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Abstract 

Title of Dissertation:  Actin-Like Protein 6A (ACTL6A) Suppresses p21Cip1 Expression 

to Maintain an Aggressive Cancer Phenotype 

Suruchi Shrestha, Doctor of Philosophy, 2021 

Dissertation Directed by Richard L. Eckert, PhD, John F.B. Weaver Distinguished 

Professor and Chair of Department of  Biochemistry and Molecular Biology and Deputy 

Director of the Greenbaum Comprehensive Cancer Center, University of Maryland School 

of Medicine. 

 

Epidermal squamous cell carcinoma (SCC) and mesothelioma are two distinct but highly 

aggressive forms of cancer. SCC is a common and highly invasive cancer that arises from 

the epidermis. The major cause of epidermal SCC is repeated exposure to ultraviolet light 

and other DNA damaging agents such as oxidative stress which causes mutations 

eventually leading to increased expression of pro-tumor genes and reduced expression of 

tumor suppressors. Mesothelioma is highly invasive and lethal cancer that arises from the 

mesothelial lining and is linked to exposure to asbestos and other toxic agents. Actin-like 

protein 6A (ACTL6A, BAF53A) is a member of SWI/SNF chromatin remodeling complex 

that has been implicated in many cancers as a driver of cancer survival and tumor 

formation. We show that ACTL6A functions to maintain an aggressive cancer phenotype 

in both SCC and mesothelioma. We further show that ACTL6A reduces expression of the 

p21Cip1 cyclin-dependent kinase inhibitor and tumor suppressor protein. Biochemical 



 

studies reveal that loss of ACTL6A leads to increased p21Cip1 promoter activity, and 

mRNA and protein expression suggesting transcriptional regulation of p21Cip1 gene. 

Moreover, chromatin immunoprecipitation studies show that ACTL6A interacts at the 

p21Cip1 promoter proximal Sp1 site and distal p53-responsive enhancer sites to suppress 

transcription. We further report that the increase in p21Cip1 upon ACTL6A knockdown is 

required to suppress the SCC and mesothelioma cancer phenotypes. This suggests that 

p21Cip1 is the key mediator of ACTL6A function in SCC and mesothelioma. p53 is a key 

tumor suppressor that interacts with the p21Cip1 promoter to increase expression; however, 

we show that it may not play a regulatory role in these cancers. These findings suggest that 

ACTL6A suppresses p21Cip1 transcription to reduce p21Cip1 function as a mechanism to 

maintain an aggressive cancer phenotype in SCC and mesothelioma.  

  



 

 

 

 

 

 
 
 
 
 
 

Actin-Like Protein 6A (ACTL6A) Suppresses p21Cip1 Expression to Maintain an 
Aggressive Cancer Phenotype 

 
 
 
 
 
 
 
 

by 
Suruchi Shrestha 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2021 

  



 

© Copyright by Suruchi Shrestha 

All rights Reserved 



iii 
 

To all the women in my life 

 
  



iv 
 

ACKNOWLEDGEMENTS 
 

First and foremost, I would like to express my gratitude to Dr. Richard Eckert for 

taking me under his wings and guiding me throughout my PhD career. I am especially 

grateful for his patience while I tried to juggle motherhood and research at the same time. 

I would like to thank my thesis committee members: Dr. David Kaetzel, Dr. A-Lien Lu-

Chang,  Dr. Jiayuh Lin, Dr. Tony Passaniti, and Dr. Michelle Starz-Gaiano, for providing 

me valuable insights and  suggestions throughout my research journey.  

I would like to acknowledge my lab members, current and past. I am thankful to 

Dr. Dan Grun and Dr. Gautam Adhikary who initially trained me and helped me 

troubleshoot problems in the lab. Special thanks to Wen Xu for her insights and always 

being there to lighten my load during my toughest days. I would also like to thank the 

Biochemistry and Molecular Biology department, Dr. Gerald Wilson, Koula Cozmo and 

Kathleen Reinecke for their help throughout these years. 

I would not be here without my alma mater, Salem College and specifically my 

mentor, Dr. George McKnight, who guided me into graduate school. I appreciate my 

friends and family who have provided me emotional support throughout my journey. I have 

been very fortunate to have two sisters, Sajana and Sonakchhi, who have unconditionally 

supported me. This journey would not have been possible without the love and support of 

my husband, Dr, Xitiz Chamling. He is not only a great partner and a wonderful father to 

Rivaan, but also a remarkable scientist whose contributions were invaluable. Lastly, I am 

who I am and where I am because of my parents, Sachida Shrestha and Hira Man Shrestha. 

Their relentless effort to make everything possible for their daughters so we could have 

everything they didn’t is the reason I am here today.   



v 
 

TABLE OF CONTENTS 
 
CHAPTER              Page 

 

LIST OF FIGURES………………………………………………………………………..x 

 

LIST OF ABBREVIATIONS…………………………………………………………….xi 

 

CHAPTER 1: INTRODUCTION .….……………...…………..………………………….1 

 

     Epidermal Squamous cell carcinoma ………………………………………………….1 

 

     Mesothelioma…………………………………………………………………………..2 

 

     ACTL6A and the SWI/SNF ATP-dependent chromatin remodeling complex …...……3 

 

     p21Cip1…………………………………………………………………………………. 6 

 

     Scope of work ………………………………………………………………………….9 
 

CHAPTER 2: ACTL6A suppresses p21Cip1 expression to enhance the epidermal squamous 
cell carcinoma phenotype ………………………………………………………………..11 

 

     Abstract ………………………………………………………………………………11 

 

     Introduction …………………………………………………………………………..12 

 

     Results ………………………………………………………………………………..13 

 



vi 
 

          ACTL6A maintains p21Cip1 level to suppress the cancer cell phenotype …………13 

 

          p21Cip1 regulates the ECS cell phenotype …………………………………………17 

 

          ACTL6A regulates p21Cip1 promoter activity ……………………………………17 

 

          Mutant p53 does not mediate ACTL6A action…………………………………….21 

 

          Role of ACTL6A in HaCaT cells …………………………………………………24 

 

          Role of ACTL6A in tumor formation …………………………………………….27 

 

     Discussion ……………………………………………………………………………30 

 

          ACTL6A enhances the SCC cell cancer phenotype ………………………………30 

 

          ACTL6A regulates p21Cip1 gene transcription …………………………………….30 

 

          ACTL6A regulation of tumor formation ………………………………………….32 

 

          ACTL6A function in epidermal squamous cell carcinoma ……………………….33 

 

     Materials and methods ………………………………………………………………..33 

 

          Reagents …………………………………………………………………………..33 

 

          Cell culture ………………………………………………………………………..34 

 



vii 
 

          Electroporation ……………………………………………………………………35 

 

          Promoter activity assay ……………………………………………………………35 

 

          Immunological methods …………………………………………………………..36 

 

          Chromatin immunoprecipitation (ChIP) …………………………………………..36 

 

          ACTL6A knockout cells ………………………………………………………….37 

 

          qRT-PCR ………………………………………………………………………….37 

 

          Tumor xenografts …………………………………………………………………38 

 

CHAPTER 3: ACTL6A suppresses p21Cip1 tumor suppressor expression to maintain the 
aggressive mesothelioma cancer cell phenotype …………………………………………39 

 

     Abstract ………………………………………………………………………………39 

 

     Introduction …………………………………………………………………………..40 

 

     Results ………………………………………………………………………………..41 

 

          ACTL6A maintains the aggressive mesothelioma cancer phenotype …………….41 

 

          p21Cip1 suppresses the peritoneal and pleural mesothelioma cancer cell phenotype 45 

 

          ACTL6A control of p21Cip1 expression …………………………………………...51 

 



viii 
 

          Role of p53 ………………………………………………………………………..55 

 

     Discussion ……………………………………………………………………………59 

 

          ACTL6A enhances the mesothelioma cancer phenotype ………………………….59 

 

          ACTL6A regulation of p21Cip1 level ………………………………………………60 

 

          The role of the p21Cip1 proximal Sp1 sites …………………………………………61 

 

          ACTL6A function in mesothelioma cancer stem cells and non-stem cancer cells ..61 

 

     Materials and Methods ……………………………………………………………….62 

 

          Reagents …………………………………………………………………………..62 

 

          Cell culture and bioassays …………………………………………………………62 

 

          Electroporation ……………………………………………………………………63 

 

          p21Cip1 promoter assay …………………………………………………………….63 

 

          Immunological methods …………………………………………………………..64 

 

          ACTL6A knockout cells …………………………………………………………..65 

 

          qRT-PCR ………………………………………………………………………….66 

 



ix 
 

CHAPTER 4: Discussion and Future directions …………………………………………67 

 

     Discussion ……………………………………………………………………………67 

 

     Future directions ……………………………………………………………………...69 

 

REFERENCES …………………………………………………………………………..77 

   

  

 

  

  



x 
 

LIST OF FIGURES 
 

Figure 1. ACTL6A knockdown attenuates the cancer cell phenotype …………………..16 

Figure 2. p21Cip1 mediates ACTL6A action ……………………………………………..20 

Figure 3. p53 in not required for ACTL6A regulation of p21Cip1 level …………………23 

Figure 4. ACTL6A modulates p21Cip1 level to control the HaCaT phenotype ………….26 

Figure 5. ACTL6A knockout reduces tumor formation …………………………………29 

Figure 6. ACTL6A maintains the aggressive cancer phenotype ………………………...44 

Figure 7. p21Cip1 regulates the cancer phenotype …………………………………….…47 

Figure 8. ACTL6A maintains the NCI-Meso-17 cancer cell phenotype ………………...50 

Figure 9. ACTL6A regulates p21Cip1 expression to maintain the mesothelioma cancer 

phenotype ………………………………………………………………………………..54 

Figure 10. Role of p53 in p21Cip1 regulation ……………………………………………58 

Figure 11. ACTL6A downregulates COL1A2 and COL3A1 in mesothelioma …………73 

Figure 12. Sulforaphane reduces ACTL6A protein levels ………………………………75 

 

 

 

 

 
 
 



xi 
 

LIST OF ABBREVIATIONS AND SYMBOLS 
 
ACTL6A   Actin-like Protein 6 A, also called BAF53A 

BAF   Brg1/BRM associated factor 

BAF47   Brg1/BRM associated factor 47 

BAF53A  Brg1/BRM Associated Factor 53 A 

Bmi   B lymphoma Mo-MLV insertion region 1 homolog 

BRG1   Brahma related gene 1 

Cas9   CRISPR associated protein 9 

CDK   Cyclin-dependent kinase 

ChIP   Chromatin Immunoprecipitation 

CIP/KIP  CDK Interacting protein/Kinase inhibitory protein 

CKIs   Cyclin-dependent kinase inhibitors 

Co-IP   Co-Immunoprecipitation 

CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats 

DAPI   4’,6-diaminido-2-phenylindole 

DMEM  Dulbecco’s Modified Eagle Medium 

ECS   Epidermal cancer stem cells 

EGF   Epidermal growth factor 

EMT   Epithelial-mesenchymal transition 

FBS   Fetal Bovine Serum 

HRP   Horseradish peroxidase 

Ig   Immunoglobulin 

MSC   Mesothelioma stem cells 



xii 
 

miRNA  micro Ribonucleic acid 

∆Np63α  N-terminal p53-homologous transactivation domain 

NSG   Non-Obese Diabetic, Severe combined Immunodeficiency, gamma 

PBS   Phosphate buffered saline 

PFA   Paraformaldehyde 

q-PCR   quantitative Polymerase Chain Reaction 

qRT-PCR  quantitative Reverse transcriptase Polymerase Chain Reaction 

SCC   Squamous cell carcinoma 

SDS   Sodium dodecyl sulphate 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM   Standard Error of Mean 

siRNA   small interfering ribonucleic acid 

Sp1   Specificity protein 1 

SWI/SNF  SWItch/Sucrose Non-Fermentable 

TAZ   Transcriptional co-activator with PDZ-binding motif 

TEAD   Transcriptional enhanced associate domain 

TBS   Tris buffer saline 

TBST   Tris buffer saline with tween 

TG2   transglutaminase 2 

TGF-β   transforming growth factor-beta 

TNF-α   tumor necrosis factor-alpha 

UV   Ultraviolet 

YAP1   Yes Associated Protein 1



1 
 

CHAPTER 1 

 

INTRODUCTION 

 

A. Epidermal Squamous cell carcinoma 

Nonmelanoma skin cancers are the most common forms of cancer in the US. 

Epidermal squamous cell carcinoma (SCC) accounts for 20% of nonmelanoma skin cancer, 

and is highly invasive with potential to recur and metastasize [1]. SCC arises from the 

squamous cells in the epidermis and is a multifactorial disease caused by combination of 

intrinsic and extrinsic factors such as exposure to ultraviolet (UV) radiation, carcinogens 

including arsenic and crude paraffin oil, and patient features including light skin 

pigmentation and genetic predisposition [2]. SCC incidence is directly correlated with 

amount of UV exposure, as 80% of SCCs occur in head and neck areas and the upper 

exposed extremities [1]. UV radiation causes mutations in genes, usually tumor 

suppressors, that lead to development of precursor lesions with genetic instability [2]. In 

more than 50% of cases, UV related inactivation of the p53 tumor suppressor protein is 

found in the early lesions [2]. Further mutations in driver oncogenes then leads to genomic 

instability and loss of cell cycle control [2]. 

Early stages SCC can be easily treated with cryosurgery, excision, and 

chemotherapy [1, 3]. However, lack of treatment leads to the formation of invasive SCC 

that can metastasize to distant sites including the lymph nodes [4]. For patients who seek 

treatment, therapy-resistant cancer is another common issue. Previous research suggests 



2 
 

that therapy-resistance  may arise due to expansion of epidermal cancer stem (ECS) cells 

[5-7]. Unfortunately, treatment of the metastatic epidermal squamous cell carcinoma has 

not been successful [3]; therefore, identification of new druggable targets to treat metastatic 

SCC remains a major goal. 

 

B. Mesothelioma 

Mesothelioma is a fatal disease that arises from the mesothelial layer of the pleura, 

peritoneum and tunica vaginalis [8, 9]. Over 80% of mesothelioma cases are associated by 

asbestos exposure [10]. Although it takes about 20 - 50 years to develop cancer from 

asbestos exposure, it is one of the most invasive forms of cancer with survival time of only 

14 – 19 months [10, 11].  Histologically, mesothelioma can present as epithelioid, 

sarcomatoid or biphasic, with epithelioid having a better prognosis than the others.  The 

two most common locations of mesotheliomas are the pleural membrane that surrounds the 

lungs and the peritoneal membrane.  Pleural mesothelioma has better prognosis than 

peritoneal mesothelioma and has been treated with multimodality therapy. Multimodality 

therapy, which includes cytoreductive surgery accompanied by hyperthermic 

intraperitoneal chemotherapy (HIPEC), chemotherapy, and radiation [12, 13], is known to 

prolong the mesothelioma patient survival rate. Nonetheless, the recurrence and mortality 

rate of mesothelioma remains very high.  Our laboratory studies suggest that mesothelioma 

cancer stem (MCS) cells are a highly aggressive cell type that contributes to aggressive 

disease [14, 15] and may be important in disease recurrence. We therefore seek to identify 

proteins that have a role in driving an aggressive cancer phenotype in MCS and non-stem 

cancer cells as therapy targets. 
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C. ACTL6A and the SWI/SNF ATP-dependent chromatin remodeling complex 

Actin-like protein 6A (ACTL6A) is a component of the ATP-dependent SWI/SNF 

(SWItch/Sucrose NonFermenting) chromatin remodeling complex. The complex was first 

discovered in unicellular yeast, and homologous complexes with increased complexity and 

additional subunits were later identified in Drosophila and vertebrates [16-18]. Compared 

to the SWI/SNF complex in yeast that contains ~10 subunits (~1.15-MDa) [19], the 

mammalian homologue, also known as BAF (Brg/Brahma-associated factors) complex, is 

a ~2 mega-dalton complex comprised of 15 interchangeable, nonredundant subunits that 

are encoded by about 29 genes [16, 20]. The increasing complexity of vertebrate genome 

due to spatiotemporal DNA accessibility and expression patterns  likely required additional 

subunits in the mammalian SWI/SNF complex to carry out chromatin remodeling. 

However, the canonical function of SWI/SNF complex, which is to control nucleosome 

remodeling and nucleosome sliding to facilitate protein-DNA binding [21, 22], is 

conserved from yeast to mammals. The BAF complexes bind to more than 20,000 sites in 

the genome to remodel chromatin [23].  

The mammalian SWI/SNF complex requires one of the two mutually exclusive 

ATPase subunits, BRM (Brahma) and BRG1 (Brahma-related gene 1) that are homologous 

to Brahma in Drosophila and Snf2/Swi2 in yeast  [16]. These subunits utilize energy from 

ATP hydrolysis to remodel chromatin [24, 25].  β-actin and BAF53 (ACTL6) are core 

components of the BAF complex that are required for maximal ATPase activity of BRG1 

[26]. Other core members that are present in most of the BAF complexes are BAF47 and 

BAF155 [16]. The remaining subunits, such as BAF53A/B, BAF250A/B and 
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BAF60A/B/C, are interchangeable, and allow combinatorial assembly of the complex to 

perform specialized function in a tissue-specific manner [16, 20, 27, 28]. 

The tissue specific BAF complexes have unique roles in embryonic development. 

For example, npBAF complex, which includes ACTL6A (BAF53A), SS18 and BAF45a 

subunits, is specific to neuronal progenitor cells, while they are replaced by ACTL6B 

(BAF53B), CREST and BAF45b subunits in nBAF complex that are specific to neurons 

[29, 30].  Likewise, hematopoietic stem cells  contain BAF60b, c and BRM as the defining 

subunit of the BAF complex. Although the fundamental role of BAF complex is to remodel 

chromatin, other specialized functions of the complex are still under investigation. 

The BAF complex was initially implicated as a tumor suppressor [20, 27, 31], and 

mutations in subunits of BAF complex have been identified in several human diseases 

including a number of cancers.  Exome sequencing analysis reveals that more than 20% of 

human cancers contain mutations in at least one subunit of BAF complex [20]. For 

example, the biallelic inactivation of BAF47 in 100% of  malignant rhabdoid tumors 

suggests a tumor suppressor function of the BAF complex [32-34]. BAF250A has been 

found to be mutated in multiple cancers including colon and rectal cancers [35], pancreatic 

cancer [36], cholangiocarcinomas [37], gastric cancer [20, 36, 38] and ovarian clear cell 

carcinoma [39]. More specifically, the ATPase subunits of SWI/SNF complex, BRG1 and 

BRM, are mutated in breast cancer, lung cancer and medulloblastoma [20]. Moreover, 

mutations in several subunits of the complex including BRG1 and BAF250 are also found 

in patients with neural diseases such as Coffin-Siris syndrome and Nicolaides-Baraitser 

syndrome that cause language acquisition problems and mental retardation  [40, 41]. 
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At least two subunits of the BAF complex, SS18 and ACTL6A, have also been 

found to have an oncogenic role. The formation of a SS18-SSX oncogenic fusion protein 

due to translocation of SS18 gene to SSX gene is the hallmark of all synovial sarcomas 

[42]. On the other hand, the ACTL6A subunit of the BAF complex is an oncogenic factor 

that is overexpressed in multiple cancers including hepatocellular carcinoma [43], 

osteosarcoma [44] and ovarian cancer [45]. 

It should be noted that the role of individual BAF complex subunits is not fully 

understood. It is thought that most subunits of the BAF complex are dedicated to the 

complex in a tissue specific manner. However, ACTL6A is one of the two subunits in the 

BAF complex, besides β-actin, that has been found to have an independent role [20, 46]. 

ACTL6A is reported to have a number of important functions in cancer biology:  it helps 

to maintain self-renewal capacity of the epidermal stem cells, serves as c-myc cofactor in 

cancer stem cells, promotes repair of cisplatin-induced DNA-damage causing resistance to 

cisplatin treatment, acts as a pro-cancer factor in squamous cell carcinoma of the lungs, 

and head and neck, and promotes epithelial mesenchymal transition in ovarian cancer [43, 

44, 47-50]. Additionally, ACTL6A levels have also been shown to be elevated in 

hepatocellular carcinoma, glioblastoma, rhabdoid tumors and ovarian cancer [51]. 

The biochemical mechanisms by which ACTL6A functions is a subject of ongoing 

study. ACTL6A stabilizes transcription regulators of the hippo signaling pathway, YAP1 

(Yes Associated protein 1)/TAZ (Transcriptional coactivator with PDZ-binding motif), and 

suppresses expression of p21Cip1, a cyclin-dependent kinase inhibitor and tumor suppressor 

[52, 53]. Moreover, ACTL6A interacts with p53 and suppresses p53-dependent p21Cip1 

transcription to repress cell differentiation via SOX2/Notch1 signaling pathway [54, 55]. 
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ACTL6A also regulates follicle-stimulating hormone-driven glycolysis in ovarian cancer 

by increasing the expression of PKG1 [45]. However, to the best of our knowledge, the 

role of ACTL6A has not been studied in epidermal squamous cell carcinoma or 

mesothelioma. In our studies, we show a new biochemical mechanism where ACTL6A-

mediated suppression of p21Cip1 helps to maintain an aggressive epidermal and 

mesothelioma cancer phenotype independent of p53. 

 

D. p21Cip1  

Our studies show that p21Cip1 (WAF1, CDKN1A) is the key mediator of ACTL6A 

function. p21Cip1 is encoded by human CDKN1A gene on chromosome 6 in position 6p21.2 

[56]. p21Cip1 is a cyclin dependent kinase (CDK) inhibitor protein that belongs to CIP/Kip 

family of cyclin-dependent kinase inhibitors (CKIs) [57, 58]. CIP/Kip proteins include p21, 

p27 and p57 that regulate CDK and cyclin activity [59, 60]. Cyclins and CDKs control cell 

cycle progression by regulating transition of cell cycle progression from G1 to S and G2 to 

M [58, 61]. Upon cellular stress caused by oxidative state or DNA damage, p21Cip1 

expression is induced which leads to interruption in the cell cycle progression [60, 62]. 

p21Cip1 can arrest the cell cycle by inhibiting CDK4,6/cyclin-D at G1/S phase and 

CDK2/cyclin-E at G2/M phase of the cell cycle [63].  The induction of p21Cip1 expression 

upon cellular stress is mainly dependent on p53, a well-known tumor suppressor, and the 

main regulator of p21Cip1 transcription [63-65]. 

In a normal cells, p53 is repressed by MDM2 which promotes p53 degradation by 

ubiquitination [66, 67]. However, upon cellular stress, such as DNA damage and oxidative 
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stress, MDM2 fails to repress p53 protein, which leads to its upregulation [68]. The p53 

protein can then translocate to the nucleus and bind to various downstream target genes to 

induce cell cycle arrest, apoptotic cell death pathways, and senescence [69-71]. This ability 

of p53 to induce cell cycle arrest and cell death via multiple pathways makes p53 a major 

tumor suppressor and is known as the “guardian of the genome” [69, 72]. In fact, the p53 

function is inactivated in almost all tumors via various mechanisms including mutations in 

TP53 gene and upregulation of p53 repressor MDM2. 

p53 is a sequence-specific transcription factor that regulates transcription of target 

genes to implement diverse biological functions [70, 72]. p53 contains two N-terminal 

transactivation domains (TAD), a DNA binding domain, an oligomerization domain, and 

a regulatory C-terminal domain [73-75]. Either one or both of the TADs are required for 

transactivation of target genes and related pathways [76]. The oligomerization domain 

allows p53 tetramer formation and recognition of p53-responsive elements [73]. The DNA 

binding domain allows p53 tetramer to directly bind to DNA and regulate transcription of 

p53 target genes such as p21Cip1 and BCL2 to suppress cell cycle progression and to 

mediate apoptosis respectively [73, 77]. The structurally flexible C-terminal domain assists 

in recognition of p53-responsive elements and also facilitates stabilization of the p53-DNA 

complex [78, 79].  

CDKN1A, the gene responsible for p21Cip1 protein, was the first p53 target to be 

identified [80]. The p21Cip1 promoter contains two p53-responsive elements that the p53 

protein can directly bind to and promote transcription [60]. However, there are many p53-

independent factors that regulate p21Cip1 expression [81]. p21Cip1 expression is also 

regulated by steroid hormones [82], tumor necrosis factor-α (TNF-α) [83], progesterone 
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[84], and transforming growth factor- β (TGF-β) [62, 85].  These factors affect p21Cip1 gene 

expression via Sp1 proteins that bind to six proximal Sp1 binding sites on the p21Cip1 

promoter [86]. Sp1 protein belongs to the /KLF transcription factors family that binds to 

Sp1 sites and are required for basal promoter activity [87]. The regulation of p21Cip1 gene 

expression and regulation of downstream targets by p21Cip1 are subjects of great interest 

and ongoing studies in cancer research. 

The interest in the molecular mechanisms of p21Cip1 function arises mostly because 

of its known role as a tumor suppressor and the finding that p21Cip1 function is inactivated 

in many cancers [81]. The loss of p21Cip1 expression could be due to loss of p53 function 

or increased expression of oncogenes such as c-myc that can downregulate p21Cip1 

expression [62, 85, 88]. Increased p21Cip1 expression in cancer cells has been shown to 

positively impact cancer treatments [89, 90]. 

Interestingly, p21Cip1 appears to have contrasting functions. In contrast to cell cycle 

arrest and tumor suppression, p21Cip1 could also assist in inhibiting apoptosis suggesting 

its oncogenic role [85]. While p21Cip1 in the nucleus leads to activation of cell cycle arrest, 

downregulation of DNA repair and induction of cell senescence, studies suggest that 

cytoplasmic localization of p21Cip1 is associated with cell growth caused by activation of 

an anti-apoptotic pathway.  This dual nature of p21Cip1 function in cancer makes the study 

of p21Cip1 regulation intriguing as well as essential.  It is crucial to identify and understand 

the regulators of p21Cip1 so that they could be appropriately targeted to maximize the 

benefits of novel cancer therapies. 
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E. Scope of work 

The focus of my doctoral dissertation is to understand the role of Actin-like protein 

6A (ACTL6A) in SCC and mesothelioma. Mesothelioma and SCC are two distinct cancers. 

SCC arises from the squamous cells in the epidermis while mesothelioma arises from the 

mesothelium. Epidermal SCC is a common form of cancer that can be easily treated but 

may progress to aggressive forms. Mesothelioma, on the other hand, is a highly invasive 

and fatal disease. 

Our interests in ACTL6A stems from the fact that it has been shown to stabilize 

Yes-associated protein 1 (YAP1) to activate YAP1 signaling [53] which serves as a target 

of transglutaminase 2 (TG2)-mediated pro-cancer signaling. TG2 is a member of 

transglutaminase family that functions not only as a transamidating enzyme but also as a 

GTP binding protein [15, 91, 92]. Studies in our lab implicate TG2 in pro-cancer signaling 

in both SCC and mesothelioma [6, 14, 93-96]. Since TG2 suppresses Hippo signaling, 

which permits activation of YAP1/TAZ/TEAD (transcription enhanced associate domains) 

related pro-cancer transcription to drive the cancer phenotype, loss of TG2 function reduces 

the cancer cell phenotype in ECS and MCS [5, 6, 14, 15, 93, 94, 97]. Hippo signaling is an 

evolutionary conserved pathway that controls organ size during development by regulating 

cell fate [98]. YAP1 and TAZ are the main downstream mediators of the Hippo pathway 

that interact with TEAD transcription factors to enhance cell proliferation [99, 100].  

As noted above, we showed that TG2 elevates the expression of YAP1 protein 

which also stabilizes ∆Np63α (N-terminal p53-homologous transactivation domain) 

transcription factor to maintain ECS and MCS cell function [93, 95, 101, 102].  We were 

very interested in ACTL6A as it was shown to co-amplify with ∆Np63α protein to maintain 
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aggressive cancer phenotype in head and neck squamous cell carcinoma [53]. We reasoned 

that interfering with ACTL6A function may attenuate TG2-dependent YAP1/ΔNp63α 

activity and subsequently diminish the SCC and mesothelioma phenotypes.  However, we 

were not able to identify the role of ACTL6A in regulating YAP1/∆Np63α in SCC or 

mesothelioma.  Instead, my studies show that ACTL6A functions via a common 

mechanism to enhance the cancer phenotype in both SCC and mesothelioma. We show that 

ACTL6A maintains the cancer phenotype by suppressing p21Cip1 transcription independent 

of the p53 protein function. p21Cip1 suppression then leads to increased cancer cell 

phenotypes such as spheroid formation, invasion, and migration.  Moreover, we show that 

loss of p21Cip1 is required for the ACTL6A effect.  In both cancer types, ACTL6A 

suppresses transcription of p21Cip1 gene by interacting with p21Cip1 promoter, specifically 

on the proximal Sp1 sites and the distal p53 DNA responsive elements sites of the p21Cip1 

promoter. Chapter 2 and 3, respectively, will discuss the role of ACTL6A in enhancing 

SCC and mesothelioma cancer phenotypes. Our findings suggest that ACTL6A is a therapy 

target in two different types of cancers that may also be relevant in many other types of 

cancers. 
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CHAPTER 2 

 

ACTL6A suppresses p21Cip1 expression to enhance the epidermal squamous cell 

carcinoma phenotype 

 

ABSTRACT 

 Epidermal squamous cell carcinoma (SCC) is a common and highly invasive form of 

cancer.  SCC arises due to ultraviolet light exposure and is associated with increased 

expression of pro-cancer genes and reduced expression of cancer suppressors.  Actin-Like 

Protein 6A (ACTL6A, BAF53a) is an important protein subunit of the SWI/SNF epigenetic 

chromatin regulatory complex.  ACTL6A is elevated in cancer cells and has been 

implicated as a driver of cancer cell proliferation and tumor growth.  In the present study, 

we show that ACTL6A drives SCC cell proliferation, spheroid formation, invasion and 

migration, and that these activities are markedly reduced by ACTL6A knockdown.  We 

further show that ACTL6A expression is associated with reduced levels of the p21Cip1 

cyclin-dependent kinase inhibitor and tumor suppressor protein.  Molecular studies show 

that ACTL6A interacts with p53 DNA response elements in the p21Cip1 gene promoter to 

suppress p21Cip1 promoter activity and mRNA and protein level.  Additional studies show 

that an increase in p21Cip1 expression in ACTL6A knockdown cells is required for 

suppression of the SCC cell phenotype, suggesting that p21Cip1 is a mediator of ACTL6A 

action.  We further show that this regulation may be p53 independent.  These findings 

suggest that ACTL6A suppresses p21Cip1 promoter activity to reduce p21Cip1 protein as a 

mechanism to maintain the aggressive epidermal squamous cell carcinoma phenotype. 
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INTRODUCTION 

 

 Epidermal squamous cell carcinoma (SCC) is among the most common cancers, with 

approximately 1 million cases per year in the US [103, 104].  SCC is treated by surgical 

excision, but the recurrence and metastatic rates still approach 10% [104].  Because this is 

a common cancer there are many cases of recurrent therapy-resistant cancer.  It is thought 

that this involves expansion of epidermal cancer stem cells to form rapidly growing, 

aggressive and invasive tumors [5-7].  Treatment of these cancers has not been successful 

[3] and so identification of new targets is a major goal. 

 The SWI/SNF epigenetic regulatory complex controls nucleosome phasing, chromatin 

remodeling and transcription [20, 31].  The SWI/SNF complex is a large multi-subunit 

complex that generally acts as a tumor suppressor; however, protein subunits of this 

complex are frequently mutated or lost in tumors creating conditions that are permissive 

for cancer development [20].  BAF47, for example, is often lost/mutated in malignant 

rhabdoid cancer [20] and the Brg1 and Brm proteins, which are the SWI/SNF complex 

catalytic subunits, are lost in various cancer cell types [105]. ACTL6A (Actin-Like Protein 

6A) is a protein that interacts with the SWI/SNF complex to activate the Brg1 ATPase [26].  

However, ACTL6A also acts independent of the SWI/SNF complex to enhance cancer cell 

survival [47, 50, 106, 107].  ACTL6A maintains epidermal stem cell self-renewal to 

prevent differentiation [108], serves as a c-myc cofactor in cancer stem cells where it acts 

as an oncogenic driver [48] and is associated with epithelial-mesenchymal transition and 

metastasis [43, 44, 49].  Moreover, ACTL6A overexpression predicts a poor prognosis 

[44]. 
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 ACTL6A has been reported to stabilize the YAP1/TAZ pro-cancer transcriptional 

regulators [52, 53], and to suppress expression of the p21Cip1 tumor suppressor [54, 109, 

110].  We were interested to understand the role of ACTL6A in epidermal squamous cell 

carcinoma, as YAP1/TAZ [95, 101] and p53/p21Cip1 signaling [111-113] regulate the 

cancer phenotype.  In the present study, we show that ACTL6A enhances the SCC cancer 

cell phenotype by interacting with and suppressing p21Cip1 promoter activity to reduce 

p21Cip1 mRNA and protein.  We further confirm that ACTL6A suppression of p21Cip1 level 

is required for optimal cancer cell proliferation, spheroid formation, invasion, migration 

and tumor formation.  Our findings support a model where ACTL6A interacts with the p53 

response elements in the p21Cip1 promoter to reduce expression via a p53-independent 

mechanism, and that loss of p21Cip1 tumor suppressor enhances the epidermal squamous 

cell carcinoma phenotype. 

 

RESULTS 

 

 ACTL6A maintains p21Cip1 level to suppress the cancer cell phenotype   We initiated 

this study, by examining the impact of suppressing ACTL6A function on cell proliferation, 

spheroid formation, invasion and migration.  Enhanced spheroid formation, invasion and 

migration are phenotypic hallmarks of epidermal cancer stem cells [5, 95, 101, 114-116].  

Fig. 1A shows the successful knockdown of ACTL6A.  Fig. 1B/C/D/E show that ACTL6A 

loss is associated with reduced SCC-13 cell proliferation, spheroid formation, matrigel 

invasion and migration.  To understand how ACTL6A enhances the ECS cell phenotype, 
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we assessed the impact of ACTL6A loss on apoptosis and on p21Cip1 cyclin-dependent 

kinase inhibitor level.  Fig. 1F shows that ACTL6A knockdown does not alter procaspase 

or PARP level, suggesting that ACTL6A does not maintain the pro-cancer phenotype by 

suppressing apoptosis.  In contrast, ACTL6A loss results in a substantial increase in p21Cip1 

(Fig. 1G), suggesting a possible role for p21Cip1.  As a complementary approach to study 

the relationship between ACTL6A and p21Cip1, we created ACTL6A knockout cell lines 

and examined the impact on p21Cip1 expression and the cancer phenotype.  Fig. 1H 

confirms ACTL6A knockdown in each of three clonal ACTL6A knockout cell lines.  Fig. 

1I/J/K confirms that this is associated with increased p21Cip1 expression and shows that 

stable ACTL6A loss reduces cancer cell proliferation, spheroid formation and invasion. 
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Fig. 1   ACTL6A knockdown attenuates the cancer cell phenotype   A Successful siRNA 

knockdown of ACTL6A.  B/C/D/E ACTL6A knockdown reduces SCC-13 cell 

proliferation, spheroid formation, invasion and migration.  F ACTL6A knockdown does 

not impact apoptosis marker levels.  G ACTL6A knockdown results in increased p21Cip1 

levels.  H/I/J/K ACTL6A knockout cells display increased p21Cip1 level which is 

associated with reduced cell proliferation, invasion and spheroid formation. 
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FIGURE 1.
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 p21Cip1 regulates the ECS cell phenotype   Fig. 1G suggests that ACTL6A may suppress 

p21Cip1 to drive the ECS cell phenotype.  To assess the role of p21Cip1 as a mediator of 

ACTL6A action, we performed p21Cip1 knockdown experiments.  Fig. 2A shows that 

p21Cip1 knockdown does not alter ACTL6A level, suggesting that p21Cip1 is a downstream 

target of ACTL6A.  Figs. 2B/C show that loss of p21Cip1 increases cell matrigel invasion 

and migration.  We next treated ACTL6A knockout cells, which express elevated levels of 

p21Cip1, with p21Cip1-siRNA and monitored the impact on matrigel invasion and migration.  

Fig. 2D shows the successful knockdown of p21Cip1 and Fig. 2E/F show that reducing 

p21Cip1 level restores cell matrigel invasion and migration.  These findings confirm that 

ACTL6A suppresses p21Cip1 level as a mechanism to enhance the cancer cell phenotype. 

 ACTL6A regulates p21Cip1 promoter activity   We next examined the mechanism 

responsible for increased p21Cip1 in ACTL6A knockdown cells by studying the impact of 

ACTL6A on p21Cip1 mRNA level and promoter activity.  Fig. 2G/H shows an increase in 

p21Cip1 protein and mRNA level following ACTL6A knockdown.  To determine if this 

RNA increase is due to transcriptional regulation, we measured the impact of ACTL6A 

loss on the activity of p21-2326 Luc, which encodes the full-length p21Cip1 gene promoter 

fused to the luciferase reporter gene.  Fig. 2I shows that ACTL6A loss results in increased 

p21Cip1 promoter activity.  Fig. 2J shows a map of the p21Cip1 promoter, identifying the 

position of the p53 (p53-1 and p53-2) cis-acting DNA binding elements, that are important 

mediators of p21Cip1 transcription activation and the canonical Sp1 response region (Sp1) 

which encodes six Sp1 response elements [112, 117].  To determine if the p53 sites are 

required for ACTL6A regulation of p21Cip1 in SCC cells, we measured the impact of 

ACTL6A loss on activity of wild-type and p53 site-mutant p21Cip1 reporter constructs.  
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Loss of ACTL6A results in a substantial increase in luciferase activity for p21-2326 and 

p21-2326 (p53-∆2), but not for p21-2326 (p53-∆1) or p21-2326 (p53-∆1/∆2), suggesting 

that the p53-1 site is required for ACTL6A suppression of p21Cip1 promoter activity (Fig. 

2K).  Consistent with a role for ACTL6A in suppressing p21Cip1 promoter activity, we 

demonstrate that p21Cip1 promoter activity is increased in ACTL6A stable knockout cells 

(Fig. 2L). 
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Fig. 2    p21Cip mediates ACTL6A action   A Successful siRNA knockdown of p21Cip1 with 

absence of impact on ACTL6A protein level.  B/C p21Cip1 knockdown enhances matrigel 

invasion and migration.  D Successful p21Cip1 knockdown in ACTL6A knockout cells.  E/F 

p21Cip1 knockdown in ACTL6A-null cells enhances cell invasion and migration.  G/H 

ACTL6A knockdown increases p21Cip1 protein and mRNA levels.  I ACTL6A knockdown 

increases activity of the full-length p21Cip1 promoter.  J p21Cip1 promoter map showing the 

full-length promoter (nucleotides -2326/-1) including the proximal Sp1 response region, 

the two p53 response elements and the start of transcription (arrow).  The sequence of the 

wild-type and mutant p53 elements are also shown.  K The p53-1 site is required for the 

increase in p21Cip1 promoter activity in response to ACTL6A knockdown.  L p21Cip1 

promoter activity is elevated in ACTL6A-knockout cells lines as compare to wild-type 

cells. 
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FIGURE 2. 
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 Mutant p53 does not mediate ACTL6A action   p53 is known to bind to the p21Cip1 

promoter to activate transcription [113, 117].  To determine if ACTL6A suppresses p53 

level to reduce p21Cip1, we treated SCC-13 cells with control- or ACTL6A-siRNA and 

monitored the impact on p53 expression.  As shown in Fig. 3A/B, loss of ACTL6A 

increases p53 mRNA and protein, and this is associated with increased p21Cip1 levels 

suggesting that p53 may drive p21Cip1 expression in ACTL6A knockdown cells.  Moreover, 

ACTL6A/p53 coprecipitation (Fig. 3C) suggests a cooperative mechanism of action.  If 

p53 drives p21Cip1 expression, we would anticipate that interfering with the p53 function 

in ACTL6A knockdown cells would attenuate the increase in p21Cip1.  The ACTL6A-

siRNA/p53-siRNA lane in Fig. 3D shows that suppressing the p53 increase in response to 

ACTL6A knockdown does not attenuate the increase in p21Cip1.  Moreover, suppressing 

p53 does not attenuate the increase in p21Cip1 promoter activity, the decrease in cell 

proliferation or the decrease in matrigel invasion and migration (Fig. E/F/G/H) observed 

in ACTL6A knockdown cells.  These findings suggest that p53 does not regulate p21Cip1 

level or the cancer phenotype.  To gain additional insight, we measured ACTL6A and p53 

interaction at the p21Cip1 promoter proximal region (which encodes six Sp1 sites) and at 

the p53-1 and p53-2 binding sites.  We identified ACTL6A binding at the p53-1 and p53-

2 sites, and at the proximal promoter, but no p53 interaction on these elements (Fig. 3I).  

The lack of p53 binding at these sites is consistent with the lack of p53 impact on cancer 

cell endpoints.  This lack of a role for p53 likely relates to the fact that SCC-13 cells express 

a mutant inactive form of p53 [118]. 
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Fig. 3   p53 may not be required for ACTL6A regulation of p21Cip1 level   A/B ACTL6A-

knockdown results in increased p53 and p21Cip1 levels.  C p53/ACTL6A interaction is 

documented by co-precipitation following incubation of 200 µg cell lysate with 1 µg IgG 

or anti-p53 antibody and immunoblot with anti-ACTL6A.  D ACTL6A knockdown 

increases p21Cip1 level, and this regulation was not impacted by manipulating p53 level.  E 

ACTL6A knockdown increases p21Cip1 promoter activity but manipulating p53 level does 

not alter p21Cip1 promoter activity.  F/G/H ACTL6A knockdown attenuates SCC-13 cell 

proliferation, matrigel invasion and migration, but these endpoints are minimally impacted 

by p53.  I ChIP assay shows that ACTL6A, but not mutant p53, interacts with the p21Cip1 

proximal promoter Sp1 region and the p53 response elements. 
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FIGURE 3. 
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 Role of ACTL6A in HaCaT cells   To assess the role of ACTL6A in a second model 

system, we used HaCaT cells, an immortalized cell line derived from epidermis [119].  Fig. 

4A shows that ACTL6A knockdown increases p53 and p21Cip1 in HaCaT cells and Fig. 

4B/C show that ACTL6A loss is associated with reduced spheroid formation (number and 

size) and migration, suggesting that ACTL6 functions to maintain the HaCaT cell cancer 

phenotype.  We further show (Fig. 4D) that loss of ACTL6A increases p21Cip1 promoter 

activity and that mutation of the p53 binding sites attenuates the increase in promoter 

activity.  To assess the role of p53 in regulating the HaCaT cell phenotype, we compared 

the impact of ACTL6A and p53 knockdown in HaCaT cells.  Fig. 4E shows that ACTL6A 

knockdown, or simultaneous knockdown of ACTL6A and p53 leads to increased p21Cip1 

and reduced HaCaT cell migration.  In contrast, p53 knockdown did not impact either 

endpoint.  Moreover, ChIP analysis revealed interaction of ACTL6A at the p21Cip1 

promoter proximal Sp1 region and p53 binding sites.  In contrast, p53 binding is not 

observed (Fig. 4F).  These findings suggest that mutant p53 does not modulate ACTL6A 

regulation of p21Cip1 or the cancer phenotype. 
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Fig. 4   ACTL6A modulates p21Cip1 level to control the HaCaT phenotype   A ACTL6A 

knockdown results in increased p53 and p21Cip1 levels.  B/C ACTL6A knockdown reduces 

HaCaT cell spheroid formation and migration.  D ACTL6A knockdown results in increased 

p21Cip1 promoter activity and this increase requires both p53 binding elements (p53-1 and 

p53-2).  E ACTL6A knockdown increases p21Cip1 level, but p53 knockdown does not 

influence p21Cip1 level.  ACTL6A loss reduces cell migration, but migration is minimally 

impacted by p53 knockdown.  F ChIP analysis shows that ACTL6A interacts at the 

proximal promoter Sp1 region and the p53 binding sites (p53-1 and p53-2), but that p53 

does not bind at these sites. 
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FIGURE 4. 
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 Role of ACTL6A in tumor formation   To study the role of ACTL6A in tumor 

formation, we examined the ability of spheroid-derived wild-type and ACTL6A null cells 

to form tumors in immune-compromised mice.  We show results from two specific 

ACTL6A knockout cell lines, SCC-13-ACTL6A-KOc1-10-4 and SCC-13-ACTL6A-

KOc1-10-3.  Fig. 5A shows that SCC-13-ACTL6A-KOc1-10-4 cells display reduced 

tumor growth.  Fig. 5B shows that loss of ACTL6A is associated with increased p53 and 

p21Cip1, a result that is consistent with the findings from cultured cells.  In addition, Fig. 

5C show that apoptosis is minimally increased in the ACTL6A null tumors as evidenced 

by increased presence of cleaved caspase 8 and 9 and cleaved PARP.   Similar results were 

observed in SCC-13-ACTL6A-KOc-1-10-3 cells.  Fig. 5D shows a marked reduction in 

SCC-13-ACTL6A-KOc-1-10-3 cell tumor formation compared to SCC-13 cells, and Fig. 

5E/F show that this is associated with increased expression of p53 and p21Cip1, and 

enhanced apoptosis. 
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Fig. 5   ACTL6A knockout reduces tumor formation   A Spheroid-derived SCC-13 wild-

type cells and SCC-13 ACTL6A knockout cell clones (SCC13-ACTL6A-KOc1-10-4 and 

SCC13-ACTL6A-KOc1-10-3) were injected into each front flank in NSG mice and tumor 

formation was monitored for 0 - 4 wk.  Images of tumors were taken at 4 wk. A/B/C 

ACTL6A knockout cell (SCC13-ACTL6A-KOc1-10-4) tumor formation is reduced, and 

this is associated with increased p53 and p21Cip1 levels and minimal impact on apoptosis.  

D/E/F ACTL6A knockout cell (SCC13-ACTL6A-KOc1-10-3) tumor formation is 

reduced, and this is associated with increased p53 and p21Cip1 levels and activation of 

apoptosis.  G Schematic describing the role of ACTL6A in regulating cancer cell function 

(details in text). 
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FIGURE 5.  
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DISCUSSION 

 

 ACTL6A enhances the SCC cell cancer phenotype   ACTL6A has been implicated in 

regulation of neural progenitor cell proliferation and differentiation [94, 120], maintenance 

of a stem-like state in epidermal keratinocytes [108] and regulation of EMT, invasion and 

migration in osteosarcoma and hepatocellular carcinoma [43, 44].  In the present study, we 

show that transient ACTL6A knockdown reduces SCC cell proliferation, spheroid 

formation, matrigel invasion and migration.  These findings were confirmed using multiple 

clonal ACTL6A knockout cell lines.  Biochemical analysis shows that loss of ACTL6A 

does not promote apoptosis, suggesting that enhanced apoptotic cell death is not a cause of 

the attenuated cancer phenotype.  However, ACTL6A knockdown does result in a marked 

increase in p21Cip1, suggesting that this cyclin-dependent kinase inhibitor/tumor suppressor 

may be a downstream target that mediates ACTL6A suppression of the cancer cell 

phenotype.  To test this, we monitored the impact of p21Cip1 knockdown on cancer cell 

properties.  These studies show that p21Cip1 loss results in increased cancer cell matrigel 

invasion and migration.  In addition, ACTL6A knockout cell lines express increased levels 

of p21Cip1 and display reduced invasion and migration.  Knockdown of p21Cip1 in these cell 

clones resulted in increased cell matrigel invasion and migration.  Taken together, these 

findings confirm that the increase in p21Cip1 in ACTL6A negative cells attenuates the 

cancer phenotype, and that p21Cip1 is a biologically important downstream mediator of 

ACTL6A action. 

 ACTL6A regulates p21Cip1 gene transcription   Our studies show that p21Cip1 level is 

increased in ACTL6A knockdown cells, and that the increased p21Cip1 level is associated 
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with increased p21Cip1 mRNA and p21Cip1 gene promoter activity, suggesting 

transcriptional regulation.  ACTL6A loss is also associated with increased p53 levels 

suggesting that p53, a known positive regulator of p21Cip1 expression [80], may be driving 

p21Cip1 gene expression in ACTL6A deficient cells.  Further analysis reveals that the p53-

1 and/or p53-2 DNA binding sites in the p21Cip1 promoter are required for increased 

promoter activity in ACTL6A knockdown or knockout cells and that mutation of these 

sites eliminates the increase.  These studies strongly suggest a role for p53; however, 

suppression of the p53 increase observed in ACTL6A knockdown cells does not attenuate 

the increase in p21Cip1.  Moreover, modulating p53 level did not attenuate the reduction in 

cell proliferation, matrigel invasion or migration observed in ACTL6A deficient cells.  

These findings suggest that although ACTL6A interacts with p53 and regulates p53 mRNA 

and protein level, p53 is not involved as a regulator of p21Cip1 expression.  Our finding 

contrasts with a study showing that ACTL6A reduces p21Cip1 level by interacting with wild 

type p53 to increase p53 acetylation leading to reduced p53 binding to the p21Cip1 promoter 

and reduced promoter activity [54].  Our finding that ACTL6A regulation of p21Cip1 

expression does not involve p53 is likely because of the presence of mutant p53.  In SCC-

13 cells p53 glutamate 258 is mutated to lysine (E258K) [118] and in HaCaT cells p53 

histidine 179 is mutated to tyrosine (H179Y) and arginine 282 is mutated to tryptophan 

(R282W) [14].  These p53 DNA binding domain mutations appear to prohibit interaction 

of these mutants with the p53 response elements.  This likely explains why SCC-13 and 

HaCaT cell-derived p53 do not bind to the p21Cip1 promoter p53 response elements, and 

why manipulating p53 level does not modulate ACTL6A regulation of p21Cip1 expression 

in these cells. 
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 The above findings suggest that ACTL6A acts alone (i.e., without p53), or acts with 

presently unknown partners, to suppress p21Cip1 gene expression.  It is possible that other 

p53 family members, such as ∆Np63α, which are known to regulate p21Cip1 expression, 

may have a role [121].  Identifying co-regulators that act with ACTL6A will require further 

study. 

 ACTL6A regulation of tumor formation   To assess the in vivo relevance of these 

findings, we tested the impact of ACTL6A knockout on tumor formation.  Epidermal 

cancer stem cells (ECS cells), derived from spheroid cultures of SCC-13 wild-type cells 

and ACTL6A knockout clones, were injected into immunocompromised mice to monitor 

the impact of ACTL6A loss on tumor formation.  We observe a dramatic reduction in tumor 

size for ACTL6A knockout tumors.  Biochemical analysis of tumor extracts confirms 

ACTL6A knockout and shows that this is associated with increased levels of p53 and 

p21Cip1 and enhanced apoptosis.  Thus, in both tumors and cultured cells, ACTL6A loss 

results in increased p21Cip1 levels and this is associated with an attenuated cancer 

phenotype.  The only difference we observe is that ACTL6A loss results in a minimal 

increase in  apoptosis in tumors but not in cultured cells, a finding that could be expected 

considering that the cell environment is markedly different in the two conditions.  The 

tumor findings are interesting in that the spheroid-derived cells are highly enriched in 

cancer stem cells [5].  The fact that ACTL6A knockout dramatically reduces growth of 

these cancer stem cell-enriched tumors argues that ACTL6A has an important role in 

maintaining the cancer stem cell population.  This result is consistent with the reduction in 

the size of the cancer stem cell-enriched spheroids following ACTL6A knockdown or 

knockout (Fig. 1K and Fig. 4B). 
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 ACTL6A function in epidermal squamous cell carcinoma   Our findings indicate that 

ACTL6A loss in epidermal squamous cell carcinoma results in increased transcription of 

p21Cip1 which leads to reduced cancer cell proliferation, spheroid formation, matrigel 

invasion, migration and tumor formation.  Moreover, knockdown of p21Cip1, in the context 

of ACTL6A knockout, reduces the response to ACTL6A loss suggesting that p21Cip1 is a 

biologically relevant mediator of ACTL6A action.  This suggests that ACTL6A interacts 

at the p21Cip1 promoter p53 consensus binding sites (p53-1, p53-2) to suppress p21Cip1 gene 

transcription (Fig. 5G).  ACTL6A binding to these elements most likely requires other 

factors, but our studies suggest that p53 may not be involved.  We note that ACTL6A is 

also enriched at the proximal promoter region that encodes six Sp1 sites that are known to 

be involved in regulation of p21Cip1 gene expression [117].  This suggests that the proximal 

promoter may also be involved in ACTL6A regulation of p21Cip1.  Additional studies will 

be necessary to assess this possibility.  Our findings support the concept that ACTL6A 

suppresses p21Cip1 transcription to reduce p21Cip1 mRNA and protein level and that this 

results in enhanced cancer cell proliferation, spheroid formation, invasion, migration and 

tumor formation. 

 

MATERIALS AND METHODS 

 

 Reagents   Rabbit anti-ACTL6A (A301-391A) was obtained from Bethyl Laboratories 

(Montgomery, TX).  Rabbit antibodies specific for p53 (9282), p21Cip1 (2947), Caspase-9 

(NB100-56708), cleaved PARP (556494), caspase-8 (9746) and ChIP grade IgG (2792) 



34 
 

were obtained from Cell Signaling Technologies (Danvers, MA).  Rabbit anti-caspase-3 

(NB100-56708) was obtained from Novus Biologicals (Centennial, CO).  Secondary rabbit 

IgG for immunoprecipitation (NI01) was obtained from Millipore/Sigma (St. Louis, MO).  

Control (sc-37007), p53 (sc-44218) and p21Cip1 (sc-29427) siRNA were obtained from 

Santa Cruz Biotechnology (Dallas, TX).  ACTL6A-siRNA (AM16708) was obtained from 

Ambion (Philadelphia, PA).  The Students t-test was used for statistical analysis.  Assays 

were completed in triplicate and single and double asterisks indicate, respectively, a 

significant reduction and increase (p < 0.005) in response. 

 Cell culture   SCC-13 are human epidermis derived, tumor forming, squamous cell 

carcinoma cells [115].  HaCaT cells are immortalized cells derived from human epidermis 

that do not form tumors [116].  Cells were maintained in growth medium contained DMEM 

supplemented with 4.5 mg/ml D-glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 

U/ml penicillin, 100 U/ml streptomycin and 5 % fetal calf serum.  To monitor cell 

proliferation, 20,000 cells were plated into 35 mm plates in triplicate in growth medium 

and cell number was monitored from 0 - 3 d.  To assay spheroid formation, cells maintained 

in growth medium were harvested, resuspended in spheroid medium [DMEM/F12 (1:1) 

containing 2% B27 serum-free supplement, 20 ng/ml EGF, 0.4% bovine serum albumin 

and 4 mg/ml insulin] and plated at 40,000 cells per 35 mm ultra-low attachment dish [114, 

122].  For cell invasion assay, 25,000 cells were plated into Millicell (1 cm diameter, 8 mm 

pore-size) chambers (353097) atop a 100 µl layer of 300 µg/ml matrigel (354234) [123].  

Millicell chambers and matrigel were purchased from BD Biosciences (San Diego, CA).  

Growth medium containing 1% FCS (top chamber) or 10% FCS (bottom chamber) was 

added and the ability of cells to pass through the membrane was monitored over 0 - 18 h.  
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The membrane was then fixed with 4% paraformaldehyde and stained with DAPI (D9542, 

Sigma Aldrich, Milwaukee, WI) and nuclei of the invading cells were detected by 

fluorescence microscopy [123].  For migration assay, scratch wounds were created in 

confluent monolayer cultures of cells using a pipette tip and closure of the wound was 

monitored from 0 - 24 h. 

 Electroporation   Cells (1.2 million) were suspended in 100 µl of nucleofection reagent 

(VPD-1002, Lonza, Williamsport, PA) containing 3 µg of control- or target specific-siRNA 

and electroporated using the T-018 setting on an AMAXA Electroporator [124].  Pre-

warmed growth medium (4 ml) was added and the cells were plated for 48 h in a 60 mm 

dish.  The electroporation was then repeated, and after overnight recovery, the cells were 

plated to study spheroid formation, invasion and migration [114, 122]. 

 Promoter activity assay   To measure the impact of ACTL6A on p21Cip1 promoter 

activity, cells were double-electroporated with 3 µg control- or ACTL6A-siRNA and 

plated onto 12 well plates in duplicate.  The cells were permitted to attach overnight and 

then 1 µg reporter plasmid was mixed with 3 µl of Fugene-6 for transfection [117].  The 

p21Cip1 promoter reporter constructs were cloned in pBluescript-Luc (empty vector, EV) 

as p21-2326, p21-2326 (∆p53-1), p21-2326 (∆p53-2) and p21-2326 (∆p53-1/2).  At 24 - 

48 h, post-transfection, extracts were prepared for luciferase activity assay.  p21-2326, 

which encodes the intact full length p21Cip1 promoter fused to luciferase, was provided by 

Dr. Bert Vogelstein [125].  The p21Cip1 p53 binding site mutant promoter constructs were 

previously described [117]. 
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 Immunological methods   An equivalent amount of protein was electrophoresed on 

denaturing and reducing 10% polyacrylamide gels and transferred to nitrocellulose.  The 

membrane was blocked by 5% non-fat dry milk and then incubated with appropriate 

primary and secondary antibody.  Antibody binding was visualized using 

chemiluminescence detection reagents [117].  For immunopreciptation, 200 µg of protein 

was incubated with 1 µg antibody overnight at 4oC.  Washed Pierce Protein A/G agarose 

(20421, Thermo Scientific, Frederick, MD) was added after 18 h and incubated at 4oC for 

4 h.  After washing, the beads were boiling in SDS buffer and aliquots were electrophoresed 

on denaturing and reducing polyacrylamide gels [117]. 

Chromatin immunoprecipitation (ChIP) ChIP was performed as described in the 

Diagenode LowCell# ChIP kit (kch-maglow-G48, Diagenode, Inc., Denville, NJ) protocol.  

Briefly, one million cells were trypsinized and washed with phosphate buffered saline 

containing 20 µM sodium butyrate.  The cells were crosslinked with 1% formaldehyde at 

room temperature for 10 min followed by quenching with 125 nM glycine.  Crosslinked 

cells were washed with phosphate buffered saline and lysed with Diagenode lysis buffer 

supplemented with 1 x protease inhibitor and 20 µM sodium butyrate.  The samples were 

chilled on ice and DNA was sheared using a 550 Sonic Dismembrator (five 30 second 

pulses at 30% amplitude with 30 seconds between pulses) to obtain 200 - 1000 bp DNA 

fragments.  The samples were diluted in Diagenode buffer containing 20 µM sodium 

butyrate and 1 x protease inhibitor.  ChIP grade antibodies (1 µg) were incubated with 

protein G coated magnetic beads for 3 h at 4oC and sheared chromatin (100,000 cells 

equivalent) was added to the beads and incubated overnight at 4oC.  DNA was isolated 

from the samples the next day using Diagenode DNA isolation buffer with proteinase K.  



37 
 

p21Cip1 promoter DNA were detected by qPCR using sequence specific primers and 

LightCycler 480 SYBR green I master mix.  ChIP analysis of the p21Cip1 promoter included 

primers that target the proximal Sp1 elements (forward 5'-

GCTGGGCAGCCAGGAGCCTG and reverse 5'-CTGCTCACACCTCAGCTGGC), the 

p53-1 site (forward 5'-GTGGCTCTGATTGGCTTTCTG and reverse 5'-

CTGAAAACAGGCAGCCCAAG) and the p53-2 site (forward 5'-

CCGAGGTCAGCTGCGTTAGAGG and reverse 5'-

AGAACCCAGGCTTGGAGCAGC). 

 ACTL6A knockout cells   ACTL6A-specific CRISPR guide RNA, forward (5’-

caccGGCGATAAAGGCAAACAAGG) and reverse (5’-

aaacCCTTGTTTGCCTTTATCGCC), were identified using tools at 

http://crispr.technology and cloned into the U6-driven pSpCas9(BB)-2A-Puro (PX459) 

V2.0 vector from Addgene.  The vector (3 µg) was electroporated into SCC-13 cells using 

the AMAXA electroporator and at 48 h pos-electroporation the cells were treated with 2 

µg/ml puromycin for 24 h followed by selection of single cell clones by dilution cloning. 

 qRT-PCR   RNA was isolated using Illustra RNAspin Mini kit (25050070, GE 

Healthcare, Chicago, IL), reverse-transcribed and quantified using the LightCycler 480 

PCR system (Roche Life Science, Branford, CT).  Specific PCR primers were used to 

quantify the transcript level using LightCycler 480 SYBR Green I, and signals were 

normalized to cyclophilin A.  The primers include p21Cip1 forward (5’-

CGTCTGCAACCACAGGGATTTCTT-3') and reverse (5'-

TGTTGATTGTCACATGCTTCCGGG-3'), and p53 forward (5'-

http://crispr.technology/
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TAACAGTTCCTGCATGGGCGGC-3') and reverse (5'-

AGGACAGGCACAAACACGCACC-3'). 

 Tumor xenografts   Cells (200,000) were re-suspended in 200 µl of phosphate buffered 

saline containing 30% matrigel and 100 µl was injected subcutaneously into each front 

flank of five 8-week-old NOD/scid/IL2 receptor γ chain knockout mice (NSG) per 

treatment group.  Tumor growth was monitored by measuring tumor diameter and 

calculating tumor volume = 4/3π x (diameter/2)3.  Tumor samples were harvested to 

prepare extracts for immunoblot [121]. 
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CHAPTER 3 

ACTL6A suppresses p21Cip1 tumor suppressor expression to maintain the aggressive 

mesothelioma cancer cell phenotype 

 

ABSTRACT 

 

Mesothelioma is a poor prognosis cancer of the mesothelial lining that develops in 

response to exposure to various agents including asbestos.  Actin-Like Protein 6A 

(ACTL6A, BAF53a) is a SWI/SNF regulatory complex protein that is elevated in cancer 

cells and has been implicated as a driver of cancer survival and tumor formation.  In the 

present study, we show that ACTL6A drives mesothelioma cancer cell proliferation, 

spheroid formation, invasion and migration, and that these activities are markedly 

attenuated by ACTL6A knockdown.  ACTL6A expression reduces the levels of the p21Cip1 

cyclin-dependent kinase inhibitor and tumor suppressor protein.  DNA binding studies 

show that ACTL6A interacts with Sp1 and p53 DNA response elements in the p21Cip1 gene 

promoter and that this is associated with reduced p21Cip1 promoter activity and p21Cip1 

mRNA and protein levels.  Moreover, ACTL6A suppression of p21Cip1 expression is 

required for maintenance of the aggressive mesothelioma cancer cell phenotype suggesting 

that p21Cip1 is a mediator of ACTL6A action.  p53, a known inducer of p21Cip1 expression, 

does not appear to have a necessary role in driving p21Cip1 expression.  These findings 

suggest that ACTL6A suppresses p21Cip1 promoter activity to reduce p21Cip1 protein as a 

mechanism to maintain the aggressive mesothelioma cell phenotype. 
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INTRODUCTION 

 

 Mesothelioma is an aggressive asbestos-triggered cancer arising from the mesothelial 

layer of the pleura and peritoneum that is considered incurable and is associated with poor 

life expectancy [8, 9].  Surgical resection with chemotherapy is the standard of care and 

drug resistance and cancer recurrence is a common problem [9, 126].  Mesothelioma cancer 

stem cells (MCS cells) are an important cell population that can survive therapy and give 

rise to drug-resistant cells.  Our goal is to identify proteins that have a role in promoting 

survival of MCS and non-stem cancer cells in mesothelioma [14, 127]. 

 SWI/SNF is a large multi-subunit epigenetic regulatory complex that acts as a tumor 

suppressor by controlling nucleosome spacing, chromatin structure and transcription [20, 

120].  However, some components of this complex have independent functions.  An 

important example is ACTL6A (Actin-Like Protein 6A), which interacts with the 

SWI/SNF complex to activate the Brg1 ATPase [26], and also acts independently to drive 

cancer cell survival [50, 106, 107, 115].  ACTL6A maintains stem cell self-renewal [108], 

acts as a c-myc cofactor to drive oncogenesis [48] and regulates epithelial-mesenchymal 

transition [43, 44, 49]. 

 In addition, ACTL6A stabilizes the YAP1/TAZ pro-cancer transcriptional regulators, 

which are part of the Hippo signaling cascades [52, 53], and reduces expression of the 

p21Cip1 tumor suppressor which was also observed in epidermal squamous cell carcinoma 

in Chapter 2 [54, 109, 110, 128].  We are interested in the role of ACTL6A in 

mesothelioma, as YAP1/TAZ function is required for optimal mesothelioma cancer cell 
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survival [96].  Moreover, expression of the p21Cip1 cyclin-dependent kinase inhibitor is 

induced by various anti-cancer agents and is associated with reduced mesothelioma cancer 

cell survival [129-131].  Our present study suggests that ACTL6A plays a role in 

maintaining the aggressive mesothelioma cancer cell phenotype by interacting with the 

p21Cip1 gene promoter to reduce transcription leading to reduced p21Cip1 mRNA and protein 

levels.  Moreover, we confirm that ACTL6A suppression of p21Cip1 is required for optimal 

suppression of the cancer phenotype, as p21Cip1 knockdown in ACTL6A knockdown cells 

enhances cell proliferation, spheroid formation, invasion and migration.  Our findings 

support a model where ACTL6A interacts with the Sp1 and p53 response elements in the 

p21Cip1 promoter to reduce p21Cip1 expression, and that loss of p21Cip1 tumor suppressor 

enhances the mesothelioma cancer phenotype. 

 

RESULTS 

 

ACTL6A maintains the aggressive mesothelioma cancer phenotype   We initiated 

these studies by examining the impact of ACTL6A knockdown on p21Cip1 expression and 

the cancer phenotype in patient derived peritoneal mesothelioma cell line, Meso-1.  Fig. 

6A confirms ACTL6A knockdown and shows that this is associated with increased levels 

of p21Cip1.  Fig. 6B/C/D show that ACTL6A loss is associated with reduced spheroid size 

and number, and reduced invasion and migration.  We next examined the impact of 

ACTL6A knockout and showed that ACTL6A-KOc1-1, ACTL6A-KOc1-2 and ACTL6A-

KOc1-5 clonal cell lines display increased p21Cip1 expression (Fig. 6E) and that loss of 
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ACTL6A is associated with reduced cell proliferation, spheroid formation and invasion 

(Fig. 6F/G/H).  The ACTL6A-KOc1-2 cells are less responsive.  These cells, which 

display a less pronounced increase in p21Cip1 level (Fig. 6E), display reduced spheroid 

formation, but proliferation and invasion are not reduced (Fig. 6F/G/H).  We also show 

that vector mediated expression of ACTL6A-FLAG in ACTL6A knockout cells, which 

have elevated p21Cip1 levels, reduces p21Cip1 mRNA and protein levels, suggesting that 

ACTL6A controls p21Cip1 level by regulating RNA turnover or gene transcription (Fig. 

6I/J).  
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Fig. 6   ACTL6A maintains the aggressive cancer phenotype.   A ACTL6A was 

successfully knocked down using ACTL6A-siRNA which leads to an increase in p21Cip1 

protein levels.  B/C/D ACTL6A knockdown decreases spheroid number and size, invasion 

and migration.  For spheroid assay, 40,000 cells were seeded on ultra-low attachment plates 

and counted at Day 4.   Spheroid diameters were measured using ImageJ.  E/F/G/H 

ACTL6A knockout cell clones, which lack ACTL6A, display elevated p21Cip1 expression 

and this is associated with reduced cell proliferation, spheroid formation and invasion.  I/J 

ACTL6A overexpression in ACTL6A knockout cell clones reduces p21Cip1 protein and 

mRNA levels.  
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FIGURE 6. 
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 p21Cip1 suppresses the peritoneal and pleural mesothelioma cancer cell phenotype   The 

studies in Fig. 6 show that the p21Cip1 cyclin-dependent kinase inhibitor level is markedly 

increased in ACTL6A knockdown and knockout cells, suggesting that p21Cip1 may have a 

role in suppressing the cancer phenotype.  To test this, we treated Meso-1 cells, derived 

from peritoneal mesothelioma, with control- and p21Cip1-siRNA and monitored the impact 

of p21Cip1 loss on the cancer phenotype.  Fig. 7A confirms p21Cip1 knockdown and shows 

that loss of p21Cip1 does not significantly impact ACTL6A level.  Fig. 7B/C show that 

p21Cip1 knockdown enhances cancer cell spheroid formation and invasion.  To understand 

the relationship between ACTL6A and p21Cip1 level, and the cancer cell phenotype, we 

treated cells with ACTL6A- and p21Cip1-siRNA and monitored the impact on cell invasion.  

Fig. 7D/E show that ACTL6A knockdown increases p21Cip1 and that this is associated with 

reduced invasion.  In addition, p21Cip1 knockdown in ACTL6A knockdown cells partially 

restores invasion.   
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Fig. 7   p21Cip1 regulates the cancer phenotype   A/B/C p21Cip1 knockdown enhances 

spheroid formation and invasion.  D/E ACTL6A knockdown increases p21Cip1 protein 

level and reduces invasion, and these actions are partially reversed following simultaneous 

p21Cip1-siRNA and ACTL6A knockdown.  G/H/I ACTL6A knockout lines display 

enhanced p21Cip1 and p21Cip1 knockdown in these lines reduces spheroid formation, 

invasion and migration.  This suggests that p21Cip1 is a mediator of ACTL6A suppression 

of the cancer phenotype. 
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FIGURE 7. 
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 We also studied the role of p21Cip1 in ACTL6A knockout cells.  Fig. 7F shows that 

p21Cip1 level is elevated in ACTL6A knockout cell clones and that p21Cip1 is reduced by 

treatment with p21Cip1-siRNA.  Fig. 7G/H/I show that p21Cip1 knockdown in the ACTL6A 

knockout environment partially restores spheroid formation, invasion, and migration.  We 

next examined the role of ACTL6A and p21Cip1 in regulating the cancer phenotype in NCI-

Meso-17 cells that is a patient-derived pleura mesothelioma cell line.  Fig. 8A/B/C/D 

shows that ACTL6A knockdown increases p21Cip1 level and reduces NCI-Meso-17 cell 

spheroid formation, invasion, and migration.  Fig. 8E/F/G/H examines the impact of 

suppressing the p21Cip1 increase in the context of ACTL6A knockdown and shows that 

ACTL6A loss suppresses the cancer phenotype and that this is partially reversed by 

attenuating the increase in p21Cip1. 
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Fig. 8   ACTL6A maintains the NCI-Meso-17 cancer cell phenotype.   A/B/C/D 

ACTL6A knockdown increases p21Cip1 protein level and is associated with reduced 

spheroid formation, invasion and migration.  E/F/G/H ACTL6A-siRNA knockdown 

increases p21Cip1 levels and reduces spheroid formation, invasion and migration.  

Simultaneous ACTL6A and p21Cip1 knockdown partially restores spheroid formation, 

invasion and migration suggesting that p21Cip1 is a downstream mediator of ACTL6A 

action.  These findings suggest that ACTL6A suppresses p21Cip1 to maintain the NCI-

Meso-17 cell cancer phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

FIGURE 8.
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 ACTL6A control of p21Cip1 expression   To understand the mechanism whereby 

ACTL6A regulates p21Cip1 expression, we compared p21Cip1 mRNA level in wild-type, 

ACTL6A knockdown and ACTL6A knockout Meso-1 cells.  Fig. 9A confirms the p21Cip1 

increase in ACTL6A knockdown cells and Fig. 9B shows that ACTL6A knockdown is 

associated with increased p21Cip1 mRNA level.  This result is consistent with the findings 

showing that restoring ACTL6A in knockout cells reduces p21Cip1 expression (Fig. 6J).  In 

addition, Fig. 9C shows that p21Cip1 mRNA level is markedly increased in ACTL6A 

knockout cells which could be due to altered mRNA turnover or changes in gene 

expression [116, 132].  We next examined the effect of ACTL6A on p21Cip1 transcription.  

The p21Cip1 promoter map shows the six Sp1 sites located proximal to the transcription 

start site and the more distally located p53 sites (Fig. 9D).  The p53 sites show that wild-

type (top) nucleotide sequences and the mutated/inactivated (p53-Δ1 and p53-Δ2) 

nucleotide sequences [116, 132].  Activity of the p21-2326 full-length promoter and the 

p21-124 proximal promoter, which contains only the proximal Sp1 site elements, are 

markedly increased in ACTL6A knockout cells suggesting activation of transcription (Fig. 

9E).  In addition, the p21-2326 Sp1(Δ1-6) construct, in which the six Sp1 sites are mutated, 

is inactive, indicating that the Sp1 elements are required for basal promoter activity and 

ACTL6A regulation of transcription.  We next measured ACTL6A interaction at the 

proximal Sp1 sites, and the p53-1 and p53-2 sites which comprise key p21Cip1 promoter 

response elements [116, 133-135].  ChIP analysis shows that ACTL6A is enriched on these 

regulatory elements (Fig. 9F) suggesting that ACTL6A binding at these sites suppresses 

p21Cip1 transcription. 

 We next examined ACTL6A regulation of p21Cip1 level in NCI-Meso-17 cells which 
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are derived from pleural mesothelioma [136].  Fig. 9G/H shows that ACTL6A knockdown 

increases p21Cip1 mRNA and that this is associated with increased promoter activity.  In 

addition, Fig. 9H confirms that the promoter proximal Sp1 sites are required for basal and 

ACTL6A regulated promoter activity.  ChIP analysis (Fig. 9I) shows that ACTL6A binds 

to the p21Cip1 proximal Sp1 elements and the p53-1 and p53-2 sites.  These findings 

strongly suggest that ACTL6A regulates p21Cip1 gene expression via a similar 

transcriptional mechanism in Meso-1 and NCI-Meso-17 cells. 
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Fig. 9   ACTL6A regulates p21Cip expression to maintain the mesothelioma cancer 

phenotype.  A/B ACTL6A knockdown increases p21Cip1 mRNA expression and protein 

level.  C ACTL6A knockout cells express increased p21Cip1 mRNA.  D Map of the full-

length p21Cip1 promoter showing the p53-1 and p53-2 sites in the distal promoter and six 

Sp1 site in the proximal promoter.  The top sequence for the p53 sites is the authentic site 

and the bottom line is the inactive site mutant [116].  E ACTL6A knockout cells display 

enhanced p21Cip1 promoter activity for the full-length (p21-2326) and proximal (p21-124) 

promoter, and mutation of the six Sp1 sites eliminates the response.  F Chromatin IP shows 

enriched ACTL6A binding to the distal p53 binding sites and the proximal Sp1 site-rich 

proximal promoter.  G/H/I ACTL6A knockdown in NCI-Meso-17 cells increases p21Cip1 

mRNA level and p21Cip1 promoter activity and this is associated with ACTL6A binding to 

the distal p53 sites and the proximal promoter region.  As observed in Meso-1 cells, 

mutation of the proximal Sp1 sites eliminates the response. 
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FIGURE 9.
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 Role of p53   p53 is a well characterized regulator of p21Cip1 expression that binds at 

the p53 sites on the p21Cip1 promoter to increase p21Cip1 gene expression [116, 133-135].  

We therefore determined if p53 has a role in ACTL6A regulation of p21Cip1 expression in 

Meso-1 cells.  Fig. 10A/B shows that ACTL6A knockdown increases p53 and p21Cip1 

mRNA, and p21Cip1 protein in Meso-1 cells.  However, p53 protein is not detected and is 

not increased following ACTL6A knockdown (Fig. 10B).  This absence of p53 is 

consistent with a lack of p53 binding to the p21Cip1 promoter (Fig. 10C) and the observation 

that p53 knockdown does not alter Meso-1 spheroid formation or invasion (Fig. 10D).  

Moreover, we confirmed an absence of p53 protein in ACTL6A knockout cells which 

display increased p53 mRNA and protein (Fig. 10E/F).  These findings suggest that p53 

does not have a role in regulating Meso-1 cell p21Cip1 gene expression. 

 We next examined the role of p53 as a regulator of NCI-Meso-17 cell p21Cip1 

expression.  In contrast to Meso-1 cells, NCI-Meso-17 cells express wild-type p53, and 

p53 level is increased in ACTL6A knockdown cells (Fig. 10G).  Moreover, Fig. 10H/I 

shows that ACTL6A knockdown reduces and p53 knockdown increases spheroid 

formation and invasion.  It is interesting that combined ACTL6A and p53 knockdown 

reduces spheroid formation and invasion like that observed following ACTL6A 

knockdown, suggesting that ACTL6A is the dominant controller of the biological response.  

RNA analysis reveals that the increase in p53 observed following ACTL6A knockdown is 

not associated with an increase in p53 mRNA (Fig. 10J), suggesting that ACTL6A likely 

regulates p53 level by altering its translation and/or stability.  Consistent with a role for 

ACTL6A and p53 as regulators of p21Cip1 gene expression, both proteins bind at the p21Cip1 

promoter p53 binding sites (Fig. 10K).  Fig. 10L confirms that ACTL6A knockdown 
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increases p21Cip1 promoter activity and shows that simultaneous mutation of the p53-1 and 

2 sites partially attenuates the promoter activity increase.  Moreover, the Sp1 binding sites 

present in the proximal promoter, are required for the basal transcription and the response 

to ACTL6A knockdown, a finding that is consistent with the findings presented in Fig. 

9E/H.  It is likely that the p21Cip1 promoter Sp1 site-rich proximal element is required for 

transcription and functions as an ACTL6A responsive element.  A regulatory role is 

supported by the fact that ACTL6A binds to the p21Cip1 proximal promoter region in both 

Meso-1 (Fig. 9F/I) and NCI-Meso-17 (Fig. 10C/K) cells. 
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Fig. 10   Role of p53 in p21Cip1 regulation.   A/B ACTL6A-knockdown increases p53 and 

p21Cip1 mRNA levels and p21Cip1 protein level is also increased, but p53 protein is not 

detected or induced by ACTL6A knockdown.  C Chromatin IP assay shows ACTL6A 

binding to the distal p53 binding sites and the proximal promoter Sp1 binding sites, but no 

binding of p53 is detected.  D p53 knockdown does not alter Meso-1 cell spheroid 

formation or invasion.  E/F p53 protein is absent in ACTL6A knockout cells even though 

p53 mRNA levels are increased.  G ACTL6A knockdown increases p53 and p21Cip1 in 

NCI-Meso-17 cells.  H/I ACTL6A knockdown reduces spheroid formation and invasion, 

p53 knockdown increases spheroid formation and invasion, and combination treatment 

with ACTL6A- and p53-siRNA restores ACTL6A suppression of spheroid formation and 

invasion.  J ACTL6A knockdown does not change p53 mRNA level.  K Chromatin IP 

shows that ACTL6A interacts at the distal p53 sites and proximal Sp1 site region of the 

p21Cip1 promoter, but p53 only interacts at the p53-1 and p53-2 sites.  L ACTL6A-

knockdown increases p21Cip1 full-length promoter activity and promoter activity is not 

attenuated by mutation of one or both p53 sites.  This furthers confirms ACTL6A regulates 

p21Cip1 transcription independent of p53.  Mutation of the proximal Sp1 sites eliminates 

promoter activity. 
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FIGURE 10. 
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DISCUSSION 

 

 Mesothelioma is an aggressive and incurable disease that is associated with poor life 

expectancy [8, 9].  This disease profile has stimulated efforts to identify new treatment 

targets.  ACTL6A can drive cancer progression by stabilizing the YAP1/TAZ pro-cancer 

transcriptional regulators [52, 53], and suppressing expression of the p21Cip1 cyclin-

dependent kinase inhibitor [54, 109, 110, 128].  To our knowledge, ACTL6A which has 

not been studied in mesothelioma, but ACTL6A regulates key pathways, including 

YAP1/TAZ/TEAD and p21Cip1 signaling, that have been implicated as important in 

mesothelioma cancer progression [96, 129-131]. 

 ACTL6A enhances the mesothelioma cancer phenotype   ACTL6A maintains the stem-

like phenotype in keratinocytes [108], stimulates neural progenitor cell proliferation [123, 

124], enhances the osteosarcoma and hepatocellular carcinoma cell cancer phenotype [43, 

44] and drives an aggressive epidermal squamous cell carcinoma phenotype [128].  We 

show that transient ACTL6A knockdown or stable knockout reduces mesothelioma cell 

proliferation, spheroid formation, invasion and migration.  These phenotypic responses are 

correlated with increased levels of  p21Cip1 protein and mRNA, suggesting that this cyclin-

dependent kinase inhibitor may have an important role.  This was confirmed by showing 

that suppressing p21Cip1 level in ACTL6A knockdown or knockout cells, attenuates 

ACTL6A action.  A key role of p21Cip1 was confirmed by showing that p21Cip1 knockdown 

increases cancer cell invasion and migration thereby confirming that the increase in p21Cip1 

in ACTL6A negative cells suppresses the cancer phenotype, and that p21Cip1 is a 

biologically important downstream mediator of ACTL6A action. 
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 ACTL6A regulation of p21Cip1 level   Mechanistic studies show that ACTL6A binds to 

the p21Cip1 gene proximal promoter and the two distal p53 sites, which are key response 

elements required for induction of p21Cip1 expression [80, 133], and that ACTL6A 

knockdown or knockout enhances p21Cip1 promoter activity and mRNA and protein levels.  

From this we conclude that ACTL6A is a dominant regulator that binds to the promoter to 

suppress p21Cip1 gene transcription to maintain the cancer phenotype.   

 There are significant differences in the roles of ACTL6A and p53 in p21Cip1 regulation.  

ACTL6A suppresses while p53 activates p21Cip1 although both proteins bind to the same 

sites on p21 promoter. This is important, as wild-type p53 is a major regulator of p21Cip1 

expression.  Wild-type p53 binds to the p21Cip1 promoter at the p53-1 and p53-2 sites to 

drive gene expression [80, 116, 128, 133].  In Meso-1 cells, p53 mRNA is increased by 

ACTL6A knockdown, but the p53 protein is not detected in wild-type or ACTL6A 

knockdown or knockout cells.  This suggests that the p53 protein is either not translated or 

has low stability in the cellular environment.  Because p53 protein is not present, p53 does 

not bind to the p21Cip1 promoter and has no role in regulation of p21Cip1 in Meso-1 cells 

and has no impact on the cancer cell phenotype.  In contrast, in p53 expressing NCI-Meso-

17 cells, p53 protein level is increased although p53 mRNA level remains unchanged when 

ACTL6A is knocked down.  Moreover, p53 is found bound to the p53 binding sites on the  

p21Cip1 promoter, and p53 knockdown increases NCI-Meso-17 cell spheroid formation and 

invasion, suggesting it has a biological impact.  These findings suggest that p53 may play 

a role in increasing p21Cip1 level in response to a reduction in ACTL6A level.  However, 

additional levels of complexity may be involved, as mutation of the p53 binding sites in 

the p21Cip1 promoter only partially suppresses the p21Cip1 promoter increase observed in 
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ACTL6A knockdown cells, suggesting that other factors may be important.  On balance, 

these findings suggest that ACTL6A is a dominant suppressor of p21Cip1 that may impede 

p53 action and that loss of ACTL6A permits p53-dependent induction of p21Cip1.  The lack 

of a p53 requirement in Meso-1 cells is consistent with our previous report in epidermal 

squamous cell carcinoma [128]. 

 The role of the p21Cip1 proximal promoter Sp1 sites   We have previously identified 

important roles of the p21Cip1 promoter Sp1 sites [116].  There are six Sp1 sites located in 

this region that are important mediators in response to a host of transcription factors [116].  

The present studies indicate that these sites must be intact for basal transcription since 

mutation of the Sp1 sites eliminates promoter activity.  Thus, these sites are required for 

basal promoter activity.  These sites are also likely to be important for ACTL6A 

suppression of transcription, as chromatin IP analysis reveals ACTL6A binding at the 

proximal promoter region.  Additional studies will be necessary for a detailed description 

of the role of these sites as mediators of ACTL6A action. 

 ACTL6A function in mesothelioma cancer stem cells and non-stem cancer cells   

Mesothelioma cancer stem cells (MCS cells) display enhanced spheroid formation, 

invasion, migration and tumor formation compared to non-stem cancer cells [14].  

Spheroids are enriched in MCS cells and our studies show that ACTL6A knockdown 

reduces spheroid formation [14] indicating that ACTL6A can maintain the MCS cell 

phenotype.  These findings suggest that ACTL6A maintains the cancer phenotype of both 

MCS cells and non-stem cancer cells.  Our findings indicate that ACTL6A acts, at least in 

part, by suppressing p21Cip1 expression which leads to increased spheroid formation, 

invasion and migration.  We propose that ACTL6A has a dominant role in suppressing 
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p21Cip1 expression and that this leads to an aggressive cancer phenotype and that  when 

ACTL6A is absent positive transcriptional regulators are permitted to engage the p21Cip1 

promoter to increase p21Cip1 level which suppresses the cancer phenotype. 

 

MATERIALS AND METHODS 

 

 Reagents   ChIP grade Rabbit anti-ACTL6A (A301-391A) was obtained from Bethyl 

Laboratories (Montgomery, TX).  ChIP grade rabbit anti-p53 (9282), p21Cip1 (2947) and 

ChIP grade IgG (2792) were obtained from Cell Signaling Technologies (Danvers, MA).  

Secondary rabbit IgG for immunoprecipitation (NI01), anti-β-actin (A5441) and anti-

FLAG (E3165) were purchased from Millipore/Sigma (St. Louis, MO).  Control (sc-

37007), p53 (sc-44218) and p21Cip1 (sc-29427) siRNA were obtained from Santa Cruz 

Biotechnology (Dallas, TX).  ACTL6A-siRNA (AM16708) was obtained from Ambion 

(Philadelphia, PA).  The pCMV3-ACTL6A-FLAG expression vector (HG10963-CF) was 

obtained from Sino Biologicals (Wayne State, PA).  Single and double asterisks indicate, 

respectively, a significant reduction and increase in response using the students t-test based 

on triplicate assays.  No data was excluded from analysis. 

 Cell culture and bioassays   Meso-1 and NCI-Meso-17 cells were derived, respectively, 

from peritoneal and pleural mesothelioma [127, 136] and mycoplasma testing is performed 

when new cell stocks are thawed for use.  RPMI1640 medium (27519003) containing L-

glutamine, penicillin-streptomycin solution and 0.25% trypsin-EDTA were purchased 

from Gibco (Gaithersburg, MD).  Growth medium is RPMI1640 supplemented with 
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penicillin-streptomycin and 10% fetal bovine serum (FBS, 19B416) which was purchased 

from Sigma (St. Louis, MO).  To study cell growth, 20,000 cells were plated into 35 mm 

plates in triplicate in growth medium and cell number was monitored from 0 - 2 d.  For 

spheroid formation assay, cells were plated at 40,000 cells per 35 mm will in ultra-low 

attachment dishes [115, 119].  To study invasion, 25,000 cells were plated into Millicell (1 

cm diameter, 8 mm pore-size) chambers (353097) atop a 100 µl layer of 250 µg/ml matrigel 

(354234) [15].  Millicell chambers and matrigel were purchased from BD Biosciences (San 

Diego, CA).  Growth medium containing 1% FCS (top chamber) or 10% FCS (bottom 

chamber) was added and the ability of cells to pass through the membrane was monitored 

over 0 - 18 h.  The membrane was fixed with 4% paraformaldehyde and stained with DAPI 

(D9542, Sigma Aldrich, Milwaukee, WI) and fluorescent nuclei were detected by 

fluorescence microscopy [15].  For migration assay, scratch wounds were created in 

confluent monolayer cultures of cells using a pipette tip and closure of the wound was 

monitored from 0 - 48 h. 

 Electroporation   Cells (1.2 million), suspended in 100 µl of nucleofection reagent 

(VPD-1002, Lonza, Williamsport, PA) containing 3 µg of control- or target specific-

siRNA, were electroporated using the AMAXA Electroporator on the T-018 setting [120].  

The cells were permitted to recover for 48 h and then electroporation was repeated.  After 

a 12 h recovery, the cells were plated to assay spheroid formation, invasion and migration 

[115, 119].  For ACTL6A-FLAG expression studies, cells were single electroporated with 

1 µg of pCMV3-ACTL6A-FLAG expression vector and ACTL6A-FLAG expression and 

biological responses were monitored after 48 h. 

 p21Cip1 Promoter assay   To measure the impact of ACTL6A on p21Cip1 promoter 
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activity, cells were double-electroporated with 3 µg of control- or ACTL6A-siRNA and 

plated onto duplicate 12 well plates.  After overnight attachment, 1 µg of reporter plasmid 

was mixed with 3 µl of Fugene-6 for transfection and at 18 - 24 h post-transfection extracts 

were assayed for luciferase activity assay [116].  The p21Cip1 promoter reporter constructs, 

p21-2326, p21-2326 (∆p53-1), p21-2326 (∆p53-2), p21-2326 (∆p53-1/2) and p21-124 

were cloned in empty pBluescript-Luc vector (EV).  p21-2326 encodes the intact full length 

p21Cip1 promoter fused to luciferase and p21-2326 Sp1(Δ1-6) is the full length promoter in 

which the six proximal Sp1 sites are mutated [80, 116].  p21-124 encodes the proximal 

promoter region.  The p53 binding site mutant p21Cip1 promoter constructs (e.g., Dp53-1, 

etc.) were constructed as described [116]. 

 Immunological methods   Immunoblot was performed as previously described [116].  

Chromatin immunoprecipitation (ChIP) was performed as described in the Diagenode 

LowCell# ChIP kit (kch-maglow-G48, Diagenode, Inc., Denville, NJ) protocol.  Cells (1 

million) were harvested and washed with phosphate buffered saline.  Sodium butyrate was 

omitted from the protocol.  The cells were crosslinked with 1% formaldehyde for 10 min, 

quenching with 125 nM glycine and washed with phosphate buffered saline before lysis in 

Diagenode lysis buffer supplemented with 1 x protease inhibitor.  The samples were chilled 

and sonicated using a 550 Sonic Dismembrator (five 30 second pulses at 30% amplitude 

with 30 seconds between pulses) to obtain 200 - 1000 bp DNA fragments of sheered DNA.  

The samples were diluted in Diagenode buffer containing 1 x protease inhibitor.  ChIP 

grade antibodies (1 µg) were incubated with protein G coated magnetic beads for 3 h at 

4oC, and sheared chromatin (100,000 cells equivalent) was added for overnight 4oC 

incubation.  After 24 h, the DNA was extracted using Diagenode DNA isolation buffer 
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containing proteinase K.  p21Cip1 promoter DNA were detected by qPCR using LightCycler 

480 SYBR green I master mix and sequence specific primers.  p21Cip1 promoter primers 

targeted the proximal Sp1 elements (forward 5'-GCTGGGCAGCCAGGAGCCTG and 

reverse 5'-CTGCTCACACCTCAGCTGGC), the p53-1 site (forward 5'-

GTGGCTCTGATTGGCTTTCTG and reverse 5'-CTGAAAACAGGCAGCCCAAG) and 

the p53-2 site (forward 5'-CCGAGGTCAGCTGCGTTAGAGG and reverse 5'-

AGAACCCAGGCTTGGAGCAGC). 

 ACTL6A knockout cells   ACTL6A-specific CRISPR guide RNA, forward (5’-

caccGGCGATAAAGGCAAACAAGG) and reverse (5’-

aaacCCTTGTTTGCCTTTATCGCC), were identified using tools at 

http://crispr.technology and cloned into the U6-driven pSpCas9(BB)-2A-Puro (PX459) 

V2.0 vector from Addgene.  The vector (3 µg) was electroporated into Meso-1 cells using 

the AMAXA electroporator and at 48 h post-electroporation the cells were treated with 2 

µg/ml puromycin for 24 h followed by selection of single cell clones by dilution cloning 

in drug-free medium.  The resulting clonal ACTL6A knockout lines include Meso1-

ACTL6A-KOc1-1, Meso1-ACTL6A-KOc1-2 and Meso1-ACTL6A-KOc1-5. 

 qRT-PCR   RNA was isolated using Illustra RNAspin Mini kit (25050070, GE 

Healthcare, Chicago, IL), reverse-transcribed and quantified using the LightCycler 480 

PCR system (Roche Life Science, Branford, CT).  Target specific PCR primers were used 

to quantify the transcript level and signals were normalized to cyclophilin A.  Primers 

included p21Cip1 forward (5’-CGTCTGCAACCACAGGGATTTCTT-3') and reverse (5'-

TGTTGATTGTCACATGCTTCCGGG-3'), p53 forward (5'-

TAACAGTTCCTGCATGGGCGGC-3') and reverse (5'-

http://crispr.technology/
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AGGACAGGCACAAACACGCACC-3'), and ACTL6A forward (5’-

TGGAGGCCATTTCACCTCTAA-3’) and reverse (5’-

TCTTTGCTCTAGTATTCCACGGT’).  
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CHAPTER 4 

 

DISCUSSION AND FUTURE DIRECTIONS 

 

DISCUSSION 

 

ACTL6A has been shown to enhance EMT, stem cell maintenance, and ∆Np63 

stability; and to suppress p21Cip1 levels in cancer cells. I was able to show a common 

mechanism of ACTL6A pro-cancer action in SCC and mesothelioma. Downregulation of 

ACTL6A in both cancer types decreased invasion, migration, spheroid formation, and 

proliferation. In both cases, ACTL6A knockdown/knockout resulted in increased p21Cip1 

expression. We also showed that ACTL6A reduces p21Cip1 protein and mRNA levels by 

suppressing p21Cip1 gene transcription. Furthermore, Chromatin immunoprecipitation 

analysis shows that ACTL6A binds to the proximal Sp1 promoter site and the distal p53 

DNA responsive elements on p21Cip1 promoter to suppress p21Cip1 gene transcription. 

Although wild type p53 is known to induce p21Cip1 gene expression, p53 does not 

seem to have a role in ACTL6A mediated regulation of  p21Cip1 in cells from either cancer 

types.  In Chapter 2, we use the SCC-13 and HaCaT cell models to show that ACTL6A 

loss is associated with increased p53 mRNA and protein levels and that p53 DNA 

responsive elements are required for ACTL6A induced p21Cip1 promoter activity (Fig. 3 
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and Fig 4). However, the lack of p53 binding on p21Cip1 promoter confirms that p53 is not 

involved in regulating p21Cip1 gene expression in these cell lines. p53 is mutated in SCC-

13 (E258K) [114] as well as HaCaT cells (H179Y and R282W) which attenuate p53 

interaction with p53 response elements [125]. Therefore, although the p53 protein and 

mRNA is increased upon ACTL6A knockdown, mutant p53 protein has no role in 

increasing p21Cip1 expression in HaCaT and SCC-13 cells. 

In Chapter 3, we use Meso-1 and NCI-Meso-17 cell models to show that ACTL6A 

suppression of p21Cip1 is independent of p53 in mesothelioma as well. ACTL6A 

knockdown or knockout increases p53 mRNA level in Meso-1 cells, but p53 protein is not 

detected (Fig. 10). Moreover, ChIP analysis shows a lack of p53 binding to the p21Cip1 

promoter p53-response elements. In addition, p53 knockdown has no impact on cancer cell 

phenotype. Thus, p53 has no role in regulation of p21Cip1 in Meso-1 cells and does not 

impact the cancer phenotype. In contrast, p53 is present in NCI-Meso-17 cells, but 

ACTL6A knockdown does not increase p53 mRNA level. As expected, in the NCI-Meso-

17 cells, p53 is bound to p53-response elements but the p21Cip1 promoter response to 

ACTL6A is not significantly attenuated when the p53-response element sites are mutated 

(Fig. 10L). Therefore, although the p53 protein in NCI-Meso-17 cells is wild-type, 

ACTL6A regulation of p21Cip1 gene is not dependent on p53. 

Overall, we conclude the following: 

1. ACTL6A maintains cancer cell phenotype in SCC and mesothelioma, and 

inhibition of ACTL6A reduces tumor formation in SCC. 
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2. ACTL6A suppresses p21Cip1 gene transcription by interacting with the proximal 

Sp1 sites and the distal p53-responsive elements on p21Cip1 promoter in both 

epidermal squamous cell carcinoma and mesothelioma. 

3. p53 has no role in ACTL6A-mediated regulation of  p21Cip1 in any of the SCC or 

mesothelioma cancer cell models.  

4. p21Cip1 is the crucial downstream target of ACTL6A action.  

 

 

 

FUTURE DIRECTIONS 

 

There are several complexities that remain unexplained in this project. We show 

that ACTL6A suppresses p21Cip1 transcription to maintain the cancer cell phenotype in 

SCC and pleural and peritoneal mesothelioma. Furthermore, ACTL6A interacts with the 

proximal and the p53 response element sites on the p21Cip1 promoter to suppress its 

transcription. Although ACTL6A interacts with the p53 response element, we were able to 

conclude that p53 has no role in ACTL6A mediated p21Cip1 transcription regulation in our 

cancer models. However, the role of p53 in ACTL6A regulation of p21Cip1 in normal 

epidermal cells need to be further investigated.  

As mentioned before, ACTL6A also interacts with the proximal site on p21Cip1 

promoter that consists of six Sp1 sites. Sp1 protein belongs to Sp/KLF transcription factors 

family that binds to Sp1 sites and are required for basal promoter activity [87]. Sp1 activity 
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is enhanced upon interaction with other protein factors [137]. Our laboratory has previously 

identified the roles of six Sp1 sites on the p21Cip1 promoter [116]. In this study, we show 

that ACTL6A knockdown cells have increased p21Cip1 promoter activity and that ACTL6A 

interacts with Sp1 sites. Moreover, we show that mutating the Sp1 sites reduces p21Cip1 

promoter activity (Fig. 9E and Fig. 10L). Thus, additional analysis is necessary to 

understand the role of the proximal Sp1 sites as regulators of basal and ACTL6A-mediated 

p21Cip1 transcription.  One possible explanation for ACTL6A interaction at the Sp1 sites 

on p21Cip1 promoter may be that ACTL6A interacts with Sp1 proteins and the ACTL6A-

Sp1 complex binds to p21Cip1 promoter on the Sp1 site. Co-immunoprecipitation and ChIP 

experiments could be performed to provide further information about this  possibility. 

Another aspect of ACTL6A function that requires further study is to understand if 

it acts alone or in combination with other factors to suppress p21Cip1 transcription. ACTL6A 

belongs to the SWI/SNF complex and is required for ATPase function of BRG1 in the 

complex [26]. ACTL6A can also act alone, but it does not have a DNA binding element 

[138]. This suggests that ACTL6A may form a complex with other protein(s) that have 

DNA binding activity through which it interacts with the p21Cip1 promoter. Additional 

studies are necessary to identify other factors required for ACTL6A function.  Further 

analysis, such as co-immunoprecipitation (Co-IP), can be done to determine if additional 

SWI/SNF proteins are involved in the p21Cip1 promoter binding complex.  Additionally, a 

co-immunoprecipitation followed by mass spectroscopy can be used to identify novel 

proteins that bind to ACTL6A that could serve as transcription co-factors. 

It would also be of interest to identify additional ACTL6A targets.  There are 

several ways to identify genes that are regulated by ACTL6A. For example, performing 
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RNA sequencing comparing differentially expressed transcripts between ACTL6A 

knockout and  wild-type SCC-13 or Meso-1 cells would permit identification of RNA 

transcripts that are regulated by ACTL6A.  

EMT is known to have a role in epidermal squamous cell carcinoma and 

mesothelioma [139-141].  These tumor cells lose expression of one or more epithelial 

markers including E-cadherin and laminin and gain expression of mesenchymal markers 

such as N-cadherin, Snail, and twist during EMT [139, 142]. ACTL6A has been shown to 

induce EMT in colon cancer [143],  hepatocellular carcinoma [43], osteosarcoma [44], and 

glioma [49]. Our studies show that ACTL6A increases cancer cell invasion and migration 

which is usually associated with enhanced EMT [139, 140, 142, 144][139, 140, 142, 

144][139, 140, 142, 144][139, 140, 142, 144] . Thus, the potential role of ACTL6A in 

driving EMT in SCC and mesothelioma needs to be further investigated. Several EMT 

markers such as E-Cadherin, vimentin, N-cadherin, Twist and Slug should be monitored in 

response to ACTL6A knockdown or knockout to determine if ACTL6A influences EMT. 

It may also be important to examine the impact of ACTL6A on extracellular matrix 

components.  Our preliminary findings show that ACTL6A loss decreases mRNA and 

protein levels of COL1A2 and COL3A1 in mesothelioma cancer cells (Fig. 11). COL1A2 

and COL3A1 encode the pro-alpha2 chain of type I collagen and pro-alpha1 chain of type 

III collagen, respectively. Collagens are a family of proteins with 28 members that are 

found in most connective tissues [145, 146]. They are integral part of extracellular matrix 

and play a crucial role in maintaining structure of cells and tissues [146]. Collagen I and 

III along with other collagens and extracellular matrix proteins are very important for 

cancer development and aggressiveness [145]. Collagen I and III have been suggested to 
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induce EMT in cancer cells via several signaling pathways such as TGF-β [4, 145]. We 

show that transient ACTL6A knockdown decreases COL1A2 and COL3A1 protein and 

mRNA level (Fig. 11A). Likewise, we show that ACTL6A knockout cells have decreased 

COL1A2 mRNA levels compared to wild-type Meso-1 cells (Fig. 11B).  In addition, 

ACTL6A-siRNA knockdown in NCI-Meso-17 cells markedly decreases COL1A2 and 

COL3A1 mRNA levels. Therefore, it would be important to further assess the role of 

ACTL6A in regulating expression and stability of COL1A2 and COL3A1 and its impact 

on the cancer phenotype. For example, it would be important to evaluate the impact of 

COL1A2 and COL3A1 knockdown on the SCC and mesothelioma cancer phenotype to 

prove they are biologically relevant ACTL6A targets. This would include monitoring the 

impact of knockdown/knockout on cell proliferation, spheroid formation, invasion, and 

migration. It would also be important to monitor the impact on EMT markers (N-cadherin, 

Slug, Snail, vimentin, etc.). We would also force COL1A2 and COL3A1 overexpression 

in ACTL6A knockout cell lines and determine if this reverses the attenuated phenotype 

observed in ACTL6A knockout cells. Such a finding would confirm biological significance 

of these targets. It would also be important to determine if ACTL6A controls COL1A2 and 

COL3A1 by increasing gene expression or enhancing protein stability. 
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FIGURE 11.

 

Fig. 11   ACTL6A downregulates COL1A2 and COL3A1 in mesothelioma. A  ACTL6A-

siRNA knockdown leads to decrease in COL1A2 and COL3A1 protein and mRNA levels 

in Meso-1 cells. B  Three ACTL6A knockout Meso-1 clones have significantly lower 

COL1A2 and COL3A1 mRNA levels. C  ACTL6A-knockdown in NCI-Meso-17 cells 

leads to decreased COL1A2 and COL3A1 mRNA levels.  
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The role of ACTL6A in mesothelioma tumor formation was not studied in Chapter 

3 because the CRISPR/Cas9 ACTL6A-KO Meso-1 cells re-expressed ACTL6A during 

tumor formation.  This suggest that rare ACTL6A-positive cells in the population were 

selected during tumor formation.  Thus, these cells should be further selected by limiting 

dilution and retested.  We would anticipate that ACTL6A-KO Meso-1 cells will display 

reduced tumor formation and increased p21Cip1 expression. 

ACTL6A function in ECS and MCS cells need to be further investigated. We have 

shown that enriched populations of ECS and MCS cells display enhanced tumor formation 

compared to non-stem cancer cells [5, 14]. Moreover, ACTL6A knockdown and knockout 

reduces the number and size of spheroids indicating that ACTL6A may maintain the cancer 

stem phenotype in mesothelioma and epidermal squamous cell carcinoma. Therefore, 

further studies investigating the role of ACTL6A on stemness are also necessary.   
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FIGURE 12.  

 

Fig. 12   Sulforaphane reduces ACTL6A protein levels.  A  Treatment of SCC-13 cells 

with 20 µM SFN reduces ACTL6A levels while increases p21Cip1 levels in SCC-13 cells. 

B SCC-13 cells were injected into NSG mice and the mice were treated with 20 

mmoles/dose SFN or vehicle for three times a week. The tumors were allowed to grow and  

extracted to perform biochemical assays. Tumors treated with SFN have decreased 

ACTL6A and increased p21Cip1 levels compared to control tumors. C  Meso-1 cells 

treated with 20mM SFN have decreased ACTL6A and increased p21Cip1 levels.  
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Finally, our studies suggest that ACTL6A enhances the SCC and mesothelioma 

cancer phenotypes, suggesting that it is a candidate therapy target.  However, the question 

is identifying an agent that interferes with ACTL6A function or reduces its level.  To our 

satisfaction, we were able to show that treatment with sulforaphane (SFN), an 

isothiocyanate that is derived from cruciferous vegetable like broccoli, can reduce 

ACTL6A levels and that this is associated with increased p21Cip1. Our laboratory has shown 

that SFN suppresses the cancer phenotype in SCC and mesothelioma via several pathways 

(Ezeka et. al. 2021, in submission and [101, 116]. Our preliminary data suggests that SFN 

treatment reduces ACTL6A level in SCC-13 cells (Fig. 12A) and SCC-13-derived tumors 

(Fig. 12B) and in Meso-1 cells (Fig12C).  This suggests that SFN can suppress ACTL6A-

dependent signaling and could be used in treatment of mesothelioma and SCC. 
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