging in a positive feedback loop and suggesting 

LIMK2 as a substrate for AURKA by phosphorylation in breast cancer cells21. 

The LIM kinase family are well known as regulators of actin cytoskeletal dynamics, 

mediating the regulation of cell morphology and motility9, 10. The most studied substrate 

for LIMK1 and LIMK2 is cofilin, where it has been shown that the LIMK2-Rho-Cdc42 

pathway mediates the regulation of actin dynamics by phosphorylating cofilin9, 21, 22. 

 

1.2.3 LIMK2 in cancer 

The LIM kinases have been proposed to play an essential role in tumor-cell invasion and 

metastasis since LIMK2 is also associated with the actin cytoskeleton, with cell shape, and 
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with motility mechanisms23. It was also proposed that the ratio between phosphorylated and 

dephosphorylated cofilin has a significant impact on tumor aggressiveness and tumor-cell 

invasion9. Many reports have shown LIMK2 upregulation in several types of cancer24-28. 

A recent study from our laboratory identified LIMK2 upregulation in Prostate cancer upon 

castration in both mice and human CRPC tissues. Most importantly, inducible knockdown 

of LIMK2 fully reversed tumorigenesis in mouse models,  identifying LIMK2 as a potential 

therapeutic target for CRPC28. To date, the molecular mechanisms by which LIMK2 

promotes tumorigenesis, angiogenesis, chemoresistance, and invasion remain unknown. 

Identification of direct substrates of LIMK2 are expected to uncover the molecular 

mechanisms of LIMK2-induced oncogenesis. 

 

1.3 Aurora A kinase (AURKA) 

1.3.1 AURKA structure and domain 

Aurora A kinase (AURKA) is a highly conserved serine/threonine kinase that is expressed 

in most cell types, and it is essential for cell survival. AURKA is mainly expressed during 

G2 and M phases of the cell cycle and localizes to the duplicated centrosomes starting from 

the S phase. It then shifts to the bipolar spindle microtubules during mitosis to regulate 

chromosomal alignment and separation during those phases.29 In mammals, the Aurora 

kinase family consists of AURKA, AURKB, and AURKC. Our focus is on AURKA only. 

AURKA contains an N-terminal domain, a kinase domain, and a c-terminal domain (Figure 

1.2). The protein kinase domain, including the destruction-box (D-box), is common in all 

of the AURK family2. The D-box is a short amino-acid motif in the C-terminal region that 

is recognized by the multi-subunit E3-ubiquitin ligase anaphase, and functions in 
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promoting complex/cyclosome (APC/C) for ubiquitination and proteasomal degradation2, 

while the N-terminal region is involved in protein-protein interaction30.

1.3.2 AURKA function in normal cells 

In the cell cycle, AURKA is rarely detectable during the G1 phase and slightly detectable 

in the S phase at the centrosome. AURKA accumulates at the centrosome and becomes 

active during the late G2 phase30.  Activated AURKA is found on the bipolar spindles and 

spindle poles during the prometaphase and the metaphase. After that, most of AURKA 

becomes inactivated in the following phase30.  

In normal cells, AURKA is required for centrosome duplication, separation, and 

maturation, as well as mitosis entry, and the formation of the mitotic spindle and 

cytokinesis30. AURKA-induced centrosomal microtubule stabilization through 

phosphorylation of Transforming acidic coiled-coil protein (TACC)31. AURKA can be 

activated by several co-factors, such as AJUBA, TPX2 (Targeting protein for Xenopus 

kinesin-like protein 2), TACC, Bora (Protein-aurora-borealis), and via auto-

phosphorylation at Threonine2882. In the mitotic entry, AURKA couples with Bora, and 

mediates its activation by phosphorylation of polo-like kinase 1 (PLK1), causing the 

Figure 1.2 AURKA structure and domains. AURKA contains three putative conserved Aurora 

boxes (pink) at the N-terminal domain, a kinase domain (also called the catalytic domain), and a c-

terminal domain. (dark blue) Destruction-box (D-box) is a short amino-acid motif in the C-terminal 

region that is recognized by the multi-subunit E3-ubiquitin ligase anaphase, and functions in 

promoting complex/cyclosome (APC/C) for ubiquitination and proteasomal degradation2, while 

the N-terminal region is involved in protein-protein interaction. AURKA’s regulation occurs by 

phosphorylation on a conserved residue, threonine 288 (yellow), which increases the AURKA 

enzymatic activity. 
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activation of Cyclin-dependent kinase 1/cyclin B (CDK1/cyclin B). This occurs by 

degrading a G2-checkpoint kinase, called Wee1, and activating phosphatase cell division 

cycle 25C (CDC25C)31.  CDC25C is also a CDK activator that is phosphorylated by 

AURKA, and is involved in the G2/M phases transition event30.  AJUBA Lim-protein 

activates AURKA at the centrosome, increasing its activity, stimulating the separation of 

the duplicated centrosomes at G2/M, and initiating the mitotic entry2, 32. (Figure 1.3, 

adapted from 2 and 33) Deletion of the AURKA gene was found to cause failure in mitotic 

spindle assembly and chromosomal segregation. 
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Figure 1.3 Role of AURKA in mitosis. When AURKA is activated after Thr288 auto-

phosphorylation, Bora is then phosphorylated by AURKA, which further enhances AURKA 

activity. AURKA then activates CDK1-Cyclin B by phosphorylation to allow activation of G2/M 

checkpoint mechanisms, such as PLK1-dependent targeting of Wee1 and CDC25C. What follows 

is CDC25B-dependent activation of CDK1, and finally, direct phosphorylation of CDK1. 

Additionally, PLK1 mediates Bora degradation to allow mitosis progression. At G2/M, AURKA 

localizes in the centrosome, and also contributes to their maturation before mitotic entry. At 

prophase, Ajuba maintains AURKA activity, which in turn recruits and phosphorylates several 

PCM proteins to organize the MTOC. At metaphase, AURKA moves to the proximal MT and 

targets MT-associated proteins and organizes the mitotic spindle. In this stage, TPX2 mediate the 

activity of AURKA. 
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1.3.3 AURKA in cancer  

AURKA overexpression has been reported in many types of cancer including breast cancer34, 

35, ovarian cancer36, gastric/gastrointestinal cancer37, colorectal cancer38, 39, esophageal 

squamous cell carcinoma40, lung cancer41, cervical cancer42, prostate cancer43, 44, glioma45, 

acute myeloid leukemia (AML)46 and oral cancer47,33. AURKA can play critical roles in 

regulating cancer cells by supporting cell cycle progression and development. Thus, it is not 

surprising that AURKA functions as an oncogene when overexpressed and promotes 

tumorigenesis30, 33. Importantly, lethality in early embryonic mice was reported in AURKA-

knockout mice48.   

1.3.4  AURKA in CRPC 

AURKA is upregulated in prostate cancer including in CRPC43, 49, 50. Chromatin 

immunoprecipitation sequencing studies have shown a putative androgen receptor binding 

site (ARBS) in the promoter and the intron region of AURKA43, 51, 52. These studies 

introduced the AURKA-androgen receptor (AR) binding event as it specifically relates to 

prostate cancer. Other studies identified the overexpression of the oncogenic transcriptional 

factor N-Myc and AURKA in metastatic prostate cancer and CRPC, showing that AURKA 

stabilizes N-Myc and prevents its degradation53.    

1.4 Speckle-type POZ protein (SPOP)  

1.4.1 Nuclear and nuclear speckle protein  

Speckle-type POZ protein (SPOP) is located in the nucleus and in nuclear speckles54. 

Nuclear speckles are also called splicing factor (SF) compartments, and are identified as 

small, subnuclear organelles, or as structures that lack membranes (membrane-less). Speckle 



27 

 

proteins are known to participate in the process of transcription and pre-mRNA. 25-50 

speckles are observed per mammalian nucleus, and they vary in their shapes and sizes. 

Depending on the mRNA transcription and regulation, such as phosphorylation of specific 

proteins, speckles proteins and the RNA-protein components can change their location and 

may remain in continuous movement55-57. A nuclear localization signal (NLS) within SPOP 

was found to be responsible for nuclear translocation events when engineered intracellular 

antibodies were bound to the SPOP complex with E3 Ubiquitin ligase, showing that the 

targeted protein was translocated to the nucleus58. 

1.4.2 SPOP Function  

SPOP was discovered in 1997 and identified as nuclear Speckle-type POZ protein54. Later, 

it was discovered that SPOP domains serve as an adaptor of an important multifunctional 

protein, namely the death domain-associated protein, Daxx, for the ubiquitination by Cul3-

based ubiquitin ligase and the degradation by proteasome59. SPOP was also proven to have 

a role in hedgehog signaling60-62. In 2009, an analysis of a functional network model in 

Drosophila melanogaster succeeded in identifying a new role of SPOP in tumor formation 

and progression63. SPOP was also found to reduce the cellular concentration of the steroid 

receptor, the coactivator-3 (SRC-3) protein, suggesting SPOP as a tumor suppressor in breast 

cancer 64. Other reports confirmed that SPOP mutations are a molecular subtype of prostate 

cancer, where SPOP is the most common mutated gene in localized prostate cancer, seen 

mutated in many of the studied cases65. SPOP acts and functions as a double-edged sword, 

either a tumor suppressor or tumor promoter, based on its status. A mutated SPOP gene or 

changes in the protein expression level, are in one way or another connected to cancer 

formation or progression in many cancers66.  
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1.4.3 SPOP Domains  

SPOP is a substrate adapter for CUL3-based ubiquitin ligases (CRL3). It has 374 amino 

acids and consists of three structural domains. Proteins with more than one interaction 

domain may allow multiprotein complexes to form. The MATH (meprin and TRAF-

homology) N-terminal domain recruits proteins and kinases by binding, which affects their 

ability to control cell survival, proliferation, and death signaling67. Interestingly, to date, all 

SPOP mutations in prostate cancer are in the MATH domain65.  The BTB (Broad-complex, 

Tramtrack, Bric-a-brac)/POZ domain was found to be the domain that helps with SPOP 

dimerization, and it contains the binding site to the E3 ubiquitin ligase cullin-3, forming the 

complex which serves for protein ubiquitination. Finally, the SPOP C-terminal domain that 

includes the second part for dimerization facilitates the formation of large oligomers. There 

are 150 proteins with known and recognizable BTB domains68. Figure 1.4 shows how the 

dimeric SPOP-BTB domain assembles with CUL3, building the ubiquitin ligase and creating 

a two-substrate binding site. This unique structure mediates ubiquitination and protein 

Figure 1.4 SPOP as a substrate adapter for CUL3-based ubiquitin ligases 

(CRL3): the SPOP-BTB domain assembles with CUL3, building the ubiquitin ligase 

complex and making a two-substrate binding site that will lead to ubiquitination and 

protein degradation. Mutations in the MATH domain prevent SPOP binding with 

SRC-3 protein and cannot promote its degradation. 
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degradation69. The CRL3 complex is comprised of the CUL3 and RING protein RBX1, 

making a complex with the BTB-SPOP domain (SPOP/Cul3/Rbx1) which functions as an 

adaptor for substrate binding59, 64.  

 

1.4.4 SPOP in Cancer 

Although most of the research in SPOP addresses its involvement in prostate cancer, several 

reports have shown SPOP participating in other cancer subtypes. Some of these reports 

suggest changes of SPOP expression in ovarian cancer70, liver cancer (where a mutation in 

serine119 was found to be similar to one of the SPOP mutations in prostate cancer71), and in 

breast cancer (here, a change in SPOP genomic DNA64 or SPOP affects the progesterone 

expression level through degradation72). Additionally, SPOP expression is lost in lung73, 

gastric74, 75, and colorectal74, 76 cancers, and in brain tumors77, 78. Looking at these reports 

and many others shows how powerful SPOP is as a tumor suppressor, and any changes 

caused by mutation or protein expression lead to tumor progression.   

 

Figure 1.5 Schematic overview of the SPOP gene and sites of mutation in prostate cancer. 

All SPOP mutation sites in prostate cancer are clustering in the MATH domain. Mutant SPOP 

cannot bind to its substrates or cause their degradation.  
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1.4.5 SPOP in Prostate Cancer 

SPOP is mutated in prostate cancer7, 65 and endometrial cancer79. However, each has 

different mutation sites79. Many reports suggest that SPOP mutation might occur in 

the early stages of the disease80 81. Almost all of them report that SPOP mutations in 

cancer are found in the MATH domain of SPOP79. Figure 1.5  shows the SPOP 

mutated sites clustering in the MATH domain in prostate cancer 79. Figure 1.6 

illustrates the binding mechanism of wild-type SPOP to its substrate.  It also 

illustrates the inability of the substrate to bind to mutated SPOP, and shows how the 

mutated substrate does not bind to wild-type SPOP79 

 

Figure 1.6 The proposed mechanism of SPOP binding to its substrate. (A) Illustrates the 

substrate binding to wild-SPOP, inducing protein ubiquitination. (B) The inability of the 

substrate to bind to mutated SPOP. (C) The mutated substrate is not binding to wild-type 

SPOP, (SPOP domains are shown in blue: MATH domain, Red: BTB domain, and green: 

BACK domain). 
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1.5 Y‐box binding protein (YBX1) 

Y-box binding protein (YBX1) is also called YB1. It belongs to the DNA/RNA-

binding family, which has a highly conserved cold-shock domain (CSD) and has 

several interacting partners82, 83. YBX1 participates in a variety of cellular processes 

in eukaryotic cells82-85. Figure 1.7 is a schematic diagram adopted from C. Kosnopfel 

et al. / Cell Biology, showing the YBX-1 protein structure, domains, and functions, 

with possible therapeutic methods.  

 

1.5.1 YBX1 structure and function 

The human YBX1 is coded by a gene known to be in chromosome 1 (1p34) and has 

eight exons and seven introns that span a 19.2kb genomic region. A comprehensive 

review of YBX structures and function by Eliseeva et al, 2011, mentions the 

promoter of YBX1 as being similar to the housekeeping gene structure that consists 

of the E-boxes and the GC-repeats, which is very important for YBX1 transcription 

into 1.5kb long mRNA, and is involved in the regulation of cell division, 

differentiation, apoptosis, stress, and immune respons86-88.  

YBX1 consists of 324 amino acids, which translates to a size of ~36 kDa. 

However, in SDS-PAGE protein gels, it appears at around 48-50 kDa89, presumably 

due to other posttranslational modifications. YBX1 protein is one of three 

subfamilies of Y-box binding proteins, where each has three domains possessing 

specific activities83, 90. Figure 1.7 is a schematic diagram representing the YBX1 

domains and functions: A rich Alanine and Proline A/P N-terminal domain, a highly 

conserved CSD domain (which behaves as a nucleic acid binding domain that 
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interacts with DNA and RNA), and the C-terminal domain (CTD), which  contains 

alternating positively- and negatively- charged amino-acid clusters, making it a 

hydrophilic domain that is known to bind to nucleic acids and other proteins83, 86, 91. 

Moreover, it was reported that this CTD region of YBX1 can also bind YBX183. The 

importance of the CTD region was highlighted since the amino-acid 186-205, a non-

canonical nuclear localization signal (NLS), was discovered controlling the 

distribution of YBX1 in the nucleus, while the amino acid 267-293 is the cytoplasmic 

retention site (CRS) which leads YBX1 to the cytoplasm83, 86. YBX1 was difficult to 

study using several methods, including NMR and X-ray due to its instability. To date, 

the only available solved structure of YBX-1 is the CSD domain87, 91.  

YBX1 protein, which is present in all type of cells, is associated with cell 

growth and has diverse biological functions, both in the nucleus and the 

cytoplasm92. It participates in a variety of cellular pathways and is involved in the 

regulation of pre-mRNA alternative splicing, stabilizing mRNA in the cytoplasm. It 

also engages in translation by mediating the interaction between the mRNA and the 

cell’s initiation factors93, and its inactivation causes embryonic lethality94.  

 

1.5.2 YBX1 in cancer 

Considering how vital YBX1 is in normal cells where it is ubiquitously expressed, it 

is not surprising that YBX1 is highly over-expressed in multiple cancer types, and 

that it regulates tumor cell proliferation, apoptosis, invasion, and migration, 

including chemoresistance 95. Several studies show increased YBX1 protein 

expression in cancers such as melanoma96 osteosarcoma, squamous cell88, lung97, 
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ovarian, thyroid, colorectal (CRC)88, colon98 and pancreatic cancer99. In a study of 

Chordoma, a rare type of bone cancer that typically occurs along the spine, anywhere 

from the tailbone to the base of the skull, it was found that YBX1 promoted 

tumorigenesis and progression of cancer through the EGFR/AKT pathway84.  YBX1 

upregulation also occurs during breast cancer, where tRNA-derived fragments (tRFs) 

bind YBX1 and displace several oncogenic transcripts from YBX1, suppressing 

YBX1 activity100. 

 

1.5.3 YBX1 in prostate cancer 

YBX1 has been implicated in prostate cancer as well. In a mouse xenograft model 

study, YBX1 was found to be up-regulated during the disease progression and 

androgen receptor ablation, concluding that YBX1 might cause the transformation 

of Prostate cancer into CRPC and further suggesting that the interaction between 

androgen and androgen receptor signaling causes the pathogenicity of prostate 

cancer101. 
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Figure 1.7  Schematic diagram of YBX-1 protein structure, functions and possible 

therapeutic strategies. The C-terminal domain of YB-1 consists of four alternating clusters 

of basic and acidic amino acids. YBX-1 is acting both as a transcription and translation 

factor. Along with being involved directly in pre-mRNA splicing, mRNA translation and 

DNA replication and repair, YBX-1 can affect many pro-tumorigenic events (light-blue 

boxes) participating in cancer progression. Possible therapeutic strategies are presented 

(purple color)  
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 SPOP IS A DIRECT SUBSTRATE FOR LIMK2 

2.1 Introduction  

LIMK2 regulates actin cytoskeletal dynamics, mediating the regulation of cell morphology 

and motility1, 2. Up until now, Cofilin, MT1-MMP (membrane type 1-matrix 

metalloproteinase) and TWIST1 are the only substrates that have been identified for 

LIMK23. Direct phosphorylation of cofilin by LIMK2 mediates the regulation of actin 

dynamics by inhibiting its depolymerization2, 4, 5. The phosphorylation of MT1-MMP 

regulates tumor growth and cell migration in breast cancer6. We identified LIMK2 as an 

excellent target for castration-resistant prostate cancer (CRPC)3.  

Speckle-type POZ protein (SPOP) is well known to be mutated in prostate cancer7, 8. 

The MATH and BTB domains of SPOP are essential parts of the ubiquitin ligase complex. 

Figure 1.4 in Chapter 1 shows the direct interaction between SPOP and SRC3, where SPOP 

promotes its ubiquitination and proteolysis in breast cancer. This occurs via Cullin3, 

causing SRC3 to bind to the BTB-SPOP domain 9.  

In this study, we have identified SPOP as a novel substrate for LIMK2 by direct 

phosphorylation using in-vitro kinase assays. Our results were supported by initial studies 

in C4-2 and 22Rv1 PCa cells, which showed that LIMK2 negatively regulates SPOP at the 

protein level. Subsequently, we identified the SPOP phosphorylation sites using site-
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directed mutagenesis, a method that involved mutating the predicted sites and looking for 

a reduction in phosphorylation. 

2.2 Results 

2.2.1 LIMK2 regulates SPOP at the protein expression level  

Previous studies from our lab have shown that the overexpression of LIMK2 affects the 

expression of SPOP in C4-2 and 22Rv1 prostate cancer cell lines (Figure 2.1). The results 

showed that LIMK2 does not regulate SPOP at the transcriptional level (data is not 

included), but at a translational level. While LIMK2 overexpression was found to 

decreased SPOP protein levels, LIMK2 knockdown showed the opposite effect, 

concluding an inverse relationship between LIMK2 protein expression and SPOP levels 

in human prostate cancer cell lines. 

2.2.2 SPOP alteration of LIMK2 protein expression level   

To further investigate the relationship between LIMK2 and SPOP, our lab experimented 

with SPOP overexpression and knockdown in both C4-2 and 22Rv1 cancer cell lines. The 

overexpression of SPOP protein decreased the protein level of LIMK2 in C4-2 cells, but 

not in 22Rv1 cells. Knocking down SPOP protein levels using shRNA increased the 
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LIMK2 protein level significantly in both C4-2 cells, and 22Rv1 cells. These results 

showed that SPOP also plays a role in regulating LIMK2, eliciting a negative feedback 

loop. 

  

Figure 2.8  LIMK2 regulates SPOP protein level. (A) LIMK2 overexpression in C4-2 cells 

reduces the SPOP protein expression level. (B) The removal of LIMK2 using LIMK2-shRNA1 

and LIMK2-shRNA2 elevates SPOP protein levels in C4-2 cells compared to control cells. 

(C) LIMK2 overexpression and LIMK2-removal are together compared to control cells. (D)  

LIMK2 overexpression in 22Rv1 cells decreases the SPOP protein expression level. (E) 

LIMK2 removal using LIMK2-shRNA1 and LIMK2-shRNA2 increases SPOP protein levels 

in 22Rv1 cells compared to control cells. (F) LIMK2 overexpression and LIMK2 removal in 

22Rv1 cells is compared to control cells 
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2.2.3 LIMK2 directly phosphorylates SPOP  

The above results encouraged us to investigate whether LIMK2 regulates SPOP directly 

via phosphorylation. For this, we cloned the 6x-His-SPOP into the TAT-HA vector at the 

BamHI and XhoI sites. The protein was expressed in BL21 competent cells and purified 

using Ni-NTA beads. More details about cloning, protein expression, and protein 

purification can be found in Chapter 5.  

WT-SPOP was subjected to radioactive in vitro kinase assay using [γ-32P] ATP in 

the presence of LIMK2 kinase. The amount of phosphorylation was quantified using 

autoradiography. In addition to WT-SPOP reactions with LIMK2, reactions of LIMK2 

alone and WT-SPOP alone were used as controls. The results showed that LIMK2 robustly 

phosphorylates WT-SPOP (Figure 2.2).  

 

Figure 2.9  LIMK2 directly phosphorylates WT-SPOP. The first lane from the left is 

LIMK2 alone, the second lane is WT-SPOP with LIMK2, and the third lane is SPOP 

alone. All samples have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust 

the reaction to a 25µL final scale.  
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The next step was to find the phosphorylation sites in SPOP. We found that cutting 

the protein into pieces would be useful in narrowing down the many possible sites of 

phosphorylation that we predicted. We therefore cut the protein into three parts and tested 

each one individually for phosphorylation by radioactive in-vitro kinase assay. Our result 

showed that two of the SPOP pieces where phosphorylated but not the third piece (Figure 

2.4) for more details, see the SPOP Fragmentation section below. 

2.2.4 SPOP Fragmentation 

To narrow down the possibilities of the predicted phosphorylation sites, we cut WT- SPOP 

into three pieces as shown in Figure 2.3. Taking SPOP Domains into consideration, we cut 

the protein so that the first piece contained the MATH domain from the first amino acid to 

Lysine 180 (SPOP-1-180). The second piece contained the BTB domain from Valine 181 

to glutamic acid 300 (SPOP-181-300), and the last piece, which included the C-terminal 

domain, contained the rest of the protein sequence from Asparagine 301 to the end (SPOP-

301-374). 
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Figure 2.10  A crystallized structure of SPOP illustrates its fragmentation into three pieces: 

(Blue) SPOP-1-180 which contains the MATH domain, SPOP-1-180 was cloned into the TAT-

HA vector at the BamHI and EcoRI sites; (Red) SPOP-181-300 which contains the BTB 

domain in SPOP, was cloned into the TAT-HA vector at the BamHI and XhoI sites; and 

(Green, the smaller piece in the figure) SPOP-301-374 in the C-terminus domain region, was 

cloned into the TAT-HA vector at the BamHI and XhoI sites. All SPOP-fragments are 6x-

His tagged.   
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SPOP fragments were cloned into the TAT-HA vector at the BamHI and EcoRI 

sites for piece one (SPOP-1-180), and they were cloned into the BamHI and XhoI sites for 

pieces two and three (SPOP-181-300, SPOP-301-374) respectively. The primer sequences 

are included in Table 5.1 in Chapter 5. SPOP fragments were expressed in BL21 competent 

cells as mentioned previously in the methodology section and were identified based on the 

calculated size and western blotting of each one. Successfully, SPOP fragments were 

individually tested for phosphorylation by in vitro kinase assay with LIMK2. The results 

were positive for the first and the second SPOP-pieces, SPOP-1-180 and SPOP-181-300, 

and they were negative for the third piece SPOP-301-374 see (Figure 2.4). 

  

Figure 2.11  LIMK2 phosphorylates SPOP-1-180 and SPOP-181-300. The 1st line (L1) 

from the left is LIMK2 alone. (L2) is SPOP-1-180 with LIMK2, and (L3) is SPOP-1-180 

alone. (L4) shows SPOP-180-300 with LIMK2, (L5) is SPOP-180-300 alone. (L6) is SPOP-

301-374 with LIMK2, and (L7) SPOP-301-374 is alone. All samples have a 10X kinase 

buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction to a 25µL final scale 
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2.2.5 Phosphorylation of SPOP on S59A, S171A, and S226A 

Working in our laboratory (the Shah lab) we were able to predict the correct SPOP 

phosphorylation sites by LIMK2 with a good deal of success. Other studies have reported, 

alternately, that protein kinases recognize their substrates via docking interaction and the 

interaction near the phosphosite10. Yet another study showed that one LIMK2 family 

member, LIMK1,  recognizes cofilin by docking interactions, but it does not have overall 

interactions with cofilin close to the phosphosite11. As discussed in a recent Shah lab 

publication3, there is still no consensus regarding a favorable amino-acid sequence for the 

phosphorylation of LIMK2. Following the same strategy mentioned in this paper, we 

initially chose six serine sites that were followed by alanine or glycine as potential, 

predicted phosphorylation sites on SPOP. Those sites were the S59, S171, S226, S313, 

S336, and S358. We also suggested three other tyrosine sites, the Y259, Y280 and Y353, 

as weak possibilities for potential LIMK2 sites. Based on the protein fragmentation results 

shown in (Figure 2.4), we eliminated the last three potential serine sites, S313, S336, and 

S358, as well as one tyrosine site Y353. The SPOP potential sites S313, S336, and S358 

are found in the last SPOP fragment (SPOP-301-374), which showed no phosphorylation 

(Figure 2.4). We also eliminated the remaining possible tyrosine sites, Y259 and Y280, 

based on a 4G10 tyrosine assays (data is not included here).     
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Figure 2.12 The identification of SPOP phosphorylation sites by LIMK2. (A) A crystal 

structure of SPOP illustrates the identified phosphorylation sites Ser59, Ser171 and Ser226, and 

their localization in these domains: the (Blue) SPOP-MATH domain, and (Red) SPOP-BTB 

domain. (B) The amino-acid residue sequence showing the SPOP-sites of phosphorylation by 

LIMK2 favoring a glycine or alanine followed the phosphorylation sites. (C) A representation of 

the SPOP structural domains, showing the SPOP phosphorylation sites by LIMK2 and its 

localization. P1, P2, and P3 are the original fragments generated to predict the phosphorylation 

sites. 
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The three potential remaining sites, S59, S171 and S226, were mutated individually 

using site-directed mutagenesis. All sites were mutated by changing the serine to alanine. 

The initial study on site 59 was done by mutating serine number 58 in combination with 

S59 by cloning a double mutant S58A and S59A. The reduction of phosphorylation 

observed in the mutant was confirmed by cloning S59A alone, which also confirmed that 

S59 is one of the phosphorylation sites, but not S58. We observed reduced phosphorylation 

in each mutant individually, and the lack of phosphorylation of the triple mutant SPOP-

S59A, S171A, and S226A is shown in (Figure 2.6) and (Figure 2.7) 

Figure 2.13  Phosphorylation reduction in SPOP mutants compared to WT-SPOP. LIMK2 

phosphorylates SPOP at S59, S171, and S226. Lane 1 (L1) contains LIMK2 only(L2) contains 

WT-SPOP and LIMK2, (L3) contains SPOP-S59A mutant and LIMK2, (L4) contains SPOP-

S171A mutant and LIMK2, (L5) contains SPOP-S226A mutant and LIMK2. All lanes also 

have, [32P]ATP, 10X kinase buffer and DI-H2O to adjust the reaction to 25µL final scale. Also, 

all SPOPs are 6x-His tagged. Kinase assay was conducted for 30 min. The Top panel shows 

autoradiography and the bottom panel shows LIMK2 and SPOPs coomassie blue stain.  The 

mutants were generated and subjected to in vitro kinase assay using LIMK2. The bar graph 

shows the phosphor-resistant mutants of SPOP compare to WT-SPOP  
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Figure 2.14  LIMK2 directly phosphorylates SPOP. (A) The top panel shows autoradiography 

and the bottom panel shows LIMK2 and SPOP’s Coomassie blue stain. LIMK2 phosphorylates 

SPOP at S59, S171, and S226 (S226 is not shown in this experiment). Lane 1 (L1) contains SPOP-

S171A mutant and LIMK2, (L2) contains SPOP-S59A mutant and LIMK2, (L3) contains WT-SPOP 

and LIMK2, (L4) contains LIMK2 only, (L5) contains WT-SPOP and LIMK2, (L6) contains SPOP-

S171A mutant and LIMK2, (L7) contains SPOP-S59A mutant and LIMK2, (L8) contains SPOP-

S171A mutant and LIMK2, (L9) contains SPOP-S59A mutant and LIMK2, (L10) contains WT-

SPOP and LIMK2, (L11) contains LIMK2 only, (L12) contains WT-SPOP and LIMK2, (L13) 

contains SPOP-S171A mutant and LIMK2, (L14) contains SPOP-S59A mutant and LIMK2. All 

samples also have a [32P]ATP, 10X kinase buffer. All SPOPs are 6x-His tagged. A kinase assay was 

conducted for 30 min. The mutants were generated and subjected to the in vitro kinase assay using 

LIMK2. (B) A bar graph shows the phosphor-resistant mutants of SPOP compare to WT-SPOP in 

four sets of experiments. (C) (L1) contains LIMK2 only, (L2) contains the SPOP-3M (S59A, S171A, 

and S226A) mutant and LIMK2, (L3) contains WT-SPOP and LIMK2. All lanes also contain a 

[32P]ATP, 10X kinase buffer. 
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2.3 Discussion 

LIMK2 is overexpressed in several human cancers. We showed that LIMK2 is upregulated 

in prostate cancer upon castration in mice and in human CRPC tissues3. Nearly one of five 

of men with metastatic prostate cancer develop castration-resistant prostate cancer, where 

the tumor cells become resistant to hormone therapy. To date, the molecular mechanism 

by which LIMK2 promotes tumorigenesis, angiogenesis, chemoresistance, tumor-cell 

migration and invasion remain unknown. Moreover, to date only three LIMK2 substrates 

have been identified. Discovering other substrates for LIMK2 is necessary for 

understanding the signaling pathways in which LIMK2 participates.  

SPOP is among one of the most frequently mutated protein in prostate cancer12. In 

this study, we identified SPOP as a novel substrate for LIMK2.Cellularstudies from our 

lab showed that there is an inverse relationship between LIMK2 and SPOP in prostate 

cancer cells at the protein expression level, where overexpression of one of them reduces 

the protein expression of the other. These positive results encouraged us to investigate 

further what kind of post-translation-modification LIMK2 has on SPOP that leads to its 

negative regulation.  

We found that LIMK2 directly phosphorylates SPOP at S59, S171, and S226. We 

started by truncating SPOP into three pieces to help us more quickly identify the 

phosphorylation sites of SPOP. Initially, we predicted nine possible phosphorylation sites 

on the SPOP sequence.  However, fragmenting SPOP into three pieces reduced the 

possibilities from nine to three sites. LIMK2 phosphorylated the first and second truncated 

proteins (SPOP-1-180, and SPOP181-300), but not the last (SPOP-301-374). Finally, we 

focused on the remaining predicted sites, S59, S171 and S226. All three showed a reduction 
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in phosphorylation, but S226 appeared to be a better site, where some results showed slight 

phosphorylation and others showed no phosphorylation at all. The phosphorylation sites 

are localized in the MATH and BTB domains of SPOP, and these domains, as mentioned 

earlier, are involved in many essential functions that are needed to regulate SPOP’s 

substrates, and to recruit its substrates for ubiquitination and protein degradation. Our 

finding that LIMK2 phosphorylates these two domains could be a strong lead for future 

studies to help us better understand why SPOP is mutated in prostate cancer. Targeting 

LIMK2 directly or indirectly through SPOP and its other substrates holds tremendous 

therapeutic potential in treating prostate cancer.  

2.4 Material and Methods 

2.4.1 Buffers 

Most of the buffers used in these experiments (including the protein and kinase lysis buffers, 

DNA and protein purification buffers, kinase buffers etc.) were made in our laboratory. For 

more information, see buffer recipes in Chapter 5.  

2.4.2 PCR Primers 

All primers were ordered from Sigma Genosys. See Chapter 5, Table 5.1, for primer 

sequences. 

2.4.3 SPOP Fragmentation  

SPOP fragments were cloned into the TAT-HA vector at the BamHI and EcoRI sites for 

piece one (SPOP-1-180), and the BamHI and XhoI sites for pieces two and three (SPOP-

181-300, SPOP-301-374) respectively. SPOP-fragments were expressed in BL21 
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competent cells as all were identified based on their calculated size and western blotting. 

All fragments were individually tested by kinase assay with LIMK2. For detailed 

procedures for cloning SPOP-fragments, their protein expression and purification 

procedures, we followed the general procedures described in Chapter 5.   

2.4.4 Cloning and Site-Directed Mutagenesis 

SPOP was cloned into the TAT-HA vector at the BamHI and XhoI sites, and SPOP mutants 

were generated using site-directed mutagenesis. For the primer sequence and other details, 

see Chapter 5.   

2.4.5 Transformation and production of plasmid DNA 

See the Methodology section in Chapter 5.  

2.4.6 Bacterial Protein Expression and purification 

6x-His-SPOP was expressed in BL21 E. coli competent cells and purified using a French 

press machine and Ni-NTA beads. SPOPs were expressed in BL21 competent cells and 

were confirmed using SPOP monoclonal antibodies. For more details, see Chapter 5. 
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 SPOP IS A DIRECT SUBSTRATE FOR AURKA 

3.1 Introduction 

Aurora A kinase (AURKA) is a highly conserved serine/threonine kinase. It plays critical 

roles in regulating cancer cells by supporting the cell cycle progression and tumor 

development1. AURKA is a well-established oncogenic target that was found to be 

overexpressed in many types of cancer. It is specifically considered one of the biomarkers 

in prostate cancer2. Direct inhibition of AURKA can be lethal, which restricts its 

therapeutic potential in treating cancer3. Identification of AURKA substrates is critical in 

order to uncover its signaling pathways and to understand how to target AURKA without 

any resulting toxicity. Although the role of AURKA in the cell cycle is well established, 

its mechanism of action is not fully elucidated. Despite several known substrates for 

AURKA, the door for identifying more substrates in order to uncover its many functions 

is still open.   

In this study, we found that the Speckle-type POZ protein (SPOP) is a direct substrate 

for AURKA. 

3.2 Results 

3.2.1 AURKA and SPOP regulation relationship  

A previous study conducted in our lab showed that the overexpression of AURKA 

reduced the protein expression of wild type SPOP (WT-SPOP) in C4-2 prostate cancer 

cell lines. The knockdown of AURKA produced the opposite effect, a finding that 

showed SPOP to be negatively regulated at the protein level by AURKA. Similarly, 
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SPOP overexpression reversed the expression of AURKA, while SPOP knockdown 

increased the level of AURKA protein. This result indicates that AURKA and SPOP 

regulate each other in a negative feedback loop. 

  

3.2.2 AURKA binds SPOP associates with each other   

A previous experiment was performed in our lab to detect whether AURKA and SPOP 

interact with each other in the C4-2 cell. A co-immunoprecipitation (IP) assay using an 

AURKA antibody and SPOP antibody was used, followed by western blot analysis. The 

result confirmed that both these proteins interact with each other in C4-2 cancer cells. As 

mentioned earlier, the MATH domain of SPOP recruits proteins and kinases through 

binding, which affects their ability to control cell survival, proliferation, and death 

signaling4 (for more details, see Chapter 1). Additionally, all SPOP mutations in prostate 

cancer are in the MATH domain5. In the next part of our study, we wanted to see whether 

interaction between AURKA and SPOP leads to SPOP phosphorylation, thus affecting the 

downstream signaling pathways.        
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3.2.3 AURKA directly phosphorylates SPOP  

The above results led us to investigate whether AURKA regulates SPOP directly via 

phosphorylation. To do this, we cloned 6x-His-SPOP into the TAT-HA vector at the 

BamHI and XhoI sites. The protein was expressed in BL21 competent cells and purified 

using Ni-NTA beads. More details about cloning, protein expression, and protein 

purification can be found in Chapter 5. 

WT-SPOP was subjected to radioactive in vitro kinase assay using 0.5 µCi of [γ-

32P] ATP in the presence of AURKA after its activation by TPX2. The amount of 

phosphorylation was quantified using autoradiography. In addition to WT-SPOP reaction 

with AURKA, AURKA alone and WT-SPOP alone reactions were used as controls. The 

results showed that AURKA phosphorylated WT-SPOP when it reacted with AURKA, 

while no signal was present in the SPOP alone sample which served as a negative control.  

 

Figure 3.15  AURKA directly phosphorylates WT-SPOP. The first lane is AURKA alone, 

the second lane is WT-SPOP with AURKA, and the third lane is SPOP alone. All samples 

have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction to a 25µL 

final scale. 
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3.2.4 Predicting SPOP phosphorylation sites by Aurora A kinase 

AURKA only phosphorylates serine and/or threonine amino acids, and it also prefers 

substrates with a special sequence. This was elucidated in a study where synthetic peptides 

derived from a phosphate acceptor peptide (Kemptide,) and other peptides, were screened 

using human Aurora A that was expressed in E.coli. The study defined the sequence 

recognized by Aurora A, explaining the positivity and negativity of the local features of 

the consensus sequence6.  They concluded that the consensus sequence of Aurora A can be 

mapped as R/K/N-R-X-S/T-B, where B represents any hydrophobic residue other than 

Proline6. Using these findings as a starting point, we predicted three possible 

phosphorylation sites in SPOP, all found on the MATH domain of SPOP, Ser33, Thr56 

and Ser105. 

 

3.2.5 Aurora A phosphorylates SPOP-MATH Domain  

The known substrate specificity of AURKA led us to successful prediction sites in SPOP. 

The three predicated phosphorylation sites, serine 33, threonine 56 and serine 105, were all 

followed by hydrophobic residues. To confirm that these sites are the kinase-

phosphorylated sites, we single-mutated each site by changing serine and threonine to 

alanine. SPOP mutants S33A, T56A and S105A were subjected to in-vitro kinase assay, 

and we confirmed the reduction in phosphorylation compared to the WT-SPOP. (Figure 

3.3).  A double mutant of S33 and S105 was also generated by substituting both residues 

by alanine. We wanted to eliminate T56 from the list of predicted sites at the beginning 

because of its inconclusive data and the almost complete reduction of phosphorylation we 

found in the double mutant. T56A repeatedly showed a slight reduction in phosphorylation 
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compared to WT-SPOP, a finding that we could not ignore. Consequently, we generated a 

triple mutant of SPOP in all predicted sites by changing the residues from serine and 

threonine to alanine, and we performed in vitro kinase assay using the activated AURKA.  

 

Figure 3.16 SPOP phosphorylation sites by AURKA are clustered in the MATH 

domain. AURKA directly phosphorylates SPOP at the sites Ser33, Thr56 and Ser105, 

and all sites localizae in the MATH domain. The phosphorylated sites are marked in 

yellow color. 
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Figure 17.3 Phosphorylation reduction in SPOP mutants compared to WT-SPOP. 

AURKA phosphorylates SPOP at S33, T56, and S105. (A) Lane 1 (L1) contains AURKA 

only, (L2) contains WT-SPOP and AURKA, (L3) contains the SPOP-S33A mutant and 

AURKA, (L4) contains the SPOP-T56A mutant and AURKA, (L5) contains the SPOP-

S105A mutant and AURKA. All lanes also contain a [32P]ATP, 10X kinase buffer and 

DI-H2O to adjust the reaction to a 25µL final scale. Noted also, all SPOPs are 6x-His 

tagged. A kinase assay was conducted for 30 min. (B) (L1) contains AURKA only, (L2) 

contains WT-SPOP and AURKA, (L3) contains the SPOP-3M (S33A, T56A, and S105) 

mutant and AURKA. All lanes also contain a [32P]ATP, 10X kinase buffer and DI-H2O 

to adjust the reaction to a 25µL final scale. All SPOPs are 6x-His tagged. A kinase assay 

was conducted for 30 min.(C) Bar graph shows the phosphor-resistant individual mutants 

of SPOP compared to WT-SPOP.  
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Figure 3.18 The identification of SPOP phosphorylation sites by AURKA. (Left side) a 

crystal structure of SPOP illustrates the identified phosphorylation sites Ser33, Thr56 and 

Ser105, and their localization in the MATH domain. (Right side) is the amino-acid sequence 

recognized by AURKA, where the residue following the site of phosphorylation is 

hydrophobic. The phosphorylation sites of SPOP by AURKA are circled.  
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3.3 Discussion 

As discussed earlier, Aurora A kinase (AURKA) is a serine/threonine kinase which plays 

critical roles in regulating cancer cells by supporting the cell cycle progression and tumor 

development1. AURKA is a well-established oncogenic target and is overexpressed in 

many types of cancer, and it is specifically considered one of the biomarkers in prostate 

cancer2. Since the inhibition of AURKA can be lethal, this restricts its therapeutic potential3.  

In this study, we found that the Speckle-type POZ protein (SPOP) is a direct substrate 

for AURKA. AURKA phosphorylates SPOP at three sites within the MATH (meprin and 

TRAF-homology) domain. The MATH N-terminal domain of SPOP is known to be the 

most important part of SPOP that assists in recruiting proteins and kinases for 

ubiquitination and protein degradation 4, 7, 8. Almost all reported SPOP mutations in cancer 

are found in the MATH domain of SPOP8. MATH phosphorylation must be an important 

post-translational modification to SPOP considering that it leads its regulation. Our results 

were supported by initial studies in C4-2 and 22Rv1 prostate cancer cells, which showed 

that AURKA negatively regulates SPOP at the protein expression level. A previous study 

in our lab also showed that AURKA binds to SPOP and cause its degradation (data is not 

included here). Subsequently, we identified the SPOP/AURKA phosphorylation sites using 

site-directed mutagenesis, a method that involves mutating the predicted sites and looking 

for the reduction in phosphorylation.  

As mentioned earlier, AURKA only phosphorylates serine and/or threonine amino 

acids, and prefers substrates with a special sequence mapped as R/K/N-R-X-S/T-B, where 

B represents a hydrophobic residue6. Following this map, we hypothesized that AURKA 

phosphorylates SPOP on Ser33, Thr56 and Ser105. To prove our hypothesis, we mutated 
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each residue individually, creating a single mutant of S33A, T56A and S105A. 

Consequently, we generated a triple mutant of SPOP by changing the residues from serine 

and threonine to alanine. We cloned the mutated genes, expressed the protein and 

performed an in vitro kinase assay. S33A and S105 showed the maximum reduction in 

phosphorylation which was approximately 70% and 75% respectively, compared to WT-

SPOP, while T56A showed about a 50% reduction in phosphorylation compared to WT-

SPOP (Figure 3.3, A and C). The triple mutant (3M) showed almost no phosphorylation 

compared to WT-SPOP (Figure 3.3, B and D).  Our results confirm that AURKA 

phosphorylates SPOP at S33, T56 and S105 only. These results indicate SPOP as a novel 

substrate for AURKA. 

3.4 Material and Methods 

3.4.1 Buffers 

Most of the buffers used in our experiments (this includes the protein and kinase lysis 

buffers, DNA and protein purification buffers, kinase buffers, etc.) were made in our 

laboratory. See buffer recipes in Chapter 5.  

3.4.2 PCR Primers 

All primers were ordered from Sigma Genosys. See Chapter 5, Table 5.1 for primer 

sequences. 
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3.4.3 Cloning and Site-Directed Mutagenesis 

SPOP was cloned into the TAT-HA vector at the BamHI and XhoI sites. SPOP mutants 

were generated using site-directed mutagenesis. For the primer sequence and other details, 

see Chapter 5.   

3.4.4 Transformation and production of plasmid DNA 

For information on the methodology, see Chapter 5.  

3.4.5 Bacterial Protein Expression and purification 

6x-His-SPOP was expressed in BL21 E. coli competent cells and purified using a French 

press machine and Ni-NTA beads. SPOPs were expressed in BL21 competent cells and 

were confirmed using SPOP monoclonal antibodies. For more details, see Chapter 5.  

3.4.6 Sf9 cell protein expression and purification 

AURKA was expressed and in Sf9 cells. Procedure details for purifying the kinase can be 

found in Chapter 5.    
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 YBX1 IS A DIRECT SUBSTRATE OF AURKA 

4.1 Introduction 

Aurora A kinase (AURKA) is a serine/threonine kinase that regulates certain aspects of 

mitosis. AURKA is known to be up-regulated in most types of cancer, including prostate 

cancer1 as mentioned in Chapter 1. AURKA inhibition suppresses tumor growth and 

enhances chemosensitivity underscoring its critical role in PCa. Despite these encouraging 

findings, AURKA inhibition in Phase II clinical trials has been associated with several 

adverse side effects, suggesting that collateral inhibition of AURKA in rapidly 

proliferating normal tissues is responsible for the undesirable side effects. Therefore, 

finding a way to indirectly target AURKA could contribute significantly in combating 

collateral toxicity and development of novel cancer therapy2.  

Y-box binding protein (YBX1) is a multifunctional DNA/RNA binding protein with 

three functional domains that regulates and controls transcription and translation in normal 

cells3. YBX1 is a member of the cold-shock protein domain superfamily, which is 

important in cell development in all type of cells through its binding to nucleic acids and 

other proteins. It is well known that YBX1 is strongly involved in cancer progression4-7.  

Several phosphorylation sites have been reported on the YBX1 protein. One of these 

sites is the phosphorylation site at Ser165, which was found to be critical for the activation 

of the famous nuclear factor kB (NFkB)3. However, not many YBX1 phosphorylation sites 

have been reported in the CSD, despite reports that YBX1 is directly integrated with the 

cap-structure of the mRNA and regulated by the phosphorylation of Ser102 in the cold 

shock domain (CSD)8. Phosphorylation sites like Ser102, S165 and other modifications 
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illustrate that YBX1 can be regulated by post-translational modification in promoting cell 

proliferation and cancer growth9.   

  YBX1 has been mapped in several studies with its aniline/proline rich N-terminal 

domain, the cold shock domain CSD, and the C-terminal tail domain. Out of all of these 

domains, CSD is the only solved structure to date, due to its instability7, 10. CSD is built 

from a beta-barrel structure, which is known to be highly conserved10. The CSD spans from 

residue 51 to residue 129, as shown in (Figure 4.1) 

 Here, we identified YBX1 as a novel direct substrate of AURKA. We also 

identified two new sites of phosphorylation in CSD of YBX1, which were phosphorylated 

by AURKA.

4.2 Results 

4.2.1 Aurora A kinase regulates YBX1 at the protein expression level  

 A previous study conducted in our lab showed that the overexpression of AURKA elevates 

the protein expression of YBX1 in C4-2 prostate cancer cell lines. The knockdown of 

AURKA using AURKA-shRNA showed opposite effects. Similarly, we found that YBX1 

overexpression increased the expression of AURKA, while the knock down of YBX1 

Figure 4.19 YBX1 structure and domains. YBX1 contains aniline/proline rich N-terminal 

domain, the cold shock domain CSD, and the C-terminal tail domain. Serine 102 (S102) is the 

first phosphorylation site identified for YBX1 in the CSD region. 
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reduced the protein level of the AURKA protein. These results indicate that AURKA and 

YBX1 regulate each other. 

 

4.2.2 AURKA and YBX1 associate with each other   

A previous experiment was performed in our lab to detect whether AURKA and YBX1 

interact with each other in the C42 cell. A co-immunoprecipitation (IP) assay using an 

AURKA antibody and YBX1 antibody was used, followed by western blot analysis. The 

results confirmed that both these proteins interact with each other in C4-2 cancer cells. In 

the next part of our study, we wanted to see if interaction between AURKA and YBX1 

leads to YBX1 phosphorylation, thus affecting the downstream signaling pathways. 

 

4.2.3 YBX1 is directly phosphorylated by AURKA  

In the course of our study, we wanted to learn whether or not AURKA regulated YBX1 at 

a post-translational state via phosphorylation. To answer this question, we cloned 6x-His-

YBX1 into the TAT-HA vector at the BamHI and XhoI sites. The protein was expressed 

in BL21 competent cells and purified as mentioned in Chapter 5. Following this procedure, 

we subjected YBX1 to in vitro kinase assay by using 0.5 µCi of [γ-32P] ATP in the presence 

of AURKA and TPX2. The amount of phosphorylation was quantified using 
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autoradiography. Since we know that YBX1 contains the favorable sequence of Aurora A 

for phosphorylation, we were anticipating positive results. The answer was clear as shown 

in the (Figure 4.2): Aurora A is directly phosphorylating YBX1.  

 

 

4.2.4 Predicting YBX1 phosphorylation sites by Aurora A kinase 

As noted earlier, Aurora A prefers to phosphorylate R/K/N-R-X-S/T-B, where B represents 

any hydrophobic residue except for proline11. Based on these findings, we predicted two 

possible phosphorylation sites in YBX1, both found in the CSD domain of YBX1, Thr62 

and Ser102. 

    

Figure 4.20 AURKA directly phosphorylates WT-YBX1. The first lane is AURKA 

alone, the second lane is WT-YBX1 with AURKA, and the third lane is YBX1 alone. All 

samples have a 10X kinase buffer, 0.5 µCi [γ-32P] ATP and DI-H2O to adjust the reaction 

to a 25µL final scale. 
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4.2.5 Aurora A phosphorylates YBX1 on T62A, S102A sites 

The known substrate specificity of Aurora A kinase led us to predict phosphorylation sites 

on YBX1. The predicated phosphorylation sites Thr62 and Ser102 were both followed by 

hydrophobic residues after phosphorylation. Surprisingly, other studies found the Ser102 

residue of YBX1 to be phosphorylated after treatment of the insulin growth factor5. 

Additionally, mutating S102 of YBX1 was found to have a positive impact on reducing 

tumor growth in breast cancer. These results suggest that phosphorylation at S102 plays a 

critical oncogenic role9.  

To confirm our hypothesis and investigate that Thr62 and Ser102 are the sites 

phosphorylated by the kinase, we mutated each site individually by substituting serine and 

threonine with alanine. YBX1 mutants T62A and S102A were subjected to in vitro kinase 

assay and we confirmed the reduction in phosphorylation compared to WT-YBX1. (Figure 

4.3) A double mutant of Thr62 and Ser102 was generated as well by changing both residues 

to alanine. Performing a kinase assay resulted in the total reduction of phosphorylation in 

the double mutant, suggesting that these are the only phosphorylation sites targeted by 

AURKA. (Figure 4.3)   
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Figure 4.21 Phosphorylation reduction in YBX1 mutants compared to WT-YBX1. AURKA 

phosphorylates YBX1 at S62 and S102. (A) Lane 1 (L1) contains AURKA only, (L2) contains 

WT-YBX1 and AURKA, (L3) contains the YBX1-S62A mutant and AURKA, (L4) contains the 

YBX1-S102A mutant and AURKA, (L5) contains WT-YBX1 only, (L6) contains YBX1-S62A 

only, and (L7) contains YBX1-S102A only. All lanes also contain a [32P]ATP, 10X kinase buffer 

and DI-H2O to adjust the reaction to a 25µL final scale. Noted also, all YBXs are 6x-His tagged. 

A kinase assay was conducted for 30 min. (B) (L1) contains AURKA only, (L2) contains WT-

YBX1 and AURKA, (L3) contains the YBX1-2A (S62A and S102A) mutant and AURKA. All 

lanes also contain a [32P]ATP, 10X kinase buffer and DI-H2O to adjust the reaction to a 25µL 

final scale. All SPOPs are 6x-His tagged. A kinase assay was conducted for 30 min. (C) Bar 

graph shows the phospho-levels of WT and phospho-resistant single mutant of YBX1 (D) Bar 

graph shows that the phospho-levels of WT and phospho-resistant double mutant (S62 and S102) 

of YBX1. 



78 

 

 

 

  

Figure 4.22  The identification of YBX1 phosphorylation sites by AURKA. (Top) A crystal 

structure of the YBX1-CSD domain illustrates the identified phosphorylation sites Ser62 and 

Ser102, as well as their localization in the CSD domain. (Right side) is the amino-acid sequence 

recognized by AURKA, where the residue following the site of phosphorylation is 

hydrophobic. The phosphorylation sites of YBX1 by AURKA are circled. 
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4.3 Material and Methods 

4.3.1 Cloning and site-directed mutagenesis 

YBX1 was cloned into the TAT-HA vector at the BamHI and XhoI sites, noting that all 

YBX1 mutants were generated using site-directed mutagenesis.  

4.3.2 PCR primers 

All primers were ordered from Sigma Genosys. See Chapter 5, Table 2, for primer 

sequences. 

4.3.3 Transformation and production of plasmid DNA 

See the methodology chapter, Chapter 5.  

4.3.4 Bacterial protein expression and purification 

The cloned 6x-His-YBX1 was expressed in BL21 E. coli competent cells and purified 

using a French press machine and Ni-NTA beads. YBX1 were expressed in BL21 

competent cells and were confirmed using YBX1 monoclonal antibodies. For more details, 

see Chapter 5. 

4.3.5 Buffers 

Most of the buffers used in these experiments (including the protein and kinase lysis buffers, 

DNA and protein purification buffers, kinase buffers etc.) were made in our laboratory. For 

more information, see buffer recipes in Chapter 5.  
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 METHODOLOGY 

5.1 Cloning and Site-Directed Mutagenesis 

SPOP and YBX1 and their mutants were cloned into the TAT-HA vector at the BamHI and 

XhoI sites. Primer sequences shown in Table 5.1 were designed by Dr. Shah and ordered 

from SigmaGenosys. SPOP and YBX1 mutants were generated using site directed 

mutagenesis. Two PCR fragments were generated and overlapped using the annealing 

temperature recommended by SnapGene software. The digested products − digested using 

BamHI/Xho1 restricting enzymes − were then ligated to the TAT-HA vector. The 

generated plasmids were then transformed using DH5α competent E.Coli cells. Positive 

colonies were transformed in BL21 E.Coli cells for protein production (Figure 5.1).  

  

Figure 5.23 Step flow-chart overview of cloning and site directed mutagenesis.  
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Table 5.1: List of SPOP primers 

Note Primers Sequences 

Wild type 

SPOP-BamHI-1 GCTGGATCCATGTCAAGGGTTCCAAGTCCT 

SPOP-HA-Xho1-2 
TACAGTCTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTA 

GGATTGCTTCAGGCGTTTGCG 

Truncated 

SPOP 

SPOP-180-R1-2 AGTGAATTCTTACTTTACCATGTTCATGG 

SPOP-181-BamHI-1 GCTGGATCCATGGTTCCTGAGTGCCGG 

SPOP-300-Xho1-2 TACAGTCTCGAGTTACTCCACGGACAGGTTAC 

SPOP-301-BamHI-1 GCTGGATCCATGCGCTTAAAGGTCATGTG 

LIMK2 

sites 

SPOP-SS59-A1 ATTAAAAGTTCTACATTTGCAGCAGGAGCAAATGATAAACTG 

SPOP-SS59-A2 CAGTTTATCATTTGCTCCTGCTGCAAATGTAGAACTTTTAAT 

SPOP-S59-A1 AGTTCTACATTTTCAGCAGGAGCAAATGATAAA 

SPOP-S59-A2 TTTATCATTTGCTCCTGCTGAAAATGTAGAACT 

SPOP-S226A-1 CGTTCTCCGGTTTTTGCTGCCATGTTTGAACATGAAATG 

SPOP-S226A-2 CATTTCATGTTCAAACATGGCAGCAAAAACCGGAGAACG 

SPOP-S171A-1 CAAGATTCTGTCAACATTGCTGGCCAGAATACCATGAAC 

SPOP-S171A-2 GTTCATGGTATTCTGGCCAGCAATGTTGACAGAATCTTG 

AURKA 

sites 

SPOP-S33A1 ATCAAGGTAGTGAAATTCGCCTACATGTGGACCATCAAT 

SPOP-S33A2 ATTGATGGTCCACATGTAGGCGAATTTCACTACCTTGAT 

SPOP-T56A1 GAAGTCATTAAAAGTTCTGCATTTTCATCAGGAGCAAAT 

SPOP-T56A2 ATTTGCTCCTGATGAAAATGCAGAACTTTTAATGACTTC 

SPOP-S105A1 CGGGCAAAATTCAAATTCGCCATCCTGAATGCCAAGGGA 

SPOP-S105A2 TCCCTTGGCATTCAGGATGGCGAATTTGAATTTTGCCCG 
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Table 5.2: List of YBX1 primers 

Note Primers Sequences 

Wild type 

YB1-BamHI-1 GCTGGATCCATGAGCAGCGAGGCCGAG  

YB1-HA-Xho1-2 
TACAGTCTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTACTC

AGCCCCGCCCTGCTC 

Truncated 

YBX1 

YBX1-130-R1-2 AGTGAATTCTTAAACACCACCAGGACC 

YBX1-124-BamHI-1 GCTGGATCCATGAATGTTACAGGTCCTGG 

Aurora-A 

sites 

YBX1-T62A1 GCAACGAAGGTTTTGGGAGCAGTAAAATGGTTCAATGTA  

YBX1-T62A2 TACATTGAACCATTTTACTGCTCCCAAAACCTTCGTTGC 

YBX1-S102A1 CCCAGGAAGTACCTTCGCGCTGTAGGAGATGGAGAGACT  

YBX1-S102A2 AGTCTCTCCATCTCCTACAGCGCGAAGGTACTTCCTGGG 

 

5.2 Competent cells preparation 

A sample of DH5α and BL21 DE3 competent cells were kindly given to us by Dr. 

Chittaranjan Das’s group. The cells were then streaked on an LB agar plate without 

carbenicillin and prepared using the inoue method. 

5.3 Sf9 cell protein expression and purification 

AURKA and LIMK2 kinases were expressed in Sf9 cells by Nikhil Kumar and Keith 

Viccaro and and stored at -20°C. The Pellets were thawed on ice for 10-15mins and 

resuspended in a 5mL kinase lysis buffer (Table 5.2) with freshly added 1mM PMSF.  

5.4 Transformation and production of plasmid DNA 

Under sterile conditions and a clean environment, the competent cells were placed on ice 

to thaw gently before being inoculated with the cloned plasmid using a 1mL Eppendorf 

tube. Based on the plasmid DNA concentration, the cells were inoculated with 1-5µL DNA. 
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They were then kept on ice for 30 minutes. During this time, the water bath was set up at 

42°C. The inoculated cells were heat-shocked for 45-60 minutes and placed on ice 

immediately for 3 minutes.  At this point, 900µL of a sterile and fresh LB broth media were 

added to the cells and incubated for 1 hour, at 37°C. The cells were then spun down at 6000 

rpm for 2 minutes and plated on LB agar plates containing 100µg/mL carbenicillin. The 

plates were incubated at 37°C overnight.  

 The same transformation procedure was used for both types of competent cells. 

DH5α cells were used to produce the plasmid DNA in general, and in the ligation process 

to produce the new clone. This protocol differs only when growing cells from a plate. If 

the transformation is for general DNA production of a known DNA, then a swipe of 

colonies can be cultured in a 30mL scale and miniprepped for purification. If the 

transformation is for a ligated plasmid to check for positive colonies, then individual 

colonies will be selected carefully and grown separately in small cultures. Miniprep and 

DNA digestion with specific enzymes will then be used to test for positive colonies. 

However, if the transformation is for protein expression, the same procedure will be used, 

followed with the bacterial protein expression and purification protocol.  

5.5 Bacterial 6-His-tagged Protein Expression 

6x-His tagged proteins were expressed using BL21 E. coli competent cells and purified 

using Ni-NTA beads. A freshly transformed plate was used to inculcate a 30mL starter 

culture containing 30mL of sterile and fresh LB media, plus 100µg/mL of Carbenicillin. 

The starter culture was grown at 37°C, 200rpm overnight, and then spun down and washed 

2-3 times with fresh media before being added to a 600mL culture media supplemented 
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with 100µg/mL of Carbenicillin. The large culture was grown until the optical density 

OD600 reached 0.4-0.8, a range that depended on the expression level of the protein. 100 

μM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added after the culture cooled 

down to room temperature (RT) and left to express the protein overnight-RT*. The culture 

was then spun down and the pellets were frozen at -20°C, then purified the next day or kept 

until needed.    

* Note: Some proteins might require different expression conditions. We had to test the 

expression of the protein on a small scale to optimize the conditions, such as expression 

duration time, temperatures, IPTG concentration, and soluble vs. insoluble protein. 

5.6 Bacterial 6-His-tagged protein purification  

Pellets were thawed on ice for 1 hour and resuspended in 10mL of protein lysis buffer (see 

section 5.9) with freshly added 1mM phenylmethane sulfonyl fluoride (PMSF). Three 

cycles were enough to lyse the cells efficiently. The lysates were centrifuged at 10000rpm 

for 20 minutes at 4°C and the supernatant was collected in a 15mL falcon tube. 100 μL of 

Ni-NTA agarose beads (from GoldBio technology) were washed once with water and then 

twice with a lysis buffer, then added to the cleared lysate. The suspension was installed to 

rotate on the end-over-end shaker at 4°C for 1-2 hours. After 1 hour, the beads were 

centrifuged at 10000 rpm for 1 minute at 4°C. Bead color can be a good indicator of how 

much protein has bound to it and can be monitored during wash times to help with efficient 

washes. Three types of washing buffers were used to purify the protein: low, medium and 

high buffers (see Table 5.2). The beads were washed 3 times with 1mL of low buffer, 2 

times with 1mL of medium buffer, and 1 time with 1mL of high buffer. In between each 

wash, the tube was changed to increase the purity of the proteins. The proteins were then 
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eluted using an elution buffer (see Table 5.2), and 3-5 100μL fractions of each were 

collected. The beads were saved in the 100μL elution buffer until we checked that the 

proteins were eluted successfully. The purified proteins were then confirmed by size using 

sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, stained with Coomassie 

stain. The proteins were identified through western blot using antibodies specific for each 

protein. SPOP, YB1, LIMK2 and ARK-1 antibodies from Santa Cruz Biotechnology, Inc. 

were used at a 1:1000 dilution.  

5.7 Peptide Assay 

The peptide assay was used to check Aurora A and LIMK2 activity, and mainly for Aurora 

A kinase activity to determine the optimal concentration of TPX2 that should be used for 

maximum enzyme activity. The kinase was used after purification and elution from the Ni-

NTA beads to set up the peptide/Kinase reaction. See section 1.8 for the kinase purification 

procedure.  

5.8 Kinase Assays 

5.8.1 Preparing and purifying the kinase 

A pellet of SF9 cells that expressed LIMK2/AURKA and had been stored at -20°C was 

thawed in ice. The cells were then lysed with kinase lyses buffer with a pH=8 (see section 

5.9) with freshly added 1mM PMSF. The amount of lysis buffer used was 5mL for 1 pellet 

(cells were spun down from a 50mL sf9 cell culture). The cells in lysis buffer were left in 

ice for 30 minutes and gently inverted every 10 minutes. The lysed cells were spun down 

again at 10000 rpm for 20 minutes at 4°C. During this time, 60µL of Ni-NTA beads were 

washed once with 1mL sterile diH2O and twice with low buffer or kinase lysis buffer. Then 
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the supernatant/lysate was collected in a 15mL falcon tube and mixed with the washed 

beads. The suspension was installed to rotate on the shaker/rotator at 4°C for 1 hour. Next, 

the beads that bound to the kinase were centrifuged at 10000 rpm for 1 minute at 4°C and 

transferred to a 1.5mL Eppendorf tube. The beads were washed 3 times with low buffer 

and 2 times with medium buffer and 1 time with high buffer, then 1 time with a 1X kinase 

buffer (see Table 5.2). After the last wash with the 1X kinase buffer and spinning down the 

beads after each wash, as much kinase buffer as possible was removed while being careful 

not to remove any of the beads, and a 100µML of fresh 1X kinase buffer was added to the 

beads to prepare for the (nonradioactive) cold ATP reaction.   

5.8.2 Cold ATP reaction  

The kinase was run in a nonradioactive ATP reaction for 2 hours to reduce the nonspecific 

phosphorylation background and the autophosphorylation. To the100µML bead solution, 

1mM of cold ATP and 15mM MgCl2 were added. The reaction pre-incubated on the shaker 

for 2 hours at room temperature (RT). Since there was a chance that the kinase might be 

released from the beads at RT, 1 mL of 1X kinase buffer was added to the reaction and left 

on the rotator for 1 hour to make sure the kinase bound to the beads. Next, the beads were 

spun down at 10000rpm for 1 minute and the reaction solution was removed. In this stage, 

the beads had to be washed 3 to 4 times to remove the cold ATP before the actual kinase 

assay. 

5.8.3 Sample preparation  

Mainly the reaction samples contained the kinase, the substrate/protein, and the radio 

labeled [γ-32P] ATP. Table 5.3 shows the general setup for kinase assay samples. The 

sample reactions were done in a 1.5 Eppendorf tube, where water was added first, then the 
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10X kinase buffer (10X K.B), the substrate, and the kinase, followed by the ATP which 

was added last. After 30 minutes, the reactions were stopped upon the addition of SDS 

loading dye and heated for 3-5 minutes at 100°C and then separated by SDS-PAGE gel. 

LIMK2 kinase was best detected with Coomassie stained gel, but AURKA was not 

detected with Ponceau S or Coomassie. Because of that, the gel was either exposed for 

autoradiography directly after fixation for 30 minutes or transferred to a polyvinylidene 

difluoride (PVDF) membrane, and then exposed for autoradiography.  

Table 5.3: General sample preparation for kinase assay 

Sample Substrate Kinase 
10X 

K.B 
[γ-32P] ATP H2O 

Elution 

Buffer 

1. Kinase alone 0 5  2.5 0.5 µCi 
Depends on the final scale  

  

2. Substrate + Kinase vary  5  2.5 0.5 µCi 
Depends on the final scale  

  

3. Substrate alone  vary 0 2.5 0.5 µCi  
Depends on the final scale  
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5.9 Buffers and solution recipes 

5.9.1 Buffers for purifying plasmid DNA 

P1 resuspension buffer  50 mM Tris HCl pH 8.0, 10 mM EDTA, 100 µg/ml RNase A 

6.1 g Tris, 3.7 g EDTA, 10 µg/mL RNase  

P2 lysis buffer 200 mM NaOH, 1% SDS 

8.0 g NaOH, 100 ml of 10 % SDS ddH2O to a final volume of 

1L 

N3 neutralization buffer 4.2 M Gu-HCL, 0.9 M Potassium Acetate pH=4.8 

PE washing buffer  10 mM Tris HCL pH 8.5 and 80% Ethanol  

5.9.2 Buffers for DNA agarose gel 

TAE  40 mM Tris-acetate, 1 mM EDTA 

50% TAE: 242g Tris, 57.1 glacial acetic acid, 100mL pH=8 

EDTA and ddH2O to a final volume of 1L 

1% DNA agarose gel 50mL TAE, 0.5g agarose DNA mixed and microwaved, add 

1µL ethidium bromide EtBr after it cools down  

 The percentage of the agarose was determined based on the 

DNA size 

5.9.3 Buffers for Protein Purification 

Protein lysis buffer 50 mM Tris pH 8.00, 500 mM NaCl, 1% NP-40, 5-10% 

glycerol  

Low washing buffer 50 mM Tris pH 8.00 and 150 mM NaCl 

Med washing buffer 50 mM Tris pH 8.00, 150 mM NaCl, and 10 mM imidazole 

High washing buffer 50 mM Tris pH 8.00, 150 mM NaCl, and 20-50 mM imidazole 

Elution buffer 50 mM Tris pH 8.00, 50 mM NaCl, and 250 mM imidazole 
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5.9.4 Buffers for western blot and protein staining  

SDS-PAGE running buffer 25 mM Tris, 192 mM glycine, 0.1% SDS 

3g Tris, 14.4 glycine, 1g SDS and ddH2O to a final volume of 

1L 

Western blot - Transfer 

buffer 

25 mM Tris, 192 mM glycine, 10% methanol 

3g Tris, 14.4 glycine, 100mL methanol and ddH2O to a final 

volume of 1L 

TBS buffer  25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.5 

3g Tris, 8g NaCl, 0.2g KCl and ddH2O to a final volume of 1L 

TBST buffer 1L TBS buffer + 1mL Tween-20  

Coomassie stain 0.1% Coomassie R250, 10% acetic acid, 40% methanol 

Coomassie de-stain 20% methanol, 10% acetic acid 

Ponceau stain  1g Ponceau, 50mL acetic acid and ddH2O to a final volume of 

1L 

SDS- protein gel 10%: 12.6 mL ddH2O, 10.66 mL 30% Acrylamide, 8mL 1.5M Tris 

pH 8.8, 320 µL 10 % SDS, 320 µL 10 % APS, 32 µL TEMED 

Stacking gel 6% 

 

10.6 mL ddH2O, 4 mL 30% Acrylamide, 5 mL 0.5M Tris pH 

6.8, 200 µL 10% SDS, 200 µL 10% APS, 20 µL TEMED  

 

 

 


