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Summary 

 Lung cancer is the leading cause of cancer mortality globally. The 

discovery of driver mutations has paved the way for the use of targeted therapy 

in the management of advanced disease. However, the effectiveness of targeted 

therapy is limited firstly by the eventual development of treatment resistance, and 

secondly by the sizeable percentage of cases in which the driver mutations remain 

unknown. Furthermore, lung adenocarcinoma (LUAD) in Asians is known to 

exhibit a molecular profile distinct from that in Caucasians, yet the majority of 

existing cohort studies have been biased towards the latter. To address this gap, 

we and our collaborators have spearheaded the largest Asian LUAD cohort study 

to date. Seven potential novel LUAD drivers were discovered from whole exome 

sequencing data from this cohort. We observed recurrent mutations in one of 

these genes, PARP4, that had also been observed across different cancer cohorts.  

 PARP4 levels were observed to be higher in normal lung cells as opposed 

to lung cancer cells. In LUAD patients, reduced PARP4 expression levels were 

further correlated with poorer prognosis, suggesting that PARP4 is a putative 

tumor suppressor. In line with my hypothesis, I observed loss of PARP4 copy 

number both within our cohort as well as the Caucasian TCGA LUAD cohort. 

Interestingly, PARP4 mutations were found to be associated with a Chinese 

ethnic bias when compared to the TCGA dataset, suggesting why PARP4’s 

putative role as a LUAD modulator was not previously discovered. I was able to 

show that loss of PARP4 increases the in vitro and in vivo tumorigenicity of lung 

cancer cell lines, thereby functionally suggesting PARP4’s tumor suppressive 

activity.  

 Furthermore, through site-directed mutagenesis experiments, I propose 

that the recurrent PARP4 I1039T mutation is in effect a loss-of-function mutation 

which may destabilize PARP4 protein to result in increased tumorigenicity. The 

PARP catalytic domain also appears to be important for PARP4’s tumor 

suppressive activity. 
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 In cells, a fraction of PARP4 resides within the vault complex, of which 

PARP4’s interaction partner MVP forms the core component. Strikingly, loss of 

MVP does not significantly increase tumorigenicity, suggesting a tumor 

suppressive role for PARP4 that is independent of the vault complex. 

 To uncover novel PARP4 interaction partners, a SILAC co-

immunoprecipitation mass spectrometry analysis was performed. Following this 

with targeted validation experiments, I successfully identified hnRNPM, a 

splicing regulatory protein with pleiotropic functions, as a novel PARP4 binding 

partner whose loss phenocopies PARP4 loss. PARP4 or hnRNPM loss results in 

several shared phenotypes that include dysregulated splicing. 

 I have thus managed to functionally validate a new cancer gene relevant 

to LUAD based on sequencing data from a clinically relevant cohort. Moreover, 

PARP4 action may be mediated through a previously undescribed interacting 

partner, hnRNPM.  
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 Introduction 

 Lung cancer and targeted therapy 

 Lung cancer consistently ranks amongst the three most frequently 

occurring cancers and is the leading cause of cancer mortality worldwide (Jemal 

et al., 2011; Ridge et al., 2013; Siegel et al., 2018). Lung cancer refers to a group 

of diseases highly heterogeneous in both phenotypic and molecular terms. 

Among these, lung adenocarcinoma (LUAD) is the most prevalent histologic 

subtype, accounting for 38.5% of all lung cancer cases (Dela Cruz et al., 2011; 

Herbst et al., 2008). In spite of advances in diagnosis and treatment, lung cancer 

prognosis remains poor, with the five-year survival rate having plateaued at 15% 

over the past four decades (Yang, 2009; Zappa and Mousa, 2016). This 

underlines the need for better lung cancer management strategies.  

 The discovery of LUAD driver mutations has paved the way for the use 

of targeted therapy in the management of advanced LUAD. Not all mutations 

within cancer cells affect processes relevant to cancer development. Driver 

mutations refer specifically to gene mutations that confer a fitness advantage to 

the cell and thus promote cancer initiation or progression (Bozic et al., 2010; 

Stratton et al., 2009). In contrast, passenger mutations are thought not to 

functionally alter cell fitness, but occur incidentally due to the high mutation rates 

and genomic instability inherent to cancer (Haber and Settleman, 2007). 

 Driver mutations are typically activating mutations in oncogenes and loss 

of function mutations in tumor suppressors (Pon and Marra, 2015; Stratton et al., 

2009). Correspondingly, the genes harboring these mutations are collectively 

termed driver genes. The dependency of tumor cells on specific oncogenic 

signaling pathways provides a means of preferentially targeting the cancer via 

inhibition of these oncogenic pathways while sparing normal cells (Bartholomew 

et al., 2017). 

There are several known drivers of LUAD (Figure 1-1). One driver 

particularly relevant to LUAD is the epidermal growth factor receptor (EGFR), 

which is a member of the receptor tyrosine kinase family and signals downstream 
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to the RAS/RAF/MEK/MAPK and PI3K/AKT/mTOR pathways (Liu et al., 2018; 

Wee and Wang, 2017). Amongst LUAD cases, EGFR frequently undergoes gene 

amplification or gains hyperactivating mutations within its kinase domain, 

leading to elevated signaling to enhance cell proliferation, migration and survival 

(Forde and Ettinger, 2013; Ladanyi and Pao, 2008).   

 

 

Figure 1-1: Driver mutations and their mutational frequency in lung 

adenocarcinoma 

Data retrieved from (Hirsch et al., 2017). 

 

 Gefitinib and erlotinib are FDA-approved small molecule inhibitors of 

EGFR that act by binding to EGFR’s ATP binding pocket within the kinase 

domain, thus preventing the binding and hydrolysis of ATP required for the 

phosphorylation of downstream effectors. Due to their demonstrated ability to 

prolong survival in patients bearing EGFR sensitizing mutations, these tyrosine 

kinase inhibitors (TKIs) are now routinely prescribed to advanced LUAD 

patients bearing EGFR Exon 19 deletions or Exon 21 L858R substitutions (Lynch 

et al., 2004; Pao and Chmielecki, 2010; Sequist et al., 2007; Shigematsu et al., 

2005). 
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 Apart from EGFR, other LUAD driver mutations have also been 

successfully targeted, with a list of their corresponding FDA-approved drugs 

reflected in Table 1-1. 

 

Table 1-1: List of FDA-approved kinase inhibitors for use in LUAD patients  

FDA-approved Kinase Inhibitors (KIs) 

EGFR TKIs Erlotinib 

Gefitinib 

EGFR sensitizing mutations (e.g. L858R, 

exon19del) 

ALK TKIs Crizotinib 

Ceritinib 

ALK rearrangements 

ROS1 TKI Crizotinib ROS1 rearrangements 

BRAF combination 

KIs 

Dabrafenib 

Trametinib 

BRAF V600E  
 

 

 However, patients who initially respond well eventually acquire 

resistance to TKIs 6-12 months later, rendering these targeted therapies useless 

(Gazdar, 2009; Huang and Fu, 2015; Pao et al., 2004; Tomasello et al., 2018; 

Wang et al., 2016). This points to the need for alternative therapeutic strategies. 

The identification of additional driver mutations could thus provide further drug 

targets and potentially allow for more effective combination strategies. 

 Furthermore, TKI-responsive cases form only a minority of all LUAD 

cases. In reality, a sizeable percentage of LUAD cases have no identified driver 

mutations (Figure 1-1), and are thus difficult to target specifically (Pao and 

Girard, 2011). There is hence a pressing need to identify novel driver mutations 

in LUAD, which may offer up alternative therapeutic opportunities. 
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 Driver prediction efforts from sequencing data 

 The prediction of cancer driver genes from cohort sequencing data has 

been an active field of research and has been greatly enabled by advances in 

sequencing technology, reduced costs of sequencing and development of better 

pipelines (Bailey et al., 2018; Gordon et al., 2020). Several large cohort studies 

have previously been performed to characterize the genomic landscape of LUAD, 

serving as the foundation on which driver prediction algorithms could be applied 

(Campbell et al., 2016; Imielinski et al., 2012; The Cancer Genome Atlas 

Research Network, 2014).  

 Approaches to predicting driver genes typically fall within three 

categories. Frequency-based approaches such as MutSigCV and MuSiC identify 

genes that have more mutations than expected from the background somatic 

mutation rate, adjusting for variables such as gene size, base context and gene 

expression (Dees et al., 2012; Lawrence et al., 2013, 2014; Luo et al., 2019). 

Function-based methods such as 20/20 and OncodriveFM account for the nature 

and expected functional impacts of the mutations within a gene, as well as 

whether the mutations are clustered within particular regions on the gene (Davoli 

et al., 2013; Gonzalez-Perez and Lopez-Bigas, 2012; Tamborero et al., 2013; 

Vogelstein et al., 2013). Thirdly, pathway or interaction network analysis 

methods such as DawnRank identify genes that have known roles in pathways 

relevant to cancer, or with known effects on transcriptional patterns (Chen et al., 

2020a; Collier et al., 2019; Hou and Ma, 2014; Tokheim et al., 2016; Watson et 

al., 2013). Collectively, these approaches have been used for the prediction of 

drivers in different cancers.  
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 Ethnic considerations in LUAD cohort studies 

 There are notable differences in the nature of LUAD between Caucasian 

and Asian populations. Caucasian LUAD tend to be dominated by male smokers 

whereas LUAD in East Asians are enriched with female non-smokers (Chen et 

al., 2020c; Sun et al., 2007; Tseng et al., 2019). Notably, LUAD in East Asians 

tend to be early onset, especially in non-smokers (Kawaguchi et al., 2010). 

Furthermore, EGFR mutations are present in 40-60% of Asian LUAD cases but 

make up only 7-10% of Caucasian LUAD, among which KRAS mutations are 

more prevalent  (Ha et al., 2015; Kohno et al., 2015; Li et al., 2011; Shi et al., 

2014; Yang et al., 2020). Other epidemiological differences between Caucasian 

and Asian LUAD take the form of differing incidence rates, risk factors, response 

to targeted therapies and prognosis (Zhou and Christiani, 2011). 

 At the time of conceptualization of this study, the number of sequencing 

studies focused on Asian LUAD were far and few, with the majority still heavily 

biased toward Caucasian data to date (Table 1-2). The disparities between Asian 

and Caucasian LUAD meant that potential driver genes relevant to the Asian 

clinical context may be missed from studies based primarily on Caucasian 

cohorts. 
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Table 1-2: Summary of existing LUAD cohort studies with paired tumor and 

normal 

Ethnicity Study Description 

No. of 

LUAD 

Cases 

Staging Reference 

Caucasian 
Copy number analysis 

using microarrays 
371 Stage I-IV 

(Weir et al., 

2007) 

Caucasian 

Somatic mutation 

analysis by SNP arrays 

followed by targeted re-

sequencing 

188 Stage I-IV 
(Ding et al., 

2008) 

Not 

specified. 

Samples 

from 

Washington 

University 

Whole genome 

sequencing (WGS) and 

transcriptome 

sequencing (RNA-seq) 

16 
Not 

specified 

(Govindan 

et al., 2012) 

Caucasian 
WGS and whole exome 

sequencing (WES) 
183 Stage I-IV 

(Imielinski 

et al., 2012) 

Caucasian WES and RNA-seq  230 Stage I-IV 

(The Cancer 

Genome 

Atlas 

Research 

Network, 

2014) 

Caucasian 

WES (274 new, 

combined with 

Imielinski et al., 2012 

and TCGA, 2014)  

660 Stage I-IV 
(Campbell 

et al., 2016) 

Caucasian WES 108 Stage I-III 
(Kadara et 

al., 2017) 

Caucasian 

(8% Asian) 

Hybridization capture-

based sequencing assay 

for 341 key cancer 

genes  

860 

Recurrent 

or 

metastatic 

disease 

(Jordan et 

al., 2017) 

Caucasian WGS (never smoker) 232 Stage I-III 
(Zhang et 

al., 2021) 

Caucasian 

WGS of samples from 

(Campbell et al., 2016) 

that lack 

RTK/RAS/RAF 

pathway alterations  

85 Stage I-IV 

(Carrot-

Zhang et al., 

2021) 

Asian WGS and WES  101 Stage I-IV 
(Wu et al., 

2015) 
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Asian 

Screening for known 

EGFR, KRAS, ALK, 

ROS1, and RET 

mutations, WGS for 33 

samples lacking 

mutations in the 5 

genes. Focus on female 

nonsmokers.  

271 Stage I-IV 
(Li et al., 

2016) 

Asian WGS and WES  

57 

(WGS) 

27 

(WES) 

Stage I-IV 
(Wang et 

al., 2018b) 

Asian WGS (never-smoker)  36 Stage I-IV 
(Luo et al., 

2018) 

Asian WES and RNA-seq  131 Stage I-IV 
(Zhang et 

al., 2019b) 

56% Asian  

31% 

Caucasian 

WGS (49 new, 

combined with 

Imielinski et al., 2012, 

TCGA, 2014, Wu et al., 

2015)   

138 Stage I-IV 
(Lee et al., 

2019) 

Asian 

WES (n=302) and 

RNA-seq (n=181)  

(213 new, combined 

with Wu et al., 2015) 

305 
Stage I-

IV 

(Chen et 

al., 2020b) 

 

 Asian LUAD cohort study 

 These differences formed the rationale for our own large Asian LUAD 

cohort study. In this study spearheaded by Dr. Jianbin Chen, Dr. Weiwei Zhai 

and Dr. Daniel Tan (Chen et al., 2020b), 213 Singaporean LUAD patients of 

Chinese ethnicity were recruited from the National Cancer Center of Singapore 

(NCCS). Whole exome sequencing (WES) was performed for 210 of these 

patients while RNA sequencing was conducted for 181 patients. The WES data 

was combined with that from 92 Chinese patients from an independently 

published study (Wu et al., 2015) for analysis. Collectively, this cohort represents 

the largest known Asian LUAD clinical dataset, and could allow the prediction 

of novel drivers relevant to Asian LUAD.  
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 Seven potential novel drivers discovered from whole exome 

sequencing of an Asian LUAD cohort 

 Two computational approaches – MutSigCV (Lawrence et al., 2013) and 

20/20+ (Tokheim et al., 2016) - were applied to the whole-exome sequencing 

data from the LUAD cohort to discover potential new LUAD drivers. These two 

algorithms function on different basic principles and may pick up different 

potential drivers. The first of these – MutSigCV – is a recurrence-based algorithm 

which identifies genes bearing mutation rates higher than background as drivers 

(Lawrence et al., 2013). The second method (20/20+) is a function-based 

algorithm that employs machine learning approaches to identify drivers based on 

a compendium of mutational patterns. Comparative analyses of multiple tools 

had shown that these two methods perform better, identifying drivers in a more 

stringent manner (Tokheim et al., 2016).  

 Using these methods, 27 driver genes were identified at a false discovery 

rate of less than 0.1 (Figure 1-2). As expected, the most frequent drivers were 

EGFR (47%), TP53 (36%), and KRAS (11%). While the majority of these genes 

correspond to known LUAD drivers or have been implicated in other cancers, 

seven other genes showed up as putative novel drivers (Figure 1-2, orange boxes). 

From literature and earlier cohort studies, these seven genes have not been 

previously reported to drive LUAD. A summary of the seven candidate novel 

drivers and their functions can be found in Table 1-3.   

Of these, PARP4 was mutated at the highest frequency of 6% (Figure 

1-2B), placing it among the ranks of other well-known LUAD drivers such as 

KEAP1 and STK11 (both at 5%) (Cardnell et al., 2015; Kadara et al., 2017). 
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Figure 1-2: Oncoprint of the majority Singaporean LUAD cohort  

A) Each bar represents a single patient, with details of gender, age, smoking status and 

cancer stage indicated on the X-axis. Driver genes are displayed along the Y-axis, in 

order of decreasing mutation frequency. The seven genes highlighted in orange are 
putative novel drivers which have not previously been implicated in LUAD. Analysis 

performed by Dr. Jianbin Chen. Figure reproduced from (Chen et al., 2020b).  

B) Enlargement of predicted driver genes and their mutation frequencies from A). 

  

A) 

B) 
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Table 1-3: List of candidate novel LUAD drivers alongside their associated 

functions.  

Genes are listed in decreasing order of mutation frequency within the cohort.  

Candidate 

Driver and 

Mutation 

Frequency 

Brief Description of Functions References 

PARP4 (6%) 

(ADP)-ribosyl transferase; component of 

the vault complex); downregulated in 

more aggressive colorectal cancer cell 

lines; PARP4 loss promotes carcinogen-

induced tumorigenesis in mice; germline 

variants associated with primary breast 

and thyroid cancers 

(Ikeda et al., 

2016; Long et 

al., 2016; 

Raval-

Fernandes et 

al., 2005) 

EPRS (4%) 

Glutamyl-prolyl-tRNA synthetase; 

upregulated in estrogen receptor positive 

breast tumors; regulates cell cycle and 

estrogen response genes 

(Katsyv et al., 

2016) 

LYST (4%) 

Lysosomal trafficking regulator; LYST 

gene silencing inhibits cell proliferation 

and induces apoptosis in myeloma cells; 

LYST is inactivated at high frequency in 

chordoma 

(Bong et al., 

2016; Tarpey 

et al., 2017) 

NCOR2 (2%) 

Nuclear receptor co-repressor: member of 

thyroid hormone- and retinoic acid 

receptor-associated co-repressors; 

upregulated in oral squamous cell 

carcinoma, endometrial carcinoma and 

breast cancer 

(Kershah et al., 

2004; 

Osathanon et 

al., 2016; 

Smith et al., 

2012) 

ZMYM2 (2%) 

Zinc Finger, MYM-type 2; possible 

transcription factor or member of BHC 

histone deacetylase complex; ZMYM2 

inhibition resulted in sorafenib resistance 

in hepatocellular carcinoma cell lines 

(Nam et al., 

2014) 

RASA1 (2%) 

RAS p21 protein activator 1; GAP1 

family of GTPase-activating proteins; 

RASA1 downregulation associated with 

poor prognosis in hepatocellular 

carcinoma and breast invasive ductal 

carcinoma  

(Chen et al., 

2017; Liu et 

al., 2015) 

PBRM1 (2%) 

Chromatin targeting subunit of the PBAF 

SWI/SNF chromatin remodeling 

complex; regulator of p21 expression for 

cell cycle arrest and senescence 

(Xia et al., 

2008) 

  



  

 

11 

 

 

 Introduction to PARP4 

 PARP4 and the vault complex 

 Poly (ADP-ribose) polymerase 4 (PARP4) is an (ADP)-ribosyl 

transferase that was first discovered as a component of the vault complex, which 

is a barrel-shaped ribonucleoprotein assembly that derives its name from its 

resemblance to the vaulted ceilings of gothic cathedrals (Kickhoefer et al., 1999a). 

Following its initial sighting by electron microscopy within preparations of 

clathrin-coated vesicles isolated from rat liver, the vault complex was later found 

to be highly conserved among many eukaryotes (Kedersha and Rome, 1986; 

Kedersha et al., 1990). Gradient centrifugation methods were subsequently used 

to purify these complexes, while biochemical methods were employed to study 

their components and properties (van Zon et al., 2003a).  

 Vault complex structure 

 The vault complex comprises an external shell with 8-fold symmetry 

formed by 78 copies of the major vault protein (MVP) (Figure 1-3A), which as 

its name suggests, is the main component of the vault complex accounting for 

more than 70% of its mass (Kedersha et al., 1991). Several components are 

located inside the hollow lumen of the vault: PARP4, telomerase-associated 

protein-1 (TEP1) as well as vault RNAs, which are small untranslated RNA 

molecules 88-141 bases in length (Figure 1-3B) (Kickhoefer et al., 1999a, 1999b). 

Altogether, the vault complex is a large assembly approximately 13 megadaltons 

(MDa) in size (Kedersha et al., 1991). For reference, the human ribosome is only 

about 4.3 MDa in size (Sulima et al., 2017). 

 MVP is thought to be the only component necessary for the vault structure, 

as overexpression of MVP alone in insect or bacterial cells lacking endogenous 

vault complexes led to its self-assembly into vault-like structures when examined 

by electron microscopy (Figure 1-3C) (Stephen et al., 2001; Zheng et al., 2004). 

Furthermore, vaults purified from the livers of mice genetically deficient in either 

PARP4 or TEP1 remained structurally intact (Kickhoefer et al., 2001; Liu et al., 

2004). In the latter however, vault RNAs did not co-purify with the vault complex, 
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suggesting that TEP1 is required for vault RNA sequestration within the complex 

(Kickhoefer et al., 2001).  

 Vault complex localization and function 

 While vault complexes predominantly localize to the cytoplasm, a subset 

has been observed at the nuclear periphery, adjacent to the nuclear pore complex 

(Chugani et al., 1993). Together with the observation that a fraction of MVP co-

localized with cytoskeletal components, these findings prompted suggestions of 

the vault complex’s involvement in nucleocytoplasmic transport of cargo (Hamill 

and Suprenant, 1997; Herrmann et al., 1999; Slesina et al., 2006; van Zon et al., 

2002). However, another study using GFP-tagged MVP found no evidence of 

GFP-labelled vaults in the nucleus, and depletion of MVP did not affect nuclear 

import or export kinetics, thus casting doubt on this hypothesis (van Zon et al., 

2006). 

 Apart from nucleocytoplasmic shuttling, the vault complex has also been 

proposed to mediate drug resistance. This stemmed from observations that MVP 

expression levels were upregulated in several cancers and were positively 

correlated with the multidrug resistance phenotype (Berger et al., 2001; Hu et al., 

2002; Kickhoefer et al., 1998; Komarov et al., 1998; Meijer et al., 1999; Scheffer 

et al., 1995; Scheper et al., 1993; Stein et al., 2005). However, siRNA depletion 

of MVP from multidrug resistant lung cancer cells did not sensitize them to the 

chemotherapeutic doxorubicin. MVP overexpression in the parental cells also 

could not confer resistance (Huffman and Corey, 2005). Furthermore, MVP 

knockout mice responded similarly to wildtype mice to doxorubicin treatment, 

and cells derived from both groups of mice were equally sensitive to in vitro 

treatment with several cytostatic agents (Mossink et al., 2002). Hence, the role of 

vaults and MVP in mediating drug resistance still requires further clarification.  

 The vault complex was additionally proposed to serve as a protein 

scaffold for signal transduction. In particular, MVP was observed to enhance 

interactions between the BRAF and MEK kinases to promote activation of the 

mitogen-activated protein kinase (MAPK) signaling pathway (Liu et al., 2019). 
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Furthermore, co-immunoprecipitation experiments revealed that MVP interacts 

with Phosphatase and Tensin Homolog (PTEN), which is known to 

dephosphorylate phosphoinositides in the regulation of the Protein kinase B 

(AKT) signaling pathway (Chen et al., 2018). PTEN was also co-purified with 

vault complexes from gradient centrifugation performed on HeLa cervical cancer 

cells (Yu et al., 2002). In breast cancer cells, MVP had also been reported to form 

a complex with SH2 domain-containing protein tyrosine phosphatase-2 (SHP2) 

and extracellular signal-regulated kinases (ERKs), suggesting a possible role as 

a scaffold protein (Kolli et al., 2004).  

 While the vault complex has been proposed to play a number of different 

roles, several of these studies used levels of MVP as a proxy for that of the vault 

complex, and it would be important to study the contribution of the other minor 

vault components to these functions. 

 Vault-independent roles for components of the vault complex 

 While MVP is mostly incorporated into the vault complex, non-vault-

associated roles have been proposed for the other components (van Zon et al., 

2003b).  

 Notably, TEP1 is shared between the vault complex and telomerase 

(Figure 1-3D) (Harrington et al., 1997; Kickhoefer et al., 1999b). However, TEP1 

is likely not functionally important for telomere extension, as telomerase activity 

or telomere length were not affected in TEP1-deficient mice (Beattie et al., 1998; 

Kickhoefer et al., 1999b).  

 Vault RNAs have been reported to be further processed into smaller 

regulatory RNAs, which function similarly to microRNAs to negatively regulate 

gene expression (Persson et al., 2009), Specifically, vault RNAs have been 

implicated in the regulation of epidermal differentiation and autophagy (Horos et 

al., 2019; Hussain et al., 2013; Sajini et al., 2019).  

 In the case of PARP4, fractionation and immunofluorescence 

experiments revealed that PARP4’s subcellular distribution overlaps only 
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partially with that of MVP (Kickhoefer et al., 1998, 1999a). In fact, non-vault-

associated fractions of PARP4 have been reported in both the cytoplasm and 

nucleus, although a later study suggested that the nuclear localization could have 

been an artefact (Figure 1-3E, F) (Schroeijers et al., 2000; Vyas et al., 2013; van 

Zon et al., 2003b). PARP4 had also been observed to localize to the mitotic 

spindle of dividing cells (Kickhoefer et al., 1999a).  However, the functional 

significance of PARP4 remains to be understood. 

 

 

 

Figure 1-3: Schematic diagram of the vault complex and its proposed functions 

A) Diagram representing the vault complex outer shell formed by 78 copies of the MVP 

monomer (in orange) and its dimensions. B) Schematic diagram of vault complex 
constituents and proposed roles. C) MVP alone is sufficient for the formation of vault 

structures. D) TEP1 is shared with the telomerase. E, F) Vault-independent fractions of 

PARP4 have been observed in the E) cytoplasm and F) nucleus. Figure adapted from 

(Tanaka et al., 2009; Zhang et al., 2015) and edited using Biorender. 
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 PARP4 and its PARP family members 

 As a member of the poly (ADP-ribose) polymerase (PARP) family, which 

comprises 17 members involved in a diverse range of cellular processes, PARP4 

possesses the PARP catalytic domain and is capable of ADP-ribosylation (Amé 

et al., 2004). 

 ADP-ribosylation is a reversible post-translational modification where 

nicotinamide adenine dinucleotide (NAD+) is used as a source of ADP-ribose 

groups for transfer onto target proteins via N-, O-, or S-glycosidic linkages, 

leaving nicotinamide as a by-product (Figure 1-4) (Bai, 2015; Cohen and Chang, 

2018). Lysine, arginine, aspartate, glutamate, serine, tyrosine and cysteine 

residues have been identified as amino acid acceptors of ADP-ribose groups 

(Daniels et al., 2015; Leidecker et al., 2016; Leslie Pedrioli et al., 2018; Martello 

et al., 2016). More recently, DNA and RNA have also been reported as substrates 

of ADP-ribosylation (Munnur et al., 2019; Zarkovic et al., 2018). 

 ADP-ribose groups can be added onto target molecules either as single 

units (mono-ADP-ribosylation) or in chains of multiple units (poly-ADP-

ribosylation), the latter of which can be linear or branched (Figure 1-4). These 

different modifications have distinct structural properties which in turn affect 

their recognition by other proteins (Gupte et al., 2017). Finally, ADP-ribosylation 

can be reversed by the family of ADP-ribosyl hydrolases (Rack et al., 2020). 
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Figure 1-4: Schematic diagram of reversible ADP-ribosylation 

PARP proteins use nicotinamide adenine dinucleotide (NAD+) as a source of ADP-
ribose groups for transfer onto target proteins, whereas this process is reversed by ADP-

ribosyl hydrolases. The ADP-ribose groups can be added singly or in chains, which are 

differentially recognized by proteins with ADP-ribose recognition domains. Figure 

adapted from (Feng and Koh, 2013; Leung, 2014) and edited using Biorender. 

 

 The type of ADP-ribosylation reaction that a PARP protein can mediate 

is thought to be determined by the key active site residues within the PARP 

domain. Specifically, a catalytic triad of histidine, tyrosine and glutamate (H-Y-

E) found in PARP's 1-4 appears to be associated with poly-ADP-ribosylation 

(PARylation) (Scarpa et al., 2013).  

 In vitro radiolabeling experiments conducted on purified vault complexes 

revealed that PARP4 was indeed capable of PARylation, as radiolabeled poly-
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ADP-ribose groups were detected on both PARP4 and MVP (Kickhoefer et al., 

1999). However, in a more recent study involving immunoprecipitation of 

PARP4 followed by in vitro ADP-ribosylation, PARP4 was suggested to auto-

modify itself via mono-ADP-ribosylation (MARylation) instead (Vyas et al., 

2014). A possible account for these differing observations is that PARP4’s 

PARylation or MARylation activity could be dependent on its cellular context. 

More studies are also needed to understand the functional relevance of PARP4’s 

ADP-ribosylation activity. 

ADP-ribosylation has been implicated in a number of processes relevant 

to cancer. For example, PARP1-mediated ADP-ribosylation is crucial in DNA 

repair. PARP1 is rapidly recruited to and activated by DNA damage sites, where 

it PARylates itself, histones and other DNA repair proteins to promote the 

recruitment of repair machinery to resolve the damage (Azarm and Smith, 2020; 

Ray Chaudhuri and Nussenzweig, 2017; Weaver and Yang, 2013). Apart from 

its well-known roles in DNA repair, PARP1 was also proposed to regulate 

centrosome function, as PARP1 was shown to PARylate centrosomal proteins 

while use of a PARP inhibitor led to centrosome hyperamplification (Kanai et al., 

2003). In ovarian cancer cells, MARylation of the ribosome by PARP16 has been 

reported to regulate levels of protein synthesis to prevent the accumulation of 

protein aggregates that would otherwise lead to proteotoxic stress and reduced 

cancer cell viability (Challa et al., 2021).    

Like PARP1, PARP4 possesses a BRCA1 C Terminus (BRCT) domain 

that is also present in several other DNA repair proteins, and was thus proposed 

to similarly mediate response to DNA damage (Figure 1-5, orange unit) (Bork et 

al., 1997; Callebaut and Mornon, 1997; Wu et al., 1996). However, UV-induced 

DNA damage did not alter the cellular distribution of PARP4 and the vault 

complex nor activate PARP4’s ADP-ribosylation activity, suggesting that it 

might not be functionally involved in DNA repair (Kickhoefer et al., 1999a).  
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As the largest member of the PARP family, PARP4 has other protein 

domains that could conceivably lend it different functionalities (Figure 1-5, red 

box), although this would need to be further explored. 

 

 

Figure 1-5: The PARP family members and their domain structures  

Schematic diagram of the 17 PARP family members and their domain structures. The 

PARP catalytic domain in red is shared by all members. PARP4 (highlighted by the red 
box) is the largest member of the PARP family, with a number of unique domains not 

found in the other PARPs. These include the VIT (purple), VWFA (light blue) and MVP 

binding (light green) domains. Figure adapted from (Daugherty et al., 2014). 
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 PARP4 and cancer 

 Mice in which PARP4 had been genetically ablated remained viable and 

fertile, indicating that PARP4 was probably dispensable in the normal context 

(Liu et al., 2004). However, when challenged with the chemical carcinogens 

dimethylhydrazine and urethane, PARP4-deficient mice were more likely than 

wildtype mice to develop colon and lung tumors, pointing to a potential tumor 

suppressive role (Raval-Fernandes et al., 2005). 

 In recent years, a few studies reported germline PARP4 mutations in 

cancer patients, and PARP4 was proposed as a candidate cancer susceptibility 

gene (Alimirzaie et al., 2018; Cirello et al., 2019; Ikeda et al., 2016; Prawira et 

al., 2019). Notably, in a cohort of 14 patients with independent thyroid and breast 

cancers who not only had a family history of cancer but were also null for 

germline mutations in the cancer susceptibility gene PTEN, six possessed 

germline PARP4 variants (T1170I, G496V) (Ikeda et al., 2016). PARP4 was also 

identified as a prospective biomarker for colorectal cancer metastasis, as cell 

lines that were highly aggressive were observed to have lower PARP4 expression 

than less metastatic cell lines (Long et al., 2016). However, most of these studies 

did not functionally validate PARP4’s proposed effects on tumorigenicity, and a 

conclusive link between PARP4 and cancer has never been shown. 
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 Rationale and key aims of PhD project 

 Given that targeted therapy against LUAD has been limited firstly by the 

lack of durability in patient response to existing TKIs due to treatment resistance 

and secondly by an incomplete identification of LUAD drivers to target, we 

propose to identify novel modulators of LUAD tumorigenicity that are relevant 

to the Asian setting.  

Firstly, the role of novel candidate drivers identified from our Asian 

LUAD cohort will be examined. Specifically, by studying the mutational profiles 

of these candidate drivers and performing data mining, we will shortlist 

candidates to pursue. This will be followed by in vitro and in vivo tumorigenicity 

assays to validate the involvement of shortlisted candidate drivers in regulating 

LUAD tumorigenicity. The significance of key mutations identified within 

validated drivers will also be assessed by systematically generating the mutations 

and evaluating their outcomes. Subsequently, the mechanistic contribution of 

validated drivers to LUAD tumorigenesis will be characterized via broad-based 

profiling approaches including mass-spectrometry analysis of binding partners 

and transcriptomic analyses. Finally, drug screening will be performed to 

evaluate therapeutic opportunities in targeting lung cancer cells harbouring 

alterations in the candidate drivers. 

 

The specific aims of this study are: 

1. To functionally validate novel LUAD driver(s) discovered in Asian 

cohort data 

2. To understand how mutations in putative driver genes, especially PARP4, 

drive or modulate LUAD tumorigenesis 

3. To evaluate the downstream mechanisms of PARP4 in controlling 

tumorigenicity  
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 The identification of novel LUAD modulators will open up opportunities 

for the discovery of new actionable mutations or biomarkers and targeted therapy 

to improve patient outcomes. This work will provide a better understanding of 

pathways deregulated in cancer, as well as the step-wise progression of 

tumorigenesis.   
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 Materials and Methods 

 Cell lines and culture conditions 

A549, HEK293T and Platinum-A (Plat-A) cell lines were maintained in 

Dulbecco's Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% 

(v/v) fetal bovine serum (FBS) (Gibco), 1% (v/v) Penicillin-Streptomycin 

(Gibco), 2mM L-glutamine (Gibco), and 1mM sodium pyruvate (Gibco). PC-9 

cell line was maintained in Roswell Park Memorial Institute 1640 media (RPMI) 

(Gibco) supplemented with 10% (v/v) FBS (Gibco), 1% (v/v) Penicillin-

Streptomycin (Gibco), 1% (v/v) Minimum Essential Medium non-essential 

amino acids (MEM NEAA), 2mM L-glutamine (Gibco) and 1mM sodium 

pyruvate (Gibco). SAEC and normal patient-derived lung cells were maintained 

on irradiated NIH-3T3 feeders using a proprietary media formulation. SAECTS 

and SAECK cells were maintained in the same media formulation. Cells were 

grown in a humidified incubator at 37oC with 7.5% CO2 and passaged when 80%-

90% confluent using 0.25% trypsin-EDTA (Gibco) for PC-9 and 0.05% trypin-

EDTA (Gibco) for all other cell lines.  

 Generation of SAECTS and SAECK 

SAECTS cells were generated by the sequential transduction of SAEC cells 

cultured on NIH-3T3 feeders with retroviral supernatant generated from the 

following plasmid constructs: pBABE-puro SV40 LT (Addgene #13970) and 

pBABE-hygro-hTERT (Addgene #1773). Cells were selected with puromycin 

and hygromycin and subsequently taken off feeders. 

SAECK cells were generated by the further transduction of SAECTS with 

retroviral supernatant generated from the pBABE puro K-Ras V12 (Addgene 

#9052) plasmid construct. The generation of viral supernatants is described in 

section 2.7. SAECTS and SAECK cells were generated by Dr. Yuan Ju.  
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 Cell proliferation assay 

500-1,000 cells were seeded in triplicate in a total volume of 100µL per well, on 

96-well Greiner flat-bottomed white plates (Sigma-Aldrich). Cell viability was 

measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) 

according to manufacturer’s instructions at 24- or 48-hour intervals over a 

duration of 4 to 6 days.  

 Soft agar assay 

Each well of a 12-well plate was first coated with a base layer comprising 1mL 

of 1% (w/v) low-melt agarose (Bio-Rad) dissolved in DMEM/F12 medium 

supplemented with 10% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin, 2mM L-

glutamine, and 1mM sodium pyruvate (soft agar medium). 2,500 cells were 

suspended in 1mL of 0.35% (w/v) low melt agarose dissolved in soft agar 

medium, carefully layered atop the base layer and allowed to solidify before the 

addition of 1mL of the respective cell line culture medium. After 3 weeks of 

growth, colonies were fixed and stained with crystal violet. The plates were 

imaged using a Gel Doc machine (Bio-Rad) and positively-stained colonies that 

were visible by eye were counted.  

 Tumor xenografts 

All animal protocols and experiments were approved and carried out in 

accordance with the Agency for Science, Technology, and Research, Singapore 

– Biological Resource Centre (A*STAR – BRC) Institutional Animal Care and 

Use Committee (IACUC) guidelines (Protocol number 171286). Cells were 

resuspended in 100µL media containing 50% Matrigel Matrix (Corning) and 

injected subcutaneously into both flanks of NOD scid gamma (NSG) mice (The 

Jackson Laboratory) at either 1 million SAECK cells or 400,000 A549 cells per 

site. Mice were examined for tumor formation on a weekly basis, and palpable 

tumors were measured by vernier caliper. Tumor volume was determined as 

follows: ½ x tumor length x (tumor width)2. Mice were euthanized when tumors 

reached 15mm in diameter. 
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 Cloning 

pLKO-EGFP was generated by replacing the puromycin cassette within pLKO.1 

puro (Addgene #8453) with the EGFP cassette from LV-GFP (Addgene 

##25999). Briefly, plasmids were digested using BamHI and KpnI restriction 

enzymes in NEB Cutsmart Buffer (New England Biolabs) at 37°C for 3 hours to 

release the puromycin and EGFP cassette respectively. The linearized pLKO.1 

puro backbone and EGFP cassette from LV-GFP fragments were extracted from 

the agarose gel using Qiagen Gel Extraction Kit. The two fragments were ligated 

using Thermo Fisher Scientific Rapid Ligation Kit according to manufacturer’s 

instructions to create pLKO-EGFP. 

The shRNA sequences in Table 2-1 were subsequently cloned into pLKO-EGFP 

linearized by MluI and EcoRI (New England Biolabs). 

Table 2-1: shRNA target sequences 

Gene shRNA Name Target Sequence 

Non-target 

control 
shControl CAACAAGATGAAGAGCACCAA 

PARP4 shPARP4 #1 CCTGGGACTATTGGCTAAGAA 

PARP4 shPARP4 #2 GCATTCAATCTCTAGGTGTAA 

PARP4 shPARP4 #3 GCTCAGTACAAGTATCAAGTA 

MVP shMVP #1 CCCATCAACCTCTTCAACACA 

MVP shMVP #3 CACTTTCGATGACTTCCATAA 

hnRNPM shhnRNPM CTGTGCAAGCTATATCTATGT 

RASA1 shRASA1 #1 CCTGGCGATTATTCACTTTAT 

RASA1 shRASA1 #2 CCCTACATGGAAGGTGTCAAT 

RASA1 shRASA1 #3 CCTGACATCAATAGATTTGAA 

 

The gRNA sequences in Table 2-2 were cloned into LentiCRISPRv2GFP 

(Addgene #82416) linearized by BsmBI (New England Biolabs). 
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Table 2-2: gRNA target sequences 

Gene gRNA Name Target Sequence 

Luciferase gLuc ACAACTTTACCGACCGCGCC 

PARP4 gPARP4 #2 CTGGGTTTGCAATATGAACG 

PARP4 gPARP4 #3 AGGAGGTGGTGTGATGTCCA 

MVP gMVP #1 CATGGATATAGTGGTATGGG 

MVP gMVP #2 GGCATCCCGAGACACAGGGT 

 

PARP4 open reading frame (ORF) was purchased from Bio Basic Asia Pacific 

Pte Ltd and subcloned into pCDH-T2A-mCherry backbone (Addgene # 214632). 

PCR-based site-directed mutagenesis was performed using KAPA HiFi PCR Kit 

(Roche) according to manufacturer’s instructions. Primer sequences used are in 

Table 2-3. 

 

Table 2-3: Primer sequences for site-directed mutagenesis of PARP4 

overexpression constructs 

Gene Forward Primer Reverse Primer 

BRCT 

domain del 

CATGGTGTATAAGCCCCT

GGACATCACACCA 

GCTTATACACCATGGTGG

CTTAATTAAGAATTCGCT

AGCTCTAG 

E547K 

GAGGATGATAAGTTTGTT

GTCTATAAAACCAATCA

GG 

CAACAAACTTATCATCCT

CAAAGTCTGTGGTG 

I1039T 

AACAGACAGAAGACCAA

ATGACCAGGCTATGTTCT

C 

GGTCTTCTGTCTGTTTTCT

CCAACTATGCTTGGATTT

TGC 

MVP 

domain del 

ACACTGGCTCCATTACAG

TCAAGGCGC 

AATGGAGCCAGTGTTGT

ATGCACACTATTTCATCC

TC 

PARP 

domain del 

ACCCAACTTTCATCCTAG

TGATCATACTGAATTAGA

GG 

GATGAAAGTTGGGTTTG

GACAAATTAGTTTCACAG

AC 

VIT 

domain del 

AACTTCCGAACTCAG 

CATCCTGGGCA 

TGAGTTCGGAAGTTT 

TGGCATCTGGTAACTGG 

VWFA 

domain del 

TGAGAGCTGTTCTCCGAG

TTGCCACTC 

GAGAACAGCTCTCAC 

TGGCTAGGTCAGG 
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 Transfection and generation of stable cell lines 

HEK293T cells were transfected with the respective lentiviral constructs as well 

as the pCMV-delta R8.2 and pCMV-VSV-G packaging plasmids (Addgene) 

using the FuGENE 6 Transfection Reagent (Promega) for lentivirus production. 

Plat-A cells were transfected with the respective retroviral constructs alongside 

the pUMVC and pCMV-VSV-G packaging plasmids (Addgene) in the same 

manner. Viral supernatant was collected 48 hours and 72 hours post-transfection 

and filtered before use. Cells were transduced with the viral supernatant using 

polybrene (Sigma-Aldrich) at a final concentration of 8ng/µL. 

 Fluorescence-activated cell sorting (FACS) 

Cells transduced with pLKO-EGFP shRNA, LentiCRISPRv2GFP gRNA or 

pCDH-PARP4-T2A-mCherry overexpression constructs were trypsinized and 

washed once with PBS before resuspension in a solution containing 2% FBS in 

PBS and DAPI at a final concentration 0.25µg/mL. The cell suspensions were 

filtered through a 35µm strainer into polypropylene tubes for analysis and sorting 

on the BD FACSAriaTM Fusion Cell Sorter (BD Biosciences) to isolate GFP+ or 

mCherry+ cells.  FACS sorting was performed with the kind help of Ms. Salanne 

Lee and Ms. Ong Jia Min at the Singapore Immunology Network (SIgN) Flow 

Cytometry Platform.    

 Generation of clonal PARP4 knockout lines  

SAECK cells were first transduced with gPARP4 #2 or gPARP4 #3. FACS 

sorting of single GFP+ cells into each well of several 96-well plates was 

performed. Single colonies were expanded, followed by protein extraction and 

immunoblotting (described in sections 2.11 and 2.13) to check for loss of PARP4. 

Genomic DNA was then extracted from successful clones using the DNeasy 

Blood and Tissue Kit (Qiagen) as per manufacturer’s instructions. PCR 

amplification of PARP4 exon 3 was performed using the Phusion HF Master Mix 

(Thermo Fisher Scientific) according to manufacturer’s instructions with the 

following primer pair: 
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PARP4 Exon 3 Forward Primer: 5’ ACCTTTGAACCTCCCTTTCCA 3’  

PARP4 Exon 3 Reverse Primer: 5’ ACCCAAGCGTGTACTATGGC 3’ 

PCR products were sent for Sanger sequencing to check for homozygous 

frameshift mutations at the gRNA target site. 

 RNA Isolation and Quantitation via Real Time Quantitative 

Polymerase Chain Reaction (RT-qPCR) 

RNA extraction was performed using the phenol-chloroform method with 

TRIzol® Reagent (Thermo Fisher Scientific) and further purified using the 

RNeasy Mini Kit (Qiagen). 500μg of total RNA was then converted to cDNA 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) 

following manufacturer’s instructions. The cDNA was diluted five-fold for use 

in quantitative real-time PCR (qPCR) analysis. Specifically, the BlitzAmp 

Hotstart qPCR Master Mix (MiRXES) was used according to manufacturer’s 

instructions. Transcript levels were determined using gene-specific primers 

(Table 2-4) and reactions were carried out using the QuantStudioTM 5 Real-Time 

PCR System (Applied Biosystems). Samples were assayed in triplicate and 

GAPDH was used as the internal normalization control. Relative gene expression 

was determined using the ΔΔCT method.  

Table 2-4: Primer sequences for RT-qPCR analysis 

Gene Forward Primer Reverse Primer 

GAPDH 
TGGCAAATTCCATGGCAC

CG 

CGCCCCACTTGATTTTGG

AGG 

hnRNPM GAGGCCATGCTCCTGGG 
TTTAGCATCTTCCATGTGA

AATCG 

KRAS 
TGTACTGGTCCCTCATTGC

A 

CCCTCATTGCACTGTACTC

C 

MVP AACTCCCAAGCCCCACCC 
GGGGAGCATCTAGAAGTG

CAG 

PARP4 
CAGACGTCGGAAACCTTG

GA 

AACTCCATGCACACTGTC

GT 
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RASA1 
GTTTATGATGGGAGGCCG

GT 

TCCTTGCCATCCACTGTGT

C 

SV40LT 
CTGACTTTGGAGGCTTCT

GG 

GGAAAGTCCTTGGGGTCT

TC 

TERT 
TGTTTCTGGATTTGCAGGT

G 

GTTCTTGGCTTTCAGGATG

G 

 

 Protein Extraction 

Cells were first rinsed with PBS to remove residual media and then lysed in ice-

cold RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific) supplemented 

with 1X HaltTM Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher 

Scientific). Samples were incubated on ice and vortexed every 10 minutes for a 

total of 30 minutes. Following this, sonication was performed at 5 cycles of 30s 

ON, 30s OFF at high setting on the Bioruptor Plus (Diagenode). Samples were 

then centrifuged at 21,000g for 20 minutes at 4°C to remove cell debris. The 

supernatant was then collected as the lysates. Protein concentrations of the lysates 

were determined via Bradford Assay using the Coomassie PlusTM Protein Assay 

Reagent (Thermo Fisher Scientific), with sample absorbance values measured at 

595nm. 

 Cell Fractionation 

Cell fractionation was performed using the PARIS™ kit (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. Briefly, cells were first 

rinsed with PBS to remove residual media and then harvested by scraping in PBS 

while on ice. Cells were pelleted by centrifugation at 250g for five minutes at 

4°C, and gently resuspended in ice-cold Cell Fractionation Buffer. After 10 

minutes of incubation on ice, the samples were centrifuged at 500g for five 

minutes at 4°C. The supernatant was collected as the cytoplasmic fraction while 

the nuclear pellet was washed twice with Cell Fractionation Buffer to minimize 

contamination with the cytoplasmic fraction. The cytoplasmic fraction was 

further clarified by centrifugation at 21,000g for 20 minutes at 4°C. The nuclear 

pellet was lysed in ice-cold Cell Disruption Buffer on ice and vortexed every 10 

minutes for a total of 30 minutes. Following this, the samples were centrifuged 
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at 21,000g for 20 minutes at 4°C. The supernatant was collected as the nuclear 

fraction. Protein concentrations of both fractions were determined via Bradford 

Assay using the Coomassie PlusTM Protein Assay Reagent (Thermo Fisher 

Scientific), with sample absorbance values measured at 595nm. 

 Immunoblotting 

30-50μg of total protein was mixed with NuPAGETM LDS Sample Buffer and 

NuPAGETM Sample Reducing Agent (Thermo Fisher Scientific) before 

incubation at 70°C for 10 minutes. Protein samples were resolved by 

electrophoresis using 4-12% Bis-Tris precast gels (Thermo Fisher Scientific) and 

transferred onto PVDF membranes using the Trans-Blot® Turbo™ Transfer 

System (Bio-Rad) according to manufacturer’s instructions. Membranes were 

blocked in 5% (w/v) Blotting Grade Blocker Non-Fat Dry Milk (Bio-Rad) or 5% 

(w/v) bovine serum albumin (BSA) (Hyclone) in Tris-buffered saline containing 

0.1% Tween-20 (TBS-T) for an hour at room temperature. Membranes were 

incubated in primary antibody at 4°C overnight and incubated in secondary 

antibody at room temperature for an hour. Protein bands were visualized via 

chemiluminescence using the SuperSignal West Dura Extended Duration 

Substrate (Thermo Fisher Scientific). Images were captured using the ChemiDoc 

MP Imaging System (Bio-Rad). 

Table 2-5: Details of primary and secondary antibodies  

Primary Antibody Company 
Catalog 

Number 

Anti-B actin Santa Cruz Biotechnology sc-47778 

Anti-GAPDH Santa Cruz Biotechnology sc-47724 

Anti-H3 Abcam ab1791 

Anti-hnRNPM Santa Cruz Biotechnology sc-20002 

Anti-KRAS Santa Cruz Biotechnology sc-30 

Anti-KRT18 Santa Cruz Biotechnology sc-6259 

Anti-mono(ADP-ribose) Merck MABE1076 

Anti-MVP Santa Cruz Biotechnology sc-23916 

Anti-PARP4 Santa Cruz Biotechnology sc-515898 

Anti-PCM1 Santa Cruz Biotechnology sc-398365 

Anti-PCNT Santa Cruz Biotechnology sc-376111  
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Anti-PHB Santa Cruz Biotechnology sc-377037  

Anti-PHB2 Santa Cruz Biotechnology sc-133094 

Anti-poly(ADP-ribose) Santa Cruz Biotechnology sc-56198 

Anti-RASA1 Santa Cruz Biotechnology sc-63 

Anti-SV40 T Antigen Santa Cruz Biotechnology sc-55461 

Anti-TERT Santa Cruz Biotechnology sc-393013 

Anti-Ubiquitin Cell Signaling CST3933S 

Anti-VIM Santa Cruz Biotechnology sc-32322 

Secondary Antibody Company 
Catalog 

Number 

Anti-mouse IgG, HRP-linked Cell Signaling CST7076S 

Anti-rabbit IgG, HRP-linked Cell Signaling CST7074S 

Streptavidin, HRP-linked Abcam ab7403 

 

 Immunoprecipitation 

Cells were first rinsed with PBS to remove residual media and then lysed in ice-

cold immunoprecipitation lysis buffer containing 10mM Tris-HCl (pH 7.5), 

150mM NaCl, 0.5% (v/v) NP-40, 0.25% (w/v) sodium deoxycholate, 0.5mM 

EDTA (pH 8.0) (co-IP buffer) supplemented with 1X HaltTM Protease and 

Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific), 2mM MgCl2, and 50 

units/mL benzonase (Sigma-Aldrich). Samples were incubated on rotation at 4°C 

for 1 hour and then centrifuged at 21,000g for 20 minutes at 4°C to remove cell 

debris. The supernatant was then collected as the lysates. Protein concentrations 

of the lysates were determined via Bradford Assay using the Coomassie PlusTM 

Protein Assay Reagent (Thermo Fisher Scientific), with sample absorbance 

values measured at 595nm.  

1mg of total protein from co-IP lysates, cytoplasmic or nuclear fractions were 

pre-cleared for 60 minutes using 50μl of ChIP-grade Protein A/G Dynabeads 

(Thermo Fisher Scientific) before overnight incubation with 4μg of the 

immunoprecipitating antibody at 4°C on rotation. 50μl of fresh Protein A/G 

Dynabeads were similarly blocked overnight in 1% (v/v) BSA (Hyclone) in co-

IP buffer. The antibody-lysate mixtures were incubated with blocked Dynabeads 

for 90 minutes. The unbound fraction was kept while the beads were washed 3 
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times with co-IP buffer and bound proteins were eluted in 2x Laemlli buffer (Bio-

Rad) by incubating at 95°C for 5 minutes. The various fractions were 

subsequently analyzed by immunoblotting as described above. 

Table 2-6: Antibodies used for immunoprecipitation (IP) 

IP Antibody Company Catalog Number 

Anti-hnRNPM Santa Cruz Biotechnology sc-20002 

Anti-KRT18 Santa Cruz Biotechnology sc-6259 

Anti-MVP Santa Cruz Biotechnology sc-23916 

Anti-PARP4 Santa Cruz Biotechnology sc-515898 

Anti-PCM1 Santa Cruz Biotechnology sc-398365 

Anti-PCNT Santa Cruz Biotechnology sc-376111  

Anti-PHB Santa Cruz Biotechnology sc-377037  

Anti-PHB2 Santa Cruz Biotechnology sc-133094 

Anti-VIM Santa Cruz Biotechnology sc-32322 

Mouse IgG1 

Isotype Control 
Cell Signaling 5415S 

 

 Stable Isotope Labelling by Amino Acids in Cell Culture (SILAC) 

DMEM lacking L-arginine and L-lysine was supplemented with 10% dialysed 

FBS (Gibco), and either with [13C6 15N4]- L-arginine and [13C6 15N2]-L-

lysine (Sigma-Aldrich) to form the “heavy” labelled SILAC medium, or with 

non-labelled L-arginine and L-lysine to form the “light” unlabelled SILAC 

medium. Cells were grown in the respective “heavy” and “light” medium for at 

least eight passages for complete labelling before they were used for co-

immunoprecipitation experiments. 

Thereafter, samples were submitted to the Cancer Science Institute (CSI) 

Quantitative Proteomics Core where further sample processing, mass 

spectrometry and data analysis was kindly performed by Dr. Dennis Kappei and 

Ms. Charlene Chan. 
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 Nanopore sequencing 

Total RNA of respective cell lines was extracted in duplicate using the RNeasy 

Mini Kit (Qiagen) as described in section 2.10, with an additional on-column 

DNA digestion step performed according to manufacturer’s instructions. RNA 

quality was assessed using the Agilent 2100 Bioanalyzer Instrument (Agilent). 

RNA samples were subsequently sent to the Next Generation Sequencing 

Platform at the Genome Institute of Singapore (GIS-NGSP), where mRNA 

enrichment and cDNA synthesis was performed. The cDNA samples were then 

sequenced using the GridION device from Oxford Nanopore Technologies, with 

one sample per MinION flow cell. Samples were sequenced in high accuracy 

mode with a total run-time of 72h.  

 PCR validation of splice events 

PCR amplification of cDNA samples was performed using the Phusion HF 

Master Mix (Thermo Fisher Scientific) using the primers in Table 2-7. PCR 

products were then separated by gel electrophoresis. The resultant bands were 

imaged on the Gel Doc system (Bio-Rad) and quantitated using the Image Lab 

software (Bio-Rad). 

Table 2-7: Primer sequences for splicing validation 

Gene Forward Primer Reverse Primer 

ASB1 
GGCTGGATGAACGTGTG

AC 

TCAAACTGGAAACCACG

AGC 

FIP1L1 
TGCCCTTCCATCTACAAA

AGC 

CTGTTCTCATTTGCCCGT

CG 

MIF4GD 
TCTCTGCAGGACTGTGT

GTT 

TCCTCCTTGCTCAAACTG

TCT 

PRPF4B 
ACGAATTAGCATCAACC

AGGC 

ACTGACTACACCAAGGG

CAT 

SEC24C 
CGAAGTCTAACCTGGAT

CTGG 

CTGGGTAGATGGGCTGG

G 

SLC19A1 
GGTTCCTCTCTCCCACCC

TA 

CCTGAGATCCGGCAACA

TCA 

TMEM107 
GTGGCCCTGTCCTTCTTC

AT 

CGTCCTTAGGTTCCCGTC

AT 
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 High throughput screening of metabolic and anti-cancer small 

molecule compound libraries 

The anti-cancer drug library (SelleckChem) comprised a total of 317 drug 

compounds whereas the metabolic library was assembled from 303 different 

agonists and inhibitors targeting major metabolic pathways (Med Chem Express). 

Stock plates of these compound libraries were prepared by the Centre for High 

Throughput Phenomics, previously at the Genome Institute of Singapore (CHiP-

GIS). The compounds were reconstituted in DMSO and plated into a 384-well 

format.  

Cells were seeded at a density of 250 cells per well onto CorningTM 384-well flat-

bottomed white plates using the MultiFloTM FX multi-mode dispenser (BioTek) 

and allowed to attach to the plate overnight. Drugs from the respective compound 

libraries were then added to a final concentration of 1µM, with each well having 

a total volume of 50µL, with the kind help of Mr. Matan Thangavelu Thangavelu 

(CHiP-GIS). 72 hours later, cell viability was measured using the CellTiter-Glo 

Luminescent Cell Viability Assay (Promega) and normalized to the DMSO 

control.  

 Statistical Analyses 

Statistical analyses were performed using GraphPad Prism. Two-tailed unpaired 

student’s t-test was performed to evaluate the significance of differences between 

two sample groups. For comparisons between multiple groups, ordinary one-way 

ANOVA followed by either the Tukey test to correct for multiple comparisons 

between groups, or the Dunnett test to correct for multiple comparisons to a 

control group, was performed. The multiplicity adjusted p-value was then 

reported. A p-value of less than 0.05 was defined to be statistically significant. 

Significance values are indicated as follows – ns: not significant p≥0.05, *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001.  
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 Results 

 Selection of novel candidate drivers for validation and investigation 

The driver analysis of WES data from our Asian LUAD cohort had earlier 

revealed seven candidate driver genes novel to LUAD (Chen et al., 2020b).  In 

order of decreasing mutational frequency, the seven genes are PARP4 (6%), 

EPRS (4%), LYST (4%), NCOR2 (2%), ZMYM2 (2%), RASA1 (2%) and 

PBRM1 (2%) (Figure 1-2).  

I began by studying the profiles of mutations occurring within these genes 

to determine which of them I should prioritize. Specifically, the presence of 

recurrent mutations could indicate a hotspot mutation with likely functional 

importance, whereas the localized clustering of mutations within key protein 

domains could suggest perturbation of protein functions (Chen et al., 2016; 

Kamburov et al., 2015; Miller et al., 2015). 

Previously, Dr. Jianbin Chen had generated lollipop plots representing the 

mutational profiles of each of the 27 candidate drivers and these were published 

in (Chen et al., 2020b). Here, I have reproduced the lollipop plots of the three 

most frequently mutated drivers in the Asian LUAD cohort – EGFR, TP53 and 

KRAS (Figure 3-1A-C), as well as those of the seven candidate drivers (Figure 

3-1D-J). For each driver, the lollipop plots in Figure 3-1 describe the distribution 

of individual mutations along the protein sequence, as well as their identity and 

frequency.  

Matching what is already known, most EGFR mutations reported in the 

cohort localize to the kinase domain of EGFR (Figure 3-1A), with the exon 21 

L858R mutation being of highest prevalence, followed by deletions in exon 19 

(Gazdar, 2009; Sharma et al., 2007; Siegelin and Borczuk, 2014). In the case of 

TP53, most mutations are clustered within its core DNA-binding domain (Figure 

3-1B), consistent with previous reports of close to 80% of TP53 mutations across 

cancers occurring within this region (Hainaut and Pfeifer, 2016; Olivier et al., 

2010). As for KRAS (Figure 3-1C), all mutations occur at the G12, G13 and Q61 
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loci, all of which localize to KRAS’ nucleotide-binding pocket and are known 

oncogenic mutations (Haigis, 2017; Prior et al., 2012).  

In the case of the seven candidate drivers, most of them have mutations 

which occur singly and are scattered throughout the protein (Figure 3-1F-J).   

However, the mutational profiles of two genes in particular caught my attention. 

The first of these, PARP4, is the only candidate driver that has a recurrent 

mutation (Figure 3-1D). Notably, more than a third of the 17 PARP4-mutant 

cases shared this I1039T mutation, which is located within PARP4’s von 

Willebrand factor type A (VWFA) domain.  

Furthermore, the recurrent I1039T mutation, the function of which 

remains unknown, had previously been reported at 2.35% frequency in a 

predominantly squamous Korean lung cancer cohort (n=170) as well as in other 

cancers (Table 3-1). Thus, it could be functionally important.  

Interestingly, PARP4 mutations are associated with a Chinese ethnic bias 

when compared to a TCGA dataset comprising 230 Caucasian LUAD patients 

(Chen et al., 2020b; The Cancer Genome Atlas Research Network, 2014) (Figure 

3-2). This could suggest why PARP4’s putative role as a modulator of LUAD 

tumorigenesis was never previously picked up from Caucasian cohort data, 

highlighting the value of this study in identifying novel LUAD modulators.  

The second candidate, RASA1, was not as frequently mutated compared 

to some of the other candidates. However, all five mutations localized to the same 

Ras GTPase-activating (RasGAP) domain (Figure 3-1E). Furthermore, three of 

these are truncating mutations, with one instance of a frameshift deletion and two 

instances of nonsense mutations. Thus, these various mutations could share a 

common outcome of disrupting or altering RASA1’s RasGAP function.    

Hence, I decided to conduct further analyses on these two genes.  
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Figure 3-1: Mutational profiles of EGFR, TP53, KRAS and seven candidate drivers 

A-J) Lollipop plots reflecting the distribution of individual mutations reported in the 

Asian LUAD cohort for A) EGFR, B) TP53, C) KRAS, D) PARP4, E) RASA1, F) EPRS, 

G) LYST, H) NCOR2, I) ZMYM2 and J) PBRM1. The X-axis represents the protein 
sequence and the position of each line along the X-axis reflects the amino acid residue 

affected by the indicated mutation. The height of the line describes how frequently the 

mutation was observed, whereas the color of the circle indicates the nature of the 
mutation. Analysis performed by Dr. Jianbin Chen. Figure reproduced from (Chen et al., 

2020b). 
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Table 3-1: Distribution of PARP4 I1039T mutation across different cancer cohorts 

Data retrieved from the International Cancer Genome Consortium (ICGC) Data Portal 

(Zhang et al., 2019a) 

Project Tumor Subtype 

No. of 

PARP4 

I1039T 

cases 

Cohort 

size 

Frequency 

of PARP4 

I1039T (%) 

Colorectal 

Cancer (China) 

Adenocarcinoma, 

non-Western 
9 321 2.80 

Lung Cancer 

(Korea) 

Adenocarcinoma, 

Squamous cell 

carcinoma 

4 170 2.35 

Skin Cancer 

(Australia) 
Melanoma 3 183 1.64 

Acute Myeloid 

Leukemia 

(Korea) 

Acute myeloid 

leukemia 
2 205 0.98 

Gastric Cancer 

(China) 

Intestinal- and 

diffuse-type 
1 123 0.81 

Liver Cancer 

(China) 

Hepatocellular 

carcinoma HBV-

associated 

3 402 0.75 

Cervical 

Squamous Cell 

Carcinoma 

(TCGA, US) 

Cervical squamous 

cell carcinoma 
1 194 0.52 

Esophageal 

Cancer (China) 

Squamous 

carcinoma 
1 332 0.30 

Kidney Renal 

Clear Cell 

Carcinoma 

(TCGA, US) 

Clear cell 

carcinoma 
1 408 0.25 
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Figure 3-2: PARP4 mutations are associated with a Chinese ethnic bias  

Comparison of driver mutational frequencies between the Asian (EAS) and Caucasian 

(EUR) TCGA cohorts among smokers (left) and non-smokers (right), reveals significant 

ethnicity differences. All genes displayed in the figure have significant differences 
(FDR < 0.1) as calculated by two-sided Fisher’s exact test. PARP4 is highlighted in the 

red box. Analysis performed by Dr. Jianbin Chen. Figure reproduced from (Chen et al., 

2020b). 

 

 Lower PARP4 or RASA1 expression is correlated with poorer overall 

survival in LUAD 

Having identified PARP4 and RASA1 as interesting candidate drivers to 

follow up on, I first sought to investigate whether they might play a tumor 

suppressive or oncogenic role in the context of LUAD. To do so, I examined our 

Asian LUAD dataset (Chen et al., 2020b), the Caucasian TCGA LUAD dataset 

(The Cancer Genome Atlas Research Network, 2014), as well as a racially mixed 

collection of microarray datasets from the KM Plotter database (Győrffy et al., 

2013). 

 PARP4 

I first determined the effect of PARP4 expression on LUAD patient 

overall survival, as one would expect lower expression of a tumor suppressor and 

higher expression of an oncogene to be associated with poorer prognosis. Using 

microarray data from the KM Plotter database, LUAD patients (n=720) were 

segregated into a low and high expression group, with overall survival then 

compared between the two groups (Győrffy et al., 2013). Consistent with a 
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potential tumor suppressive role, lower levels of PARP4 were correlated with 

poorer overall survival (Figure 3-3).  

 

Figure 3-3: Lower PARP4 expression in LUAD is correlated with poorer overall 

survival  

Kaplan-Meier plot generated using LUAD microarray data (n=720, Affymetrix ID 

202239_at for PARP4) from the KM Plotter  database (Győrffy et al., 2013). The patient 
group with high gene expression (n=360) is displayed in red while the low expression 

group (n=360) is marked in black.  

 

Although PARP4 somatic mutations were reported in only 6% of patients 

within the Asian LUAD cohort, I wanted to determine whether there could be 

other patients affected by copy number alterations. Having observed PARP4 

expression to be inversely correlated with survival (Figure 3-3), I hypothesized 

that alterations in PARP4 copy number could be another means of perturbing 

PARP4 gene expression levels, thereby giving rise to phenotypic differences 

even in the absence of somatic mutations.  

In fact, the relationship between copy number and gene expression has 

been previously examined. In one study where molecular subtyping and 

clustering analyses integrating both copy number and gene expression data were 

performed on multiple independent cancer cohorts, it was revealed that certain 

gene expression patterns may not be driven by copy number (Ramazzotti et al., 

2018). However, several studies have also reported a concordance between copy 
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number status and relative gene expression levels (Graham et al., 2017; Ohashi 

et al., 2019; Paolella et al., 2017; Zhao and Zhao, 2016). I thus sought to examine 

this within the Asian LUAD cohort as well as the Caucasian TCGA LUAD cohort. 

Details of copy number alterations within the Asian and TCGA LUAD 

cohorts were obtained from the OncoSG or cBio portals (Cerami et al., 2012; Gao 

et al., 2013) respectively, where samples had been stratified into thresholded 

copy number status using the GISTIC/GISTIC2.0 algorithm (Beroukhim et al., 

2007; Mermel et al., 2011) as in Table 3-2.  

Table 3-2: Summary of copy number status as described by GISTIC/GISTIC2.0 

(Beroukhim et al., 2007; Cerami et al., 2012; Mermel et al., 2011) 

 

More than half (51.7%, n=156) of all cases within the Asian LUAD 

cohort (n=302) had PARP4 copy number loss, with the vast majority of these 

having shallow deletions (50%, n=151). In contrast, gain in PARP4 copy number 

was only observed in 8.3% of patients (gain: n=24, amplification: n=1) (Figure 

3-4A).  

 To determine the impact of PARP4 copy number status on gene 

expression levels, I focused on the subset of patients for which RNA sequencing 

data was available. Patients with shallow or deep deletions were grouped in the 

same category of copy number loss, while patients with gains or amplifications 

were classified together as copy number gain (Table 3-2). The normalized RNA 

Effect 

on copy 

number 

Copy number 

status 

Thresholded 

copy number 
Functional implication 

Loss 

Deep deletion -2 
Possible homozygous 

deletion 

Shallow deletion -1 
Possible heterozygous 

deletion 

Neutral Diploid 0 Diploid 

Gain 

Gain 1 Low-level gain 

Amplification 2 
High-level gain of more 

copies 
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expression of PARP4 was then compared among the copy number loss, diploid 

and gain groups (Figure 3-4B).  

Normalized PARP4 expression was indeed significantly lower in patients 

with PARP4 copy number loss as compared to patients that were diploid or had 

gains in PARP4 copy number (Figure 3-4B).  

Similarly, in the TCGA LUAD cohort (n=230), the majority (53.0%, 

n=121) of samples had a loss in PARP4 copy number that was also associated 

with lower PARP4 expression (Figure 3-4A, C).   

Given that the patients from both cohorts predominantly had PARP4 copy 

number deletions which were accompanied by reduced PARP4 mRNA 

expression, I hypothesized that PARP4 could be acting as a tumor suppressor 

where copy number loss leads to the loss of PARP4 expression and function. 

 

 

Figure 3-4: Correlation between PARP4 copy number status and RNA expression 
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A) Bar graph showing the distribution of PARP4 copy number status within the Asian 
LUAD cohort (n=302) and TCGA LUAD cohort (n=230). B, C) Bar graphs showing 

PARP4 RNA expression z-scores grouped by PARP4 copy number status in B) Asian 

LUAD patients (n=169) and C) TCGA LUAD patients (n=230). Data represent the 

mean ± s.d.; **p<0.01, ****p<0.0001, ns: not significant, as determined by ordinary 
one-way ANOVA followed by the Tukey test to correct for multiple comparisons. The 

multiplicity adjusted p-value was reported.  

 

 EGFR (47%) and KRAS (11%) are the major oncogenic drivers in the 

LUAD cohort, and there are cases of PARP4 copy number loss that concurrently 

had either EGFR or KRAS mutations (Figure 3-5), which are known to be 

mutually exclusive in LUAD (Chen et al., 2020b; Li et al., 2016; Unni et al., 

2015). To determine if there was any association between EGFR or KRAS 

mutation status as well as PARP4 copy number status, I performed the Fisher’s 

exact test and found that EGFR (p<0.0001) or KRAS (p<0.05) mutations were 

indeed more frequently found in cases with PARP4 copy number loss (Table 3-3, 

Table 3-4). Thus, it would be important to study PARP4 loss in the context of 

EGFR or KRAS mutations.  

 

 

Figure 3-5: Relationship between PARP4 copy number status and EGFR or KRAS 

mutation status 

Data represent the frequency of PARP4 diploid or copy number loss patients with a 

concurrent mutation in EGFR, KRAS or neither, within the Asian LUAD cohort.  
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Table 3-3: Contingency table displaying PARP4 copy number and EGFR mutation 

status 
 

EGFR mut Neither Total 

PARP4 diploid 43 67 110 

PARP4 CN loss 88 48 136 

Total 131 115 246 

Fisher’s exact test 

P-value < 0.0001 

  

 

Table 3-4: Contingency table displaying PARP4 copy number and KRAS mutation 

status 

 
KRAS mut Neither Total 

PARP4 diploid 11 67 78 

PARP4 CN loss 20 48 68 

Total 31 115 146 

Fisher’s exact test 

P-value 0.0271 

  

 

 RASA1 

 Similar to what was observed for PARP4, lower RASA1 expression was 

significantly associated with poorer overall survival in LUAD (Figure 3-6A).  

 Unlike in the case of PARP4, slightly over half of the Asian LUAD 

patients (52.0%, n=157) retained their copy number diploid status, while the 

remainder were evenly distributed between RASA1 copy number gain (25.2%, 

n=76) or loss (22.9%, n=69) (Figure 3-6B). Normalized RASA1 expression in 

the copy number gain patients was significantly higher than patients bearing 

diploid or loss of RASA1 copy number, although there was no significant 

difference between the latter two groups (Figure 3-6C). 

Interestingly, compared to Asian LUAD, the TCGA LUAD cohort had 

more cases of RASA1 copy number loss (41.3%, n=95) that was accompanied 

by significantly lower RASA1 expression (Figure 3-6B, D). Thus, the initial data 

mining pointed to a potential tumor suppressive role for RASA1 that would be 

subsequently investigated.   
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Figure 3-6: RASA1 expression, survival and copy number data 

A) Kaplan-Meier plot generated using LUAD microarray data (n=720, Affymetrix ID 
202677_at for RASA1) from the KM Plotter database (Győrffy et al., 2013). The patient 

group with high gene expression (n=232) is displayed in red while the low expression 

group (n=488) is marked in black. B) Bar graph showing number of patients with each 

RASA1 copy number status within the Asian LUAD cohort (n=302) and TCGA LUAD 
cohort (n=230). C, D) Bar graphs showing normalized RASA1 RNA expression z-scores 

grouped by RASA1 copy number status in C) Asian LUAD patients (n=169) and D) 

TCGA LUAD patients (n=230). Data represent the mean ± s.d.; **p<0.01, 
****p<0.0001, ns: not significant, as determined by ordinary one-way ANOVA 

followed by the Tukey test to correct for multiple comparisons. The multiplicity adjusted 

p-value was reported. Data was retrieved from OncoSG (B, C) and cBio portal (Cerami 

et al., 2012; Gao et al., 2013) (B, D). 
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 Genetically defined transformed primary small airway epithelial cells 

as a model system 

To investigate the functions of PARP4 and RASA1 in the LUAD context, 

I first determined a cell line model that would be relevant to LUAD. I chose 

human lung primary cells – specifically small airway epithelial cells (SAEC), as 

LUAD was previously observed to arise from SAEC cells in the distal regions of 

the lung (Figure 3-7A) (Sainz de Aja et al., 2021; Sutherland and Berns, 2010; 

Sutherland et al., 2014; Xu et al., 2012). SAEC cells transformed with defined 

genetic elements mimics step-wise tumorigenesis and would facilitate the 

characterization of our candidate driver genes as they have a relatively well-

defined genetic background with few passenger mutations.   

Previous studies have shown that conversion of normal primary human 

cells towards malignancy requires the acquisition of a minimal set of genetic 

alterations, which include expression of the telomerase catalytic subunit (TERT) 

together with two cooperating oncoproteins (Dolma et al., 2003; Hahn and 

Weinberg, 2002; Hahn et al., 1999, 2002; Pütz et al., 2010). Specifically, TERT 

overexpression prevents telomere erosion, whereas overexpression of the viral 

oncoprotein SV40 large T antigen (SV40LT) inhibits RB and p53 to bypass cell 

cycle checkpoints, collectively enabling primary cells to not only overcome the 

barriers of senescence and crisis but also tolerate the further overexpression of 

oncogenic KRAS (Figure 3-7B) (Hahn and Weinberg, 2002).  

Our lab had previously generated a series of SAEC lines by the serial 

addition of TERT and SV40LT (SAECTS), as well as a separate cell line with 

further addition of mutant KRASG12V (SAECK) (Figure 3-7D). SAECK cells 

overexpress TERT, SV40LT and mutant KRAS at high levels compared to 

parental SAEC cells (Figure 3-7C, E).   

Parental primary SAEC cells require a feeder layer to be maintained in 

culture, whereas SAECTS can be maintained feeder-free (Figure 3-7F, top panel). 

Consistent with previous reports, SAECTS cells fail to form soft agar colonies or 
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tumor xenografts in immunodeficient mice, which are classical assays for in vitro 

and in vivo tumorigenicity respectively (Figure 3-7F, middle panel).  

Similar to SAECTS, SAECK cells can also be maintained feeder-free 

(Figure 3-7F, top panel). Moreover, and importantly, SAECK cells are capable 

of both forming soft agar colonies and engrafting in immunodeficient mice 

(Figure 3-7F, middle and bottom panels). Thus, overexpression of all three 

genetic elements is essential to convert the SAEC cells into a tumorigenic state.  

Both the SAECTS and SAECK cell lines were subsequently used to test 

candidate driver gene function.  

  

 

Figure 3-7: Generation of transformed primary small airway epithelial cells 
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A) Schematic diagram of the human lung and the different cellular origins of lung cancer.  
B) Schematic diagram outlining the barriers to cell proliferation and how overexpression 

of TERT and SV40 large T antigen can overcome them. C) Immunoblot analysis of 

TERT, SV40LT and KRAS expression in SAECK versus SAEC cells. GAPDH was used 

as a loading control. D) Schematic diagram describing the gain in tumorigenic properties 
of primary small airway epithelial cells (SAEC) following cumulative addition of 

genetic elements. The SAECK cell line was generated by Dr. Yuan Ju. E) RT-qPCR 

analysis of transcript levels of the same genes as in C). Data represent the mean ± s.e.m., 
n = 3; *p<0.05, **p<0.01, ***p<0.001, as determined by unpaired two-tailed t-test. F) 

Representative brightfield images of SAEC, SAECTS and SAECK maintained in culture 

(top). Representative brightfield images of soft agar colonies formed after 2 weeks. 

SAEC and SAECTS remained as single cells even after two months (middle). Images 
taken at 4x magnification. Scale bar represents 100μm. Representative images of tumors 

formed by subcutaneous injection of 1 million SAECK cells after 12 weeks (bottom).  

 

 RASA1 loss did not alter tumorigenicity of SAECK cells 

Based on the nature of RASA1 mutations observed in our Asian LUAD 

cohort as well as the inverse correlation between RASA1 expression and overall 

survival, I hypothesized that RASA1 could be a tumor suppressor in LUAD.  

To test this, I used three independent shRNAs to generate RASA1 

knockdown lines from parental SAECK cells. Of the three shRNAs, only two 

consistently depleted RASA1 protein and mRNA (Figure 3-8A, B). These two 

RASA1 knockdown cell lines were then used in soft agar assays, but there was 

no significant change in the number and size of resultant colonies compared to 

control cells (Figure 3-8C, D). As loss of RASA1 did not appear to increase in 

vitro tumorigenicity of the SAECK cells, I did not continue to pursue RASA1 as 

a candidate driver. Nevertheless, it remains possible that only upon 

transplantation into immunodeficient mice will any differences in their growth 

rates become apparent.  
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Figure 3-8: RASA1 knockdown did not alter SAECK tumorigenicity  

A) Immunoblot showing reduction in RASA1 protein levels upon RASA1 knockdown 

with shRNA #1 and shRNA #2 in SAECK cells. Beta-actin (B actin) was used as a 

loading control. B) RT-qPCR analysis of RASA1 transcript levels in SAECK control 
and RASA1 knockdown cells. C) Representative images of soft agar colonies stained by 

crystal violet after 3 weeks of growth. D) Quantitation of soft agar colonies. Colonies 

were counted manually and quantified relative to control. Data represent the 

mean ± s.e.m., n = 3; ****p<0.0001, ns: not significant, as determined by ordinary one-
way ANOVA followed by the Dunnett test to correct for multiple comparisons. The 

multiplicity adjusted p-value was reported.   
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 PARP4 is a novel tumor suppressor in LUAD 

 PARP4 loss increases tumorigenicity of SAECK but not SAECTS  

As PARP4 copy number loss was prevalent in the LUAD cohort and was 

associated with lower expression levels, which were in turn associated with poor 

prognosis, I hypothesized that PARP4 has a tumor suppressive role. To test this, 

I proceeded to generate stable PARP4 knockdown SAECK lines using three 

independent shRNAs. Significant reduction of PARP4 at both the protein and 

mRNA levels was observed for all three shRNAs, and these cell lines were used 

in subsequent experiments (Figure 3-9A, B).  

While the control and PARP4 knockdown lines did not have significant 

differences in their proliferation rates when maintained in 2D culture (Figure 

3-9C), the PARP4 knockdown lines consistently formed a greater number of soft 

agar colonies that were also of a larger size compared to the control line (Figure 

3-9D-F), indicating their heightened ability for anchorage-independent growth.  
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Figure 3-9: Knockdown of PARP4 in SAECK increases in vitro tumorigenicity 

A) Immunoblot indicating reduction in PARP4 levels upon shRNA knockdown in 
SAECK cells. GAPDH was used as a loading control. B) RT-qPCR analysis of PARP4 

transcript levels. C) Growth curves comparing proliferative capacity of SAECK control 

and PARP4 knockdown cells as measured by the Cell-Titer Glo assay. D) Representative 

brightfield images of soft agar colonies. Images were taken at 4x magnification. Scale 
bar represents 100μm. E) Representative images of soft agar colonies stained by crystal 

violet after 3 weeks of growth. F) Quantitation of soft agar colonies. Colonies were 

counted manually and quantified relative to control. Data represent the mean ± s.e.m., n 
= 6; **p<0.01, ****p<0.0001, ns: not significant, as determined by ordinary one-way 

ANOVA followed by the Dunnett test to correct for multiple comparisons. The 

multiplicity adjusted p-value was reported. 
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I later selected shPARP4 #1, which consistently had the best knockdown 

efficiency, for transplantation into immunodeficient NSG mice and observed that 

the cells formed significantly larger tumors than the control line (Figure 3-10A-

C).  

To ascertain that the increase in tumorigenicity was indeed a result of 

PARP4 loss, I proceeded with an orthogonal method of depleting PARP4 from 

SAECK cells. Whereas shRNA knockdowns were performed in the first set of 

experiments, I next used guide RNAs (gRNAs) for CRISPR-mediated knockout 

of PARP4 and was able to successfully reduce PARP4 levels in SAECK cells 

using two independent gRNAs (Figure 3-10D). As before, the pooled PARP4 

knockout cells indeed formed a significantly greater number of soft agar colonies 

than control cells (Figure 3-10E, F), thus strengthening the evidence for the tumor 

suppressive properties of PARP4.   

Taken together, the loss of PARP4 indeed converts SAECK cells into a 

more tumorigenic state, and these results are consistent with PARP4 having a 

tumor suppressive role. 
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Figure 3-10: Loss of PARP4 increases SAECK tumorigenicity in additional 

experiments 

A) Immunoblot confirming PARP4 knockdown in SAECK cells B) Representative 

images of tumors formed from the subcutaneous injection of 1 million cells per flank of 

NSG mice. C) Bar graph comparing mass of tumors formed after 8 weeks. Data represent 
the mean ± s.d., n = 6; *p<0.05, as determined by unpaired two-tailed t-test.  

D) Immunoblot confirming reduction in PARP4 levels using the pooled CRISPR 

knockout method. E) Representative images of soft agar colonies stained with crystal 
violet. F) Quantification of soft agar colonies. Data represent the mean ± s.e.m., n = 3; 

**p<0.01, as determined by ordinary one-way ANOVA followed by the Dunnett test to 

correct for multiple comparisons. The multiplicity adjusted p-value was reported. 

 

Apart from the tumorigenic SAECK cells, I wanted to determine whether 

PARP4 loss in the transformed but non-tumorigenic SAECTS cells could convert 

them into a fully tumorigenic state. Using the same three shRNAs, PARP4 

knockdown efficiency of 60%-80% could similarly be achieved in SAECTS cells 

(Figure 3-11A, B). However, these PARP4 knockdown cells remained unable to 

form soft agar colonies (Figure 3-11C), indicating that PARP4 loss is insufficient 

for tumorigenesis and requires a further oncogenic insult.  
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Figure 3-11: PARP4 loss does not convert SAECTS cells into a tumorigenic state 

A) Immunoblot indicating knockdown of PARP4 in a primary lung line expressing 
TERT and SV40 LT (SAECTS). B) RT-qPCR analysis indicating a significant reduction 

in PARP4 transcript levels in knockdown cells. C) Representative brightfield images of 

cells in soft agar at 8 weeks, taken at 4x magnification. Scale bar represents 100μm. 

Control and PARP4 knockdown cells remained as single cells (examples indicated by 
black arrowheads) and did not proliferate under anchorage-independent conditions. Data 

represent the mean ± s.e.m., n = 3; ****p<0.0001, as determined by ordinary one-way 

ANOVA followed by the Dunnett test to correct for multiple comparisons. The 

multiplicity adjusted p-value was reported. 
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 PARP4 expression is lost in cancer  

As the expression levels of many tumor suppressors have been reported to 

be higher in normal tissues but reduced or lost upon the transition to cancer 

(Cangemi et al., 2008; Muir and Nunney, 2015; Wang et al., 2018c), I wanted to 

determine if this was true of PARP4 in the lung context. 

Using publicly-available lung cancer datasets, I compared PARP4 

expression levels between normal versus lung cancer samples. Indeed, PARP4 

was more highly expressed in normal lung cells (Figure 3-12), further supporting 

its role as a tumor suppressor. 

 

Figure 3-12: PARP4 expression between lung tumor and normal tissue 

A) Comparison of PARP4 expression between matched TCGA tumor and normal 
samples. Y-axis represents log2(TPM + 1) transformed expression data, where TPM 

represents transcripts per million. The black line indicates median expression. Data was 

retrieved from the Gene Expression Profiling Interactive Analysis (GEPIA) database 

(Tang et al., 2017). B) Box-and-whisker plot comparing PARP4 transcript levels 
between LUAD tumor (n=1117) versus normal tissue (n=499). The 25th, 50th and 75th 

percentiles are indicated by the boxes, while the whiskers extend to the 5th and 95th 

percentiles. Beyond, individual points are displayed. ****p<0.0001, as determined by 
unpaired two-tailed t-test. Data was retrieved from the GENT2 database (Park et al., 

2019).  
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To further validate my in silico analysis, I proceeded to study endogenous 

PARP4 expression in a variety of normal and tumor lung cell lines. Our lab had 

previously developed a method to derive lung cell lines from patient tissue by 

plating dissociated cells on irradiated NIH-3T3 fibroblasts using a proprietary 

media formulation. Using this method, we could generate tumor cell lines from 

surgically resected lung tumor tissue or needle biopsies, as well as normal cell 

lines from the adjacent normal lung tissue.  

From our lab’s collection of patient-derived lung cell lines, I observed 

that PARP4 protein levels were higher in the normal cells relative to the tumor 

cells (Figure 3-13A). Extending this to commercially available lung cancer cell 

lines, I similarly observed lower PARP4 levels in the cancer compared to the 

normal cell lines (Figure 3-13B). 

Collectively, these suggest a role for the loss of PARP4 in the progression 

towards cancer.   

 

 

 

Figure 3-13: PARP4 expression levels are lower in lung cancer cells  

A, B) Immunoblot analysis of PARP4 expression in normal patient-derived lung cells 

compared to A) patient-derived tumor cells and B) commercial lung cancer cell lines. 

Beta actin (B actin) and GAPDH are used as loading controls.  
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 PARP4 loss increases tumorigenicity of additional lung cancer cell 

lines  

While PARP4’s tumor suppressive activity was evident in the SAECK 

model system, it was also important to investigate whether these tumor 

suppressive effects were more universal. As PARP4 copy number loss was earlier 

shown to be significantly associated with EGFR and KRAS mutations within the 

Asian LUAD cohort (Figure 3-5), I found it pertinent to determine whether 

PARP4 modulates tumorigenicity in the same manner in mutant EGFR versus 

mutant KRAS cells.  

From a panel of commercial lung cancer lines, I selected cell lines that 

had comparatively higher levels of PARP4 from which to further deplete PARP4. 

PC-9 is one such cell line with a mutant EGFR background (Figure 3-14A). 

Specifically, PC-9 has a deletion of amino acids 746 to 750 (exon 19 deletion) 

that renders EGFR constitutively active (Blanco et al., 2009; Kawahara et al., 

2010). PARP4-targeting shRNAs were stably introduced into PC-9 cells and 

were able to successfully reduce PARP4 levels (Figure 3-14B). PC-9 cells with 

reduced PARP4 expression went on to form a significantly larger number of soft 

agar colonies (Figure 3-14C-D), indicating their increased in vitro tumorigenicity.  
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Figure 3-14: PARP4 knockdown in EGFR mutant PC-9 cells increases in vitro 

tumorigenicity 

A) Immunoblot analysis of PARP4 levels in a panel of lung cell lines, with KRAS and 

EGFR mutation status indicated (Blanco et al., 2009; Helfrich et al., 2006). PC-9 is 
highlighted by the red box. B) Immunoblot validation of PARP4 shRNA knockdown in 

PC-9 cells. C) Representative images of soft agar colonies stained by crystal violet after 

3 weeks of growth. D) Quantitation of soft agar colonies. Colonies were counted 
manually and quantified relative to control. Data represent the mean ± s.e.m., n = 3; 

***p<0.001, ****p<0.0001, as determined by ordinary one-way ANOVA followed by 

the Dunnett test to correct for multiple comparisons. The multiplicity adjusted p-value 

was reported.  
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PARP4-targeting gRNAs were used to deplete PARP4 levels via the 

orthogonal method of CRISPR-mediated PARP4 knockout in A549 cells, which 

harbour constitutively active KRASG12S (Blanco et al., 2009; Helfrich et al., 2006) 

(Figure 3-15A). After confirming the successful reduction in PARP4 levels via 

immunoblotting (Figure 3-15B), the cells were subcutaneously injected into 

immunodeficient mice. The PARP4-depleted A549 cells formed larger tumors 

than the control (Figure 3-15C, D), indicating that PARP4 loss indeed results in 

increased in vivo tumorigenicity. 

Taken together, these experiments demonstrate the relevance of PARP4’s 

tumor suppressive roles in additional lung cancer cell lines and suggest that 

PARP4 loss increases tumorigenicity of both mutant EGFR- and KRAS-driven 

cells.  

 

 

Figure 3-15: PARP4 loss in KRAS-mutant A549 cells increases in vivo 

tumorigenicity 

A) Immunoblot analysis of PARP4 levels in a panel of lung cell lines, with KRAS and 

EGFR mutation status indicated (Blanco et al., 2009; Helfrich et al., 2006). A549 is 
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highlighted by the red box. B) Immunoblot validation of reduction in PARP4 levels 
following PARP4 pooled CRISPR knockout in A549 cells using two independent 

gRNAs. C) Growth curve of tumors formed from the subcutaneous injection of 400,000 

cells per flank of NSG mice. Tumor volume was calculated as 0.5 x length x width2. D) 

Bar graph comparing mass of tumors formed after 8 weeks. Data represent the 
mean ± s.d., n ≥ 4; **p<0.01, ****p<0.0001, as determined by ordinary one-way 

ANOVA followed by the Dunnett test to correct for multiple comparisons. The 

multiplicity adjusted p-value was reported.   

 

 Recurrent I1039T mutation in PARP4 contributes to tumorigenicity 

 Having accounted for the potential outcome of PARP4 copy number loss, 

I next wanted to determine the functional significance of the recurrent I1039T 

mutation observed in the Asian LUAD cohort. 

 To explore this, a clonal PARP4 knockout (KO) cell line was first 

generated from SAECK cells using a gRNA targeting exon 3 within the PARP4 

gene. The clonal KO was subsequently validated by Sanger sequencing to have 

a homozygous frameshift mutation at the gRNA target site (Figure 3-16A) and 

was used for overexpression of either wildtype PARP4 (PARP4WT) or mutant 

PARP4I1039T.  

 Because of PARP4’s size, the length of the overexpression construct 

(12.4 kilobases) was close to the limit for efficient production of lentiviral 

particles and adversely affected transduction efficiency (Kumar et al., 2001; 

Sweeney and Vink, 2021). It was generally difficult to attain high overexpression 

levels of PARP4, with the parental SAECK line still having overall higher 

PARP4 levels (Figure 3-16B).  

 However, despite repeated lentiviral transduction and fluorescence-

activated cell sorting to increase the levels of PARP4 protein expression, the 

mutant I1039T line always had lower PARP4 protein compared to the wildtype 

(Figure 3-16B). This was in spite of comparable PARP4 overexpression at the 

transcript level between the two cell lines (Figure 3-16C). 
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To determine whether the mutation in its endogenous context was 

associated with any expression changes, I compared PARP4 transcript levels 

between I1039T mutant and wildtype cases in the LUAD cohort data and found 

no significant difference (Figure 3-16D). Unfortunately, there was no proteome 

data available, for it would have been illuminating to determine if the I1039T 

mutation was correlated with lower PARP4 protein expression in patients. 

Instead, I examined the possible functional outcome of the I1039T 

mutation using a web-based tool, PolyPhen-2, which predicts the impact of amino 

acid substitutions on protein structure and function. PolyPhen-2 considers the 

structural attributes and evolutionary conservation of the protein and amino acid 

residue in question, and employs machine-learning approaches to estimate the 

probability of a mutation having a deleterious effect on protein function 

(Adzhubei et al., 2013, 2010). PolyPhen-2 then assigns a probability score on the 

scale of 0 to 1, based on increasing likelihood that the mutation will negatively 

affect protein function. In the case of PARP4, the I1039T mutation received a 

score of 0.856 and was predicted to be “possibly damaging” (Figure 3-16E), 

indicating that it could potentially have a deleterious effect. 

Having verified that PARP4 mRNA levels were comparable between the 

two cell lines, I transplanted them subcutaneously into NSG mice to determine 

the effect of the I1039T mutation on tumorigenicity. As the mutant I1039T line 

formed larger tumors than the wildtype line (Figure 3-16F, G), I concluded that 

the recurrent I1039T mutation functionally contributes to tumorigenicity.   

Given the prediction of a deleterious effect, as well as the lower protein 

levels in spite of matched RNA levels, I speculated that the I1039T mutation may 

have destabilized the protein, resulting in effectively a loss-of-function 

phenotype where PARP4 protein levels are lowered, and thereby increasing 

tumor formation. This hypothesis could be further ascertained and studied using 

cycloheximide and MG-132 to inhibit protein synthesis and degradation 

respectively. 
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Figure 3-16: PARP4 I1039T results in reduced PARP4 protein and increases 

tumorigenicity 

A) Sanger sequencing chromatogram depicting frameshift mutation within PARP4 exon 
3 in the PARP4 clonal KO line. B) Immunoblot analysis indicating lower PARP4 

expression in clonal PARP4 KO overexpressing PARP4WT compared to SAECK, and 

even lower PARP4 expression in clonal PARP4 KO overexpressing PARP4I1039T. C) RT-
qPCR analysis indicating similar PARP4 transcript levels between clonal PARP4 KO 

overexpressing PARP4WT or PARP4I1039T. Data represent the mean ± s.e.m., n = 5; 

****p<0.0001, ns: not significant, as determined by ordinary one-way ANOVA 
followed by the Tukey test to correct for multiple comparisons. The multiplicity adjusted 

p-value was reported. D) Relative PARP4 expression in PARP4WT and PARP4I1039T 

patients from the Asian LUAD cohort. Data represent the mean ± s.d., n ≥ 5; ns: not 

significant, as determined by unpaired two-tailed t-test. E) Results from PolyPhen-2 
analysis of I1039T mutation. F) Growth curve of tumors formed from the subcutaneous 

injection of 1 million cells per flank of NSG mice. Tumor volume was calculated as 0.5 
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x length x width2. G) Bar graph comparing mass of tumors formed after 8 weeks. Data 

represent the mean ± s.d., n ≥ 8; ***p<0.001, as determined by unpaired two-tailed t-test.  

 

 PARP domain is crucial for PARP4’s tumor suppressive activity 

 PARP4 is known to possess ADP-ribosylation activity – in vitro assays 

have revealed that PARP4 is capable of auto-ADP-ribosylation (Kickhoefer et al., 

1999a; Vyas et al., 2014). In the rat, PARP4 was also observed to ADP-ribosylate 

its fellow vault complex member MVP (Kickhoefer et al., 1999a). However, the 

functional significance of this catalytic activity remains to be understood. Hence, 

I wanted to determine if PARP4’s ADP-ribosylation activity is important for its 

tumor suppressive function.   

 To test this, I overexpressed mutant PARP4 lacking its PARP catalytic 

domain in the same PARP4 clonal knockout SAECK line as before and 

performed in vivo tumorigenicity assays (Figure 3-17A, B). Compared to 

wildtype PARP4, the PARP domain deletion resulted in larger tumors (Figure 

3-17C, D), suggesting that the PARP domain is indeed crucial for PARP4’s 

tumor suppressive activity.  

 Apart from its ADP-ribosylation activity, the PARP domain in another 

PARP family member PARP1 was previously reported to bind p53 and histones, 

suggesting that the domain may have additional roles in mediating protein 

interactions (Kumari et al., 1998; Pinnola et al., 2007; Wacker et al., 2007). 

 Given that PARP4’s PARP domain appears to be functionally important 

for tumorigenicity, I intend to dissect the two potential functionalities of the 

PARP domain – ADP-ribosylation and protein interaction, by mutating key 

active site residues to generate a catalytically inactive PARP4 mutant that retains 

the overall PARP domain structure. Comparing the tumorigenicity of this variant 

relative to the PARP domain-deleted and wildtype PARP4 would give an 

indication of the degree by which ADP-ribosylation activity contributes to 

PARP4’s tumor suppression. 
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Figure 3-17: Loss of PARP domain increases tumorigenicity 

A) Schematic diagram of PARP4 protein structure, with the respective domains and 

location of the I1039T mutation indicated. Figure was adapted from (Schreiber et al., 

2006). B) Immunoblot analysis of PARP4. GAPDH was used as a loading control. C) 
Growth curve of tumors formed from the subcutaneous injection of 1 million cells per 

flank of NSG mice. Tumor volume was calculated as 0.5 x length x width2. D) Bar graph 

comparing mass of tumors formed after 8 weeks. Data represent the mean ± s.d., n ≥ 5; 

***p<0.001, ****p<0.0001, as determined by unpaired two-tailed t-test.  
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 Graphical summary 

 

Figure 3-18: Schematic diagram summarizing effects of PARP4 loss or mutations 

on tumorigenicity 

In lung cancer cells that are driven by mutant KRAS or mutant EGFR, loss of PARP4 

promotes tumorigenicity. The recurrent I1039T mutation in PARP4 leads to the same 

phenotype, possibly by reducing levels of PARP4 protein. Deletion of the PARP 
catalytic domain similarly increases tumor formation, thus suggesting the involvement 

of PARP catalytic or scaffolding activity in PARP4-mediated tumor suppression.  
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 PARP4’s tumor suppressive activity is independent of the vault 

complex  

 MVP loss does not alter tumorigenicity 

Given that much of the literature surrounding PARP4 focuses on its 

association with the vault complex, I asked if the vault complex could be 

implicated in PARP4’s tumor suppressive activity. 

Firstly, I determined the effect of expression levels of the key structural 

component of the vault complex, MVP, on LUAD patient overall survival. Using 

the same set of LUAD microarray and survival data from the PARP4 and RASA1 

comparisons earlier (Győrffy et al., 2013), I found to my surprise that unlike in 

the case of PARP4, MVP expression levels had no significant impact on overall 

survival (Figure 3-19A), suggesting that MVP might not be important in LUAD 

tumorigenicity. 

I next set out to test this by depleting MVP from SAECK cells through 

parallel means of shRNA knockdown and gRNA knockout (Figure 3-19B, E), 

which would effectively result in the loss of the vault complex structure. 

MVP loss did not phenocopy PARP4 loss, as there were no statistically 

significant effects on the number of soft agar colonies formed (Figure 3-19C, D) 

nor the size of resulting tumor xenografts (Figure 3-19F, G). Thus, loss of MVP 

neither increases in vitro nor in vivo tumorigenicity, in spite of the observation 

that PARP4 levels were slightly reduced upon MVP loss (Figure 3-19E). One 

possible explanation could be that the reduction of PARP4 in the MVP-depleted 

cells did not meet a threshold necessary to observe a significant phenotype. 
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Figure 3-19: MVP loss has no significant effect on tumorigenicity 

A) Kaplan-Meier plot generated using LUAD microarray data (n=720, 202180_s_at for 

MVP) from the KM Plotter database (Győrffy et al., 2013). The patient group with high 

MVP gene expression (n=224) is displayed in red while the low expression group (n=496) 
is marked in black. B) Immunoblot validation of MVP knockdown in SAECK cells.  
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C) Representative images of soft agar colonies stained by crystal violet after 3 weeks of 
growth. D) Quantitation of soft agar colonies. Colonies were counted manually and 

quantified relative to control. Data represent the mean ± s.e.m., n = 6; ns: not significant, 

as determined by ordinary one-way ANOVA followed by the Dunnett test to correct for 

multiple comparisons. The multiplicity adjusted p-value was reported. E) Immunoblot 
validation of MVP depletion via pooled CRISPR knockout in SAECK cells. F) Growth 

curve of tumors formed from the subcutaneous injection of 1 million cells per flank of 

NSG mice. Tumor volume was calculated as 0.5 x length x width2. G) Bar graph 
comparing mass of tumors harvested after 9 weeks. Data represent the mean ± s.d., n ≥8; 

ns: not significant, as determined by unpaired two-tailed t-test. 

 

 MVP-independent PARP4 may confer greater tumor suppressive 

activity than MVP-bound PARP4 

 Interestingly, in addition to the reduction in PARP4 levels observed in 

MVP knockdown cells (Figure 3-20A), cell lines from our panel of normal and 

cancer lung lines with reduced levels of MVP also had lower PARP4 expression 

(Figure 3-20B, C). However, the converse was not true – PARP4-low lines were 

not necessarily always MVP-low. These seemingly confounding observations 

raise the possibility that PARP4 levels and regulation may differ between its 

MVP-associated or MVP-independent forms, which have been described in other 

model systems (Kickhoefer et al., 1999a; Liu et al., 2004; Schroeijers et al., 2000; 

van Zon et al., 2003b). 

 

Figure 3-20: Low MVP protein expression is associated with reduced PARP4 

protein 

A) Immunoblot validation of successful MVP knockdown, with concomitant reduction 

in PARP4 levels in SAECK cells. B, C) Immunoblot analysis of PARP4 and MVP 
expression levels in a panel of B) patient-derived normal and tumor lung lines as well as 

C) commercially available lung cancer cell lines.  
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Previous studies suggest that PARP4 protein is stabilized by its 

incorporation within the vault complex through binding with MVP via its C-

terminal MVP-interacting domain (Figure 3-21A) (Kozlov et al., 2006; Yu et al., 

2017). To assess the association between MVP and PARP4 levels in our cell lines, 

I overexpressed an MVP domain-deleted PARP4 variant in a clonal PARP4 

knockout SAECK line and showed that immunoprecipitation of PARP4 failed to 

co-immunoprecipitate MVP (Figure 3-21B). This verifies that PARP4 interacts 

with MVP through its C-terminal domain. Furthermore, in spite of reduced 

PARP4 protein seen in MVP-depleted cell lines, PARP4 mRNA levels were 

comparable with control cells (Figure 3-21C, D). This thus points to the role of 

post-transcriptional regulation of PARP4 levels by MVP.  

To determine whether MVP regulates PARP4 protein stability, I treated 

control and MVP-depleted SAECK cells with the proteasomal inhibitor MG-132. 

MG-132-treated cells, expectedly, accumulated ubiquitinated proteins that were 

not cleared by the proteasome (Figure 3-21E, top panel). In MVP-depleted cell 

lines, accumulation and stabilization of PARP4 levels were observed over time 

and eventually reached levels that were comparable with cell lines with intact 

MVP expression (Figure 3-21E, red boxes), suggesting that the stability of a 

significant fraction of PARP4 protein indeed depends on MVP. Interestingly, in 

the untreated condition, PARP4 protein was not completely depleted by loss of 

MVP (Figure 3-21E), suggesting that a fraction of cellular PARP4 protein was 

resistant to MVP loss and could exist independently of MVP. Moreover, 

PARP4’s tumor suppressive role likely resides in this MVP-independent fraction, 

as evidenced by the lack of tumorigenicity in MVP-depleted cells (Figure 3-19). 

Indeed, immunofluorescence studies in HeLa cells had previously 

revealed that PARP4 was not entirely associated with the vault complex but was 

also found in the nucleus, from which vault complexes were excluded 

(Kickhoefer et al., 1999a; van Zon et al., 2003a). Notably, PARP4 possesses two 

classical lysine (K)- or arginine (R)-rich nuclear localization signals (NLS) at 

amino acid residues 19-25 within the BRCT domain (PQQQKKK) and 1237-

1249 between the VWFA and MVP interaction domains (KRKHRKIPFSKRK) 
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(Figure 3-21A), which are predicted to allow importin-regulated nuclear import 

(Kalderon et al., 1984; Nguyen Ba et al., 2009). These findings thus suggest 

possible vault-independent roles for PARP4. However, a different study reported 

that the nuclear localization of PARP4 could be an artefact (Vyas et al., 2013). 

Thus, I wanted to determine PARP4’s localization in the SAECK cells.  

To do so, I performed cellular fractionation and found that while the 

majority of PARP4 localizes to the cytoplasm, a smaller subset does indeed exist 

in the nucleus (Figure 3-21F). It would be interesting to subsequently study the 

requirement of nuclear PARP4 for tumor suppression by deleting PARP4’s 

predicted nuclear localization signals. 

Collectively, these different lines of evidence suggest that PARP4’s 

tumor suppressive activity is independent of the vault complex. 
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Figure 3-21: MVP-dependent and independent fractions of PARP4  

A) Schematic diagram of PARP4 and MVP domain features, with the location of the 

identified interaction site on both proteins marked out in orange. The location of 

PARP4’s predicted nuclear localization signals (NLS) are indicated by the orange 

arrowheads. PARP4 domain structure adapted from (Schreiber et al., 2006). B) 
Immunoblot depicting immunoprecipitation of PARP4 from wildtype and MVP domain-

deleted PARP4 overexpression in a clonal PARP4 knockout cell line. C, D) RT-qPCR 

analysis of MVP and PARP4 transcript levels in C) SAECK gMVP #1 and gMVP #2 
cells relative to gLuc, and D) SAECK shMVP #1 and shMVP #3 cells relative to 

shControl. Data represent the mean ± s.e.m., n = 3; *p<0.05, **p<0.01, ***p<0.001, 
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****p<0.0001, ns: not significant, as determined by ordinary one-way ANOVA 
followed by the Dunnett test to correct for multiple comparisons. The multiplicity 

adjusted p-value was reported. E) Immunoblot depicting loss of PARP4 protein from 

MVP-depleted SAECK cells at steady state and upon cycloheximide (CHX) inhibition 

of protein synthesis. MG-132 inhibition of proteasomal degradation led to accumulation 
of ubiquitinated proteins and reverted PARP4 levels back to that comparable with the 

gLuc control (red boxes). Cells were treated with the indicated concentrations of CHX 

and MG-132 for 24h. F) Immunoblot depicting PARP4 protein levels following cell 
fractionation. Equal amounts of total protein from both fractions were used. GAPDH 

and total histone H3 were used as specific markers for the cytoplasmic and nuclear 

fractions respectively. Band intensity was quantified relative to the cytoplasmic or 

nuclear fraction and indicated under the respective bands.  
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 Graphical summary 
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Figure 3-22: Model of the relationship between MVP and PARP4, as well as the 

effects on tumorigenicity 

A) In the presence of MVP, most of PARP4 in the cell is bound to MVP. In its MVP-

bound state, PARP4 is more resistant to proteasomal degradation. In contrast, the free 
form of PARP4 is more rapidly degraded. There is another fraction of PARP4 that is 

possibly stabilized by binding of other interaction partners. B) In the absence of MVP, 

PARP4 mRNA levels remain unchanged, and translated PARP4 protein is likely 
redistributed to the free fraction as well as that bound by other interaction partners. The 

relative distribution between the two fractions, however, is unknown. There is now a 

greater proportion of translated PARP4 protein in its free form which is rapidly degraded, 
leading to the observed reduction in PARP4 protein. At the same time, there remains a 

fraction of PARP4 protein that is more resistant to degradation, possibly protected by 

other binding partners. C) With or D) without MVP, all forms of PARP4 protein are 

stabilized following inhibition of proteasomal degradation by MG-132, thus accounting 
for the higher levels of PARP4 protein observed. E) As MVP loss does not increase 

tumorigenicity, the MVP-bound form of PARP4 is likely not important for tumor 

suppression. PARP4 in its free form, however, is rapidly degraded, so it is likely the 
third fraction of PARP4 that is functionally important for tumor suppression. Whether 

this fraction resides in the nucleus or cytoplasm remains to be determined.  
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 hnRNPM is a novel PARP4-binding partner with tumor suppressive 

activity in LUAD 

 Identification of hnRNPM as a novel PARP4 binding partner 

 Having established that PARP4’s tumor suppressive role appears to be 

independent of the vault complex, I then wanted to determine what other proteins 

PARP4 could be interacting with to mediate its anti-tumorigenic properties. I thus 

sought to identify PARP4’s endogenous binding partners by performing stable 

isotope labelling by amino acids in cell culture (SILAC) co-immunoprecipitation 

(co-IP) mass spectrometry.  

 The SILAC method was chosen because it was more quantitative and 

specific than regular mass spectrometry (Emmott and Goodfellow, 2014; Wal 

and Demmers, 2015). Specifically, PARP4 was immunoprecipitated in SAECK 

shControl cells, with shPARP4 #1 cells serving as a negative control to improve 

the specificity of the hits. In the SILAC set up (Figure 3-23), IP for the two cell 

line conditions was each performed using two independent cell cultures, one 

labelled by amino acids with heavier isotopes (15N- and 13C-labelled lysine and 

arginine), termed ‘heavy’, and one with non-labelled amino acids, termed ‘light’. 

The ‘heavy’ shControl eluate was mixed with the ‘light’ shPARP4 eluate to yield 

a ‘forward’ sample, whereas the ‘light’ shControl eluate was mixed with the 

‘heavy’ shPARP4 eluate to yield a ‘reverse’ sample. In each sample, the mass 

spectrometry analysis would report a SILAC ‘heavy’ to ‘light’ (H/L) ratio 

corresponding to the proportion of ‘heavy’ peptides to ‘light’ peptides detected 

for each protein. Specific PARP4 interaction partners would hence be indicated 

by a forward SILAC H/L ratio > 1 and reverse SILAC H/L ratio < 1.  
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Figure 3-23: Schematic diagram for SILAC co-IP mass spectrometry experiment 

 

After verifying that the immunoprecipitation conditions were indeed able 

to successfully enrich for PARP4 (Figure 3-24), the ‘forward’ and ‘reverse’ 

SILAC samples were sent for mass spectrometry analysis at the Quantitative 

Proteomics Core at the Cancer Science Institute (CSI). 

 

 

Figure 3-24: Successful enrichment of PARP4 via immunoprecipitation 

Immunoblot analysis of PARP4 following immunoprecipitation using PARP4 or IgG 

control antibody in SAECK shControl and shPARP4 cells. GAPDH was used as a 

loading control for the input fractions. 
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 The results revealed the bait protein PARP4, as well as MVP, as the most 

highly enriched proteins with the highest forward ratios alongside the lowest 

reverse ratios (Figure 3-25). The detection of the well-known interacting partner 

of PARP4, MVP, indicated that the SILAC co-IP mass spectrometry experiment 

had indeed worked. Apart from PARP4 and MVP, the remaining proteins had 

weaker enrichment ratios, and a more lenient cut off (a forward ratio greater than 

1.1 and a reverse ratio smaller than 0.9) was chosen to shortlist potential hits 

(Table 3-5). 

 

Figure 3-25: SILAC co-IP mass spectrometry analysis of PARP4 in SAECK cells 

Plot showing the normalized forward and reverse SILAC H/L ratios of proteins detected 
in the PARP4 SILAC co-IP mass spectrometry experiment. Hits with forward H/L 

ratio >1 and reverse H/L ratio < 1 are found in the top left quadrant. 
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Table 3-5: List of potential hits with normalized forward ratio > 1.1 and normalized 

reverse ratio < 0.9. 

Gene 

Name 
Description 

Normalized 

Forward  

H/L Ratio 

Normalized 

Reverse 

H/L Ratio 

MVP Major vault protein 7.95 0.12 

PARP4 Poly (ADP-ribose) polymerase 4 6.06 0.19 

PHB2 Prohibitin-2 1.60 0.87 

PHB Prohibitin 1.52 0.78 

KRT18 Keratin 18 1.50 0.86 

PYGB Glycogen phosphorylase, brain form 1.46 0.43 

VIM Vimentin 1.45 0.37 

RPS27A 
Ubiquitin-40S ribosomal protein S27a; 
Ubiquitin; 40S ribosomal protein S27a 

1.33 0.53 
UBC Polyubiquitin-C; Ubiquitin 

UBB Polyubiquitin-B; Ubiquitin 

UBA52 
Ubiquitin-60S ribosomal protein L40; 

Ubiquitin; 60S ribosomal protein L40 

PCNT Pericentrin 1.33 0.85 

DDX3X ATP-dependent RNA helicase DDX3X 
1.30 0.86 

DDX3Y ATP-dependent RNA helicase DDX3Y 

PCM1 Pericentriolar material 1 protein 1.19 0.76 

ACBD5 
Acyl-CoA-binding domain-containing 
protein 5 

1.17 0.84 

HNRNPM 
Heterogeneous nuclear 

ribonucleoprotein M 
1.14 0.77 

 

To validate the hits, I performed a targeted immunoprecipitation of 

PARP4 in SAECK lysates, and observed the co-immunoprecipitation of not only 

MVP but also heterogeneous nuclear ribonucleoprotein M (hnRNPM) and 

prohibitin (PHB) (Figure 3-26A). PARP4 could similarly be co-

immunoprecipitated upon the reverse experiment of either hnRNPM or PHB 

immunoprecipitation (Figure 3-26B). 
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Figure 3-26: Validation of PARP4 interaction partners identified from SILAC co-

IP mass spectrometry 

A) Immunoblot analysis following immunoprecipitation of PARP4 in SAECK cells. 

PARP4 and MVP were enriched while a fraction of hnRNPM and PHB (indicated by 

black arrows) was found in association with PARP4. B) Immunoblot analysis following 

immunoprecipitation of PHB and hnRNPM in SAECK cells. PARP4 was successfully 

co-immunoprecipitated (indicated by red box).  

 

In addition to these, I was also able to validate some of the other putative 

PARP4 binding partners from the mass spectrometry data. Under 

immunoprecipitation conditions that successfully enriched for pericentrin 

(PCNT), prohibitin-2 (PHB2), pericentriolar material 1 protein (PCM1), keratin 

18 (KRT18) and vimentin (VIM) (Figure 3-27, red boxes), co-

immunoprecipitation of PARP4 was observed for all the above-mentioned 

proteins except for PHB2 (Figure 3-27, yellow boxes). 
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Figure 3-27: Validation of additional PARP4 interaction partners identified from 

SILAC co-IP mass spectrometry 

Immunoblot analysis following immunoprecipitation of PARP4 and prospective 

interaction partners identified as hits from the SILAC co-IP mass spectrometry 

experiment. Bands indicating successful immunoprecipitation of the target proteins by 
their respective antibody relative to IgG control are highlighted by red boxes. Bands 

indicating co-immunoprecipitation of PARP4 relative to the IgG control are highlighted 

by yellow boxes.  

 

As the interaction between PARP4 and hnRNPM was most consistent, 

with hnRNPM successfully co-immunoprecipitating with PARP4 in multiple 

lung cell lines including A549 and PC-9 (Figure 3-28), I decided to follow up on 

hnRNPM. Notably, the interaction was preserved in normal lung lines (Figure 

3-28, right panel), indicating that this was not cancer-specific. 
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Figure 3-28: Immunoprecipitation of PARP4 and hnRNPM in various lung cell 

lines 

Immunoblot analysis following immunoprecipitation of PARP4 or hnRNPM in the lung 

cancer cell lines A549, PC-9 and H1975, as well as the normal lung cell lines A611N 

and A563N. 

 

hnRNPM is a predominantly nuclear protein, although it has been 

reported to shuttle to and from the cytoplasm (Chen et al., 2019; Geuens et al., 

2016; Llères et al., 2010; Marko et al., 2010). From earlier fractionation studies 

(Figure 3-21F), I observed that while the majority of PARP4 localizes to the 

cytoplasm, a smaller subset does exist in the nucleus in SAECK cells. To 

determine whether PARP4’s interaction with hnRNPM is nuclear or cytoplasmic, 

I set out to first isolate cytoplasmic and nuclear fractions from SAECK cells 

before immunoprecipitating PARP4. Interesting, co-immunoprecipitation of 

hnRNPM was detected in the nuclear but not the cytoplasmic fraction (Figure 

3-29A, red box), suggesting that PARP4 and hnRNPM’s interaction occurs 

predominantly in the nuclear compartment in SAECK cells.  

To assess if this was also true in normal lung cells or cancer cell-specific, 

I performed fractionation on wildtype A653N cells followed by 

immunoprecipitation of PARP4. Unexpectedly, the nuclear fraction of A653N 

had more PARP4 than the cytoplasmic fraction (Figure 3-29B). hnRNPM was 

also successfully co-immunoprecipitated alongside PARP4 in both fractions 

(Figure 3-29B, red boxes), suggesting that in normal A653N lung cells, the 

interaction between PARP4 and hnRNPM could occur in both compartments. 
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These experiments would have to be performed in additional normal and lung 

cancer cell lines to determine if these findings are more widely relevant. If true, 

these may suggest additional functionality of PARP4 and hnRNPM’s interaction 

that is present only in normal cells but lost in cancer.     

 

 

Figure 3-29: PARP4 immunoprecipitation in cytoplasmic and nuclear fractions of 

SAECK cancer cells and A653N normal cells 

A, B) Immunoblot analysis following immunoprecipitation of PARP4 from the 

cytoplasmic (cyto) and nuclear (nuc) fractions of A) SAECK cells and B) normal A653N 

lung cells. GAPDH was used as a cytoplasmic marker while total histone H3 was used 
as a nuclear marker. Successful co-immunoprecipitation of hnRNPM by PARP4 is 

highlighted in the red boxes. 

 

 Furthermore, given that PARP4 and hnRNPM’s interaction in SAECK 

cells occurs mainly in the nuclear compartment, this could be one reason 

accounting for the weak SILAC ratios observed for hnRNPM (Table 3-5) even 

though it was the most reliably validated hit. This was because our initial SILAC 

co-IP mass spectometry experiment had been performed on SAECK whole cell 

lysates rather than specifically on the nuclear fraction. In future, co-IP mass 
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spectrometry experiments performed specifically on the cytoplasmic and nuclear 

compartments might unveil yet additional PARP4 binding partners.   

 

 hnRNPM loss increases tumorigenicity of lung cancer cells 

Having established hnRNPM as a novel PARP4 binding partner, I next 

wanted to understand whether, and how, it might contribute to PARP4’s tumor 

suppressive role.  

hnRNPM belongs to the family of heterogeneous ribonucleoproteins 

(hnRNPs), which comprises RNA-binding proteins integral to various stages of 

RNA metabolism, such as in regulating splicing and mRNA stability (Geuens et 

al., 2016; Han et al., 2010).  

In the context of cancer, hnRNPM has been reported to drive splicing 

programs (Figure 3-30) that promote the epithelial to mesenchymal transition 

(EMT) to support metastasis in breast and gastric cancer (Wang et al., 2021; Xu 

et al., 2014). Furthermore, hnRNPM-regulated splicing events that were triggered 

in response to phosphatidylinositol 3-kinase (PI3K) inhibition served to limit the 

efficacy of chemotherapeutic agents in Ewing sarcoma (Palombo et al., 2020; 

Passacantilli et al., 2017). hnRNPM was also recently found to prevent aberrant 

splicing of key genes required for prostate cancer cell growth (Ho et al., 2021). 

In addition to its splicing roles, hnRNPM was observed to be overexpressed in a 

panel of colorectal cancer cell lines and was thus proposed as a potential 

biomarker of colorectal carcinoma (Chen et al., 2014). Under conditions of 

hypoxic stress leading to suppression of global protein production, hnRNPM was 

reported to localize to the cytoplasm and bind to internal ribosome entry site 

(IRES)-containing transcripts associated with functions promoting adaptation to 

hypoxia, thereby enhancing their translation (Chen et al., 2019). There was one 

report of a contradictory role in prostate cancer where hnRNPM was found to 

negatively regulate cancer cell motility and invasiveness by reducing expression 

of a key EMT transcription factor, Twist1 (Yang et al., 2019). Consistent with 
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this, the same study found that hnRNPM expression was lost in more aggressive 

prostate cancer cell lines. All in all, these studies suggest that more often than not, 

hnRNPM may have tumor-promoting properties in several cancer types. 

However there have not been any studies on hnRNPM in the context of lung 

cancer. 

 

Figure 3-30: Schematic diagram describing the roles of hnRNPM in cancer 

hnRNPM has been reported to drive splicing programs that promote epithelial to 
mesenchymal transition (EMT), reduce the efficacy of chemotherapy and promote cell 

growth. hnRNPM can shuttle between the nucleus and the cytoplasm, where it selects 

mRNAs for IRES-dependent translation under conditions of hypoxic stress. However, 

there was also a report of hnRNPM inhibiting EMT. A summary of studies reporting 
hnRNPM’s role in different cancer types is found in the table. Figure was illustrated 

using Biorender. 

 

To investigate the potential role of hnRNPM in LUAD, I began by 

determining whether hnRNPM expression levels were correlated with LUAD 

patient survival.  
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Using the same set of LUAD microarray and survival data from the 

PARP4 and RASA1 comparisons earlier (Győrffy et al., 2013), I found that 

contrary to the tumor-promoting roles associated with hnRNPM in other cancers, 

higher hnRNPM expression was correlated with better survival in LUAD patients 

(Figure 3-31A). This points to a potential tumor suppressive role of hnRNPM in 

the LUAD context.  

Similar to PARP4, hnRNPM copy number loss (53.0%, n=122) was also 

observed in the majority of the TCGA LUAD cohort (n=230) (Figure 3-31B). In 

the case of Asian LUAD (n=302), most cases were still hnRNPM copy number 

diploid (49.3%, n=149), although there were many more instances of copy 

number loss (41.4%, n=125) than copy number gain (9.3%, n=28) (Figure 3-31C). 

Unlike PARP4 however, hnRNPM levels were not significantly different 

between lung tumor and normal groups (Figure 3-31D). Thus, hnRNPM could 

possibly have a tumor suppressive role in LUAD that would need to be further 

determined.  

 

 



  

 

88 

 

 

Figure 3-31: Data mining to examine the potential role of hnRNPM in LUAD 

A) Kaplan-Meier plot generated using LUAD microarray data (n=720, Affymetrix ID 

1555844_s_at for hnRNPM) from the KM Plotter database (Győrffy et al., 2013). The 

patient group with high hnRNPM gene expression (n=221) is displayed in red while the 
low expression group (n=452) is marked in black. B, C) Bar graphs showing the 

distribution of PARP4 and hnRNPM copy number status within the B) TCGA LUAD 

cohort (n=230) and the C) Asian LUAD cohort (n=302). D) Box-and-whisker plot 
comparing hnRNPM RNA levels between LUAD tumor (n=1117) versus normal tissue 

(n=499). The 25th, 50th and 75th percentiles are indicated by the boxes, while the whiskers 

extend to the 5th and 95th percentiles. Beyond, individual points are displayed. ns: not 
significant, as determined by unpaired two-tailed t-test. Data was retrieved from cBio 

portal (Cerami et al., 2012; Gao et al., 2013) (B), OncoSG (C) and the GENT2 database 

(Park et al., 2019) (D).  

 

 To conclusively determine whether hnRNPM had a tumor suppressive 

role in lung cancer cells that recapitulated what was observed with PARP4, I 

depleted hnRNPM in both SAECK and A549 cells using the same shRNAs 

(Figure 3-32A, D) and characterized their tumorigenicity. Whereas there was 

once again no significant difference in cell proliferation rates upon hnRNPM loss 

(Figure 3-32B), hnRNPM knockdown cells formed significantly larger tumors 

upon subcutaneous implantation into the flanks of immunocompromised NSG 

mice (Figure 3-32C, E, F). Clearly, loss of hnRNPM was able to recapitulate the 

phenotype of PARP4 loss in vivo. I thus hypothesized that PARP4 and hnRNPM 

could be acting along the same pathway to mediate their tumor suppressive 

activities. 

Interestingly, loss of hnRNPM did not result in detectable changes to 

PARP4 protein levels (Figure 3-32A, D), and the converse was also true (Figure 

3-32G). I thus concluded that PARP4 and hnRNPM do not regulate each other’s 

protein expression levels.  

Notably, post-translational modification of hnRNPM had previously been 

reported to modify its activity. Specifically, hnRNPM was found to repress 

expression of a group of innate immune transcripts in mouse macrophages 

through splicing regulation. Upon pathogenic infection, phosphorylation of 

hnRNPM at specific serine residues could relieve splicing repression of one of 

the immune transcripts, IL6 (West et al., 2019). Since I had earlier shown that 
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the PARP catalytic domain was important for PARP4’s tumor suppressive 

properties, one hypothesis for the relationship between PARP4 and hnRNPM 

could be that PARP4 ADP-ribosylates hnRNPM to promote its tumor-

suppressive activity. In another possibility, PARP4’s interaction with hnRNPM 

could be required and sufficient for altering hnRNPM activity in a manner that 

affects tumorigenicity.  

 

 

 

 

Figure 3-32: hnRNPM knockdown increases SAECK and A549 tumorigenicity 

A) Immunoblot analysis of hnRNPM and PARP4 levels in SAECK shControl and 

shhnRNPM cells. B) Growth curves comparing proliferative capacity of SAECK 

shControl, shPARP4 #1 and shhnRNPM cells as measured by the Cell-Titer Glo assay. 
Data represent the mean ± s.e.m., n = 3. C) Bar graph comparing mass of tumors formed 

from the subcutaneous injection of 1 million SAECK shControl or shhnRNPM cells per 

flank of NSG mice after 10 weeks. Data represent the mean ± s.d., n ≥ 8. D) Immunoblot 
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analysis of hnRNPM and PARP4 levels in A549 shControl and shhnRNPM cells.  
E) Growth curve of tumors formed from the subcutaneous injection of 400,000 A549 

shControl or shhnRNPM cells per flank of NSG mice. Tumor volume was calculated as 

0.5 x length x width2. F) Bar graph comparing mass of tumors harvested from A549 

shhnRNPM versus shControl after 7 weeks. Data represent the mean ± s.d., n = 8; 
**p<0.01, ****p<0.0001, ns: not significant, as determined by unpaired two-tailed t-test. 

G) Immunoblot analysis of PARP4 and hnRNPM levels in control and PARP4-depleted 

A549 and SAECK cells.  
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 hnRNPM regulates splicing in the lung cancer context  

 Having demonstrated that PARP4’s novel interaction partner, hnRNPM, 

similarly has a tumor suppressive role in the lung cancer context, I then wanted 

to examine the underlying mechanisms.  

 As hnRNPM is known first and foremost as a splicing regulatory factor, 

with a majority of studies focused on its RNA-binding properties and effects on 

splicing outcomes (Datar et al., 1993; Ho et al., 2021; Huelga et al., 2012; 

Venables et al., 2008; Wagner et al., 2021), I sought to examine how hnRNPM’s 

regulation of alternative splicing could contribute to tumor suppression in our 

lung cancer cell line model. 

 Splicing programs have been increasingly recognized to be altered in 

cancer in a number of ways. These include mutations to splicing regulatory cis 

elements of cancer-associated genes (Jung et al., 2015; Supek et al., 2014), as 

well as mutations or expression level changes to core and auxiliary splicing 

factors (Anczuków et al., 2012; Graubert et al., 2011; Jensen et al., 2014; Karni 

et al., 2007; Martin et al., 2013; Yoshida et al., 2011).  

 Collectively, these splicing alterations affect all aspects of tumor biology, 

and have been associated with each of the different hallmarks of cancer (Bonnal 

et al., 2020; Ghigna et al., 2008; Hanahan and Weinberg, 2011; Venables, 2004). 

For example, alternative splicing of pyruvate kinase (PKM) leads to the 

production of a PKM2 isoform that promotes aerobic glycolysis in ovarian and 

gastric cancer (Chao et al., 2017; Shiroki et al., 2017), whereas enhanced 

expression of the anti-apoptotic Bcl-xL isoform promoted cancer cell survival 

and malignancy in breast and liver cancers (Olopade et al., 1997; Takehara et al., 

2001). 

 As a splicing factor, hnRNPM has been shown to be aberrantly expressed 

in several cancers, with hnRNPM-mediated splicing events contributing to 

tumor-promoting phenotypes such as EMT in breast, gastric and prostate cancer 

(Chen et al., 2014; Ho et al., 2021; Wang et al., 2021; Xu et al., 2014). Notably, 
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hnRNPM regulates splicing of EMT-associated transcripts in an antagonistic 

fashion as compared to the epithelial splicing factors ESRP1 and AKAP8, with 

which hnRNPM shares a subset of regulated splice sites and competes for binding 

(Harvey et al., 2018; Hu et al., 2020). Additionally, hnRNPM was found to 

regulate splicing events that could limit the efficacy of chemotherapeutic agents, 

thereby having a protective effect in Ewing sarcoma (Palombo et al., 2020; 

Passacantilli et al., 2017).  

 However, hnRNPM’s role in regulating splicing in the lung cancer 

context has not been studied. Thus, I wanted to conduct a global profiling of 

splicing changes upon loss of hnRNPM in SAECK cells. 

 Firstly, direct Nanopore sequencing was performed on cDNA from 

SAECK shControl and shhnRNPM cell lines. In Nanopore direct cDNA 

sequencing, each full-length cDNA strand is fed through a protein pore. As each 

individual nucleotide passes through the pore, an electrical signal characteristic 

of the base identity is generated and recorded in a read, with each read 

corresponding to the entire cDNA sequence (Branton et al., 2008; Deamer and 

Branton, 2002). This long-read sequencing approach was specifically chosen as 

it allows the entire transcript to be sequenced, thus providing exon connectivity 

information to aid transcript identification (Kono and Arakawa, 2019). Secondly, 

the omission of any PCR amplification step through direct cDNA sequencing 

removes potential amplification bias that might favor and thus overrepresent 

particular transcripts (Amarasinghe et al., 2020; Ku and Roukos, 2013). Finally, 

the use of singleplex sequencing enables high sample read depths to be achieved, 

which in turn would allow rare splice events to be picked up and improve the 

reliability of the detection of alternative transcript usage and splice events.   

 Thereafter, the sequencing data was analyzed by our collaborators Dr. 

Zhang Bin (CSI) and Dr. Yvonne Tay (CSI) using the PSI-Sigma pipeline, which 

was selected for its capability in detecting and quantitating alternative splicing 

events using long-read sequencing data (Lin and Krainer, 2019).  
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 Using this pipeline, we were able to study five alternative splicing event 

types: (1) single exon skipping (SES), (2) multiple exon skipping (MES), (3) 

intron retention (IR) and use of either (4) an alternative 5’ splice site (A5SS) or 

(5) an alternative 3’ splice site (A3SS) at a particular exon (Figure 3-33A). For 

each splice event, the pipeline computes the Percent Spliced In (PSI) value, 

which represents the percentage of sequencing reads supporting the inclusion of 

the splice feature (Figure 3-33B). A more detailed example is described in Figure 

3-33B. Finally, the PSI value for the control sample was subtracted from that of 

the hnRNPM knockdown sample to yield the delta PSI value (ΔPSI), which 

represents the change in inclusion of a splice feature upon hnRNPM loss. 
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Figure 3-33: Splicing analysis by the PSI-Sigma pipeline 

A) Schematic diagram of each of the five splice event types recognized by the PSI-Sigma 

pipeline. Exons represented by the boxes are connected by lines representing the introns. 

The alternatively spliced feature is highlighted in pink or red. Examples of sequencing 

reads that support the constitutive event are represented in grey, while reads that support 
the alternative event are represented in pink. A splice event must be represented by a 

minimum of five supporting sequencing reads before it is successfully detected by the 

pipeline. B) Calculation of the Percent Spliced In (PSI) value. For each splice event, the 
pipeline computes the PSI value, which represents the percentage of sequencing reads 



  

 

95 

 

 

supporting a particular splice feature out of total reads at the event region. As an example, 
the PSI value for a variable exon (in pink) for an SES event in A) would be determined 

by the percentage of sequencing reads supporting the inclusion of that exon (grey reads), 

out of the total number of reads for the splice region that either include (grey reads) or 

exclude the exon (pink reads). 

 

 From our analysis, thousands of splice events across each of the five event 

categories were detected in control and hnRNPM knockdown SAECK cells 

(Figure 3-34A). In both cell lines, the greatest number of events belonged to the 

A3SS category with around 4000 unique events detected, while the least number 

were MES events with around 1000 unique events detected. Strikingly, there 

were 17% more unique intron retention events detected in the hnRNPM 

knockdown cells compared to control (Figure 3-34A, red box), whereas the other 

categories of splice events had similar unique event counts between the two 

conditions. Furthermore, intron retention events were also the most dysregulated 

class of splicing events identified upon hnRNPM loss (Figure 3-34B, red box), 

with the majority of these being significantly upregulated (ΔPSI > 10). This 

suggests that in the SAECK lung cancer cells, hnRNPM tends to promote intron 

removal from many genes.  

 Apart from intron retention events, single exon skipping events were the 

next most dysregulated class of events upon hnRNPM knockdown (Figure 3-34B, 

blue box). The numbers of up- (ΔPSI < -10) and down-regulated (ΔPSI > 10) 

single exon skipping events were even – 66 and 61 respectively, suggesting that 

hnRNPM promotes both exon inclusion and exclusion events in SAECK cells. 

This finding supports what is more recently known that hnRNPM mediates exon 

inclusion as well as exclusion, as opposed to the classical notion of hnRNPs being 

solely splicing repressors (Ho et al., 2021; Huelga et al., 2012; Xu et al., 2014). 
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Figure 3-34: Splice events identified by PSI-Sigma analysis of SAECK shControl 

and shhnRNPM Nanopore sequencing data 

A) Number of unique splice events detected within the SAECK shControl and 
shhnRNPM samples across each of the five event categories. A splice event must be 

represented by a minimum of five supporting sequencing reads before it is successfully 

detected by the pipeline. B) Number of significantly upregulated or downregulated splice 

events across the five event categories upon hnRNPM loss. An event was taken to be 
significantly dysregulated if the absolute ΔPSI value (|ΔPSI|) was greater than 10 and p-

value was less than 0.05.   
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 To get a broad indication of the splicing programs mediated by hnRNPM 

that were affected in the hnRNPM knockdown cells, the entire list of genes with 

significantly dysregulated splicing events was analyzed using the Enrichr 

platform (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). Among the 

GO Biological Process 2021 gene sets, I observed enrichment of RNA 

processing-related genes (Figure 3-35A, darkened), which was expected given 

that hnRNPM is known to regulate its own splicing and that of other RNA 

binding and splicing-related proteins (Huelga et al., 2012). 

 In order to directly determine whether hnRNPM regulates the splicing of 

known cancer-associated genes, I assessed the degree of overlap between genes 

with splicing regulated by hnRNPM and cancer genes defined by the Catalogue 

Of Somatic Mutations In Cancer (COSMIC) database (Futreal et al., 2004). Of 

the 729 COSMIC-annotated cancer genes, the splicing of 22 genes was controlled 

by hnRNPM, and this corresponded to 5% of all alternatively spliced genes upon 

hnRNPM loss (Figure 3-35B). While the functional significance of these events 

needs to be further explored, this comparison tells us that hnRNPM could 

contribute to the regulation of a subset of cancer genes through alternative 

splicing.  
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Figure 3-35: Analysis of genes with dysregulated splicing upon hnRNPM 

knockdown 

A) Top 15 enriched GO Biological Process 2021 gene sets for all genes with significantly 
dysregulated splicing upon hnRNPM knockdown (|ΔPSI| > 10, p-value < 0.05). In the 

top panel, the gene sets are ranked by their p-values. In the bottom panel, the enrichment 

scores for the same ranking of gene sets are indicated. Gene sets related to RNA 
metabolism and splicing are highlighted with a darker shade. Analysis was performed 
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using the Enrichr platform (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021).  
B) Overlap between genes with splicing regulated by hnRNPM and cancer-related genes 

defined by COSMIC (Futreal et al., 2004). p denotes the probability that 22 randomly 

selected genes detected by the PSI-Sigma pipeline (n=7083) would overlap with genes 

from the Cancer Gene Census (n=729). 

 

I next selected the top dysregulated IR (Table 3-6, Table 3-7) and SES 

events (Table 3-8, Table 3-9) identified by the PSI-Sigma pipeline for targeted 

PCR validation. Specifically, primers were designed to flank the target region to 

amplify alternative forms of the transcript, thereby yielding PCR products with 

different sizes that could be separated by gel electrophoresis. 

 

Table 3-6: Top 15 upregulated IR events in SAECK shhnRNPM versus shControl 

Gene 
Target Region (GRCh38 

coordinates) 
ΔPSI p-value 

SIAH1 chr16:48361760-48361853 47.37 0.028 

IP6K2 chr3:48694241-48694701 29.94 0.018 

DPY19L4 chr8:94792358-94792730 29.60 0.041 

SYVN1 chr11:65128489-65128562 29.53 0.014 

IP6K2 chr3:48694240-48695088 29.51 0.011 

IP6K2 chr3:48694825-48695089 28.25 0.005 

AP5M1 chr14:57288972-57289875 28.05 0.020 

MECP2 chrX:154031287-154031395 27.23 0.009 

SRRM2 chr16:2770228-2770351 26.08 0.024 

PHKG2 chr16:30756960-30760118 25.52 0.008 

SHISA5 chr3:48468983-48469022 25.39 0.010 

TMEM107 chr17:8174285-8174525 22.16 0.006 

ERRFI1 chr1:8012957-8013241 21.48 0.042 

CERS2 chr1:150965744-150965831 21.38 0.014 

ERRFI1 chr1:8012956-8013357 21.34 0.044 
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Table 3-7: Top 15 downregulated IR events in SAECK shhnRNPM versus 

shControl 

Gene 
Target Region (GRCh38 

coordinates) 
ΔPSI p-value 

SLC19A1 chr21:45513559-45514895 -33.04 0.002 

POT1 chr7:124822552-124823970 -18.22 0.033 

ASB1 chr2:238450260-238451784 -17.43 0.009 

NGRN chr15:90265877-90266287 -16.27 0.048 

DCTN5 chr16:23672198-23675193 -14.57 0.037 

TOR2A chr9:127732279-127732563 -13.73 0.019 

AP003352.1 chr8:98041860-98042653 -13.30 0.001 

DYNC1H1 chr14:102032468-102033064 -13.20 0.007 

FGF2 chr4:122893226-122897623 -12.44 0.017 

IFT27 chr22:36775795-36776030 -12.14 0.030 

MIF4GD chr17:75267631-75268082 -11.43 0.042 

ASB1 chr2:238446656-238451784 -11.33 0.029 

AP003352.1 chr8:98041859-98042652 -10.94 0.013 

ACO2 chr22:41527421-41527900 -10.51 0.030 

NEMF chr14:49782595-49782829 -10.45 0.035 

 

Table 3-8: Top 15 upregulated SES events in SAECK shhnRNPM versus shControl 

Gene 
Target Region (GRCh38 

coordinates) 
ΔPSI p-value 

KIAA1191 chr5:176359481-176359567 -37.92 0.006 

FIP1L1 chr4:53414615-53414722 -23.32 0.019 

ALDOC chr17:28575965-28576020 -21.07 0.033 

GNB1L chr22:19821228-19821375 -17.81 0.042 

SNHG1 chr11:62854888-62854938 -16.84 0.049 

CHID1 chr11:893427-893519 -16.56 0.042 

YBEY chr21:46291334-46291462 -15.87 0.004 

WASHC2C chr10:45786612-45786674 -15.57 0.026 

CDK7 chr5:69252418-69252451 -15.41 0.027 

CA12 chr15:63328098-63328130 -15.05 0.050 

AP2B1 chr17:35670857-35670898 -14.10 0.022 

RPAIN chr17:5425971-5426299 -13.98 0.044 

C1orf52 chr1:85258935-85259061 -13.84 0.027 

SEC24C chr10:73746630-73746716 -13.56 0.002 

CHCHD7 chr8:56212762-56212889 -13.29 0.044 
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Table 3-9: Top 15 downregulated SES events in SAECK shhnRNPM versus 

shControl 

Gene 
Target Region (GRCh38 

coordinates) 
ΔPSI p-value 

SNHG17 chr20:38422092-38422241 34.27 0.025 

POGZ chr1:151440928-151441086 29.47 0.036 

NAP1L4 chr11:2989129-2989271 28.14 0.026 

ZMYND8 chr20:47212642-47212725 27.77 0.029 

MRPL33 chr2:27774424-27774530 27.49 0.018 

APLP2 chr11:130123612-130123779 26.51 0.021 

PAK1 chr11:77397027-77397093 25.05 0.001 

KIF23 chr15:69425282-69425323 23.61 0.003 

HNRNPR chr1:23340852-23341020 22.60 0.008 

NCAPG2 chr7:158650832-158650972 21.36 0.001 

RABGEF1 chr7:66768831-66769025 20.60 0.044 

TMEM11 chr17:21210936-21211227 20.22 0.049 

ANKRD11 chr16:89431256-89431326 16.61 0.007 

INTS14 chr15:65607159-65607442 15.94 0.039 

HP1BP3 chr1:20780345-20780540 15.50 0.010 

 

Using the targeted PCR assays, I was able to successfully validate the 

expected changes for a number of dysregulated IR and SES events in the 

hnRNPM knockdown cells. In the case of IR events, PCR primers (black arrows) 

were designed to amplify the region flanking the retained intron in red (Figure 

3-36A, left). The band intensity of the shorter PCR product corresponding to 

intron removal was then compared to that of the longer intron-containing product 

to determine the relative degree of intron retention.  

 In the case of upregulated IR events, hnRNPM loss led to a significant 

reduction in the relative lower band intensity of PRPF4B (Figure 3-36A) – a 

kinase which also has roles in splicing (Corkery et al., 2015), as well as 

TMEM107 (Figure 3-36B), which is involved in Sonic hedgehog signaling and 

ciliogenesis (Lambacher et al., 2016). 

 As for downregulated IR events, loss of hnRNPM resulted in significantly 

increased lower band intensities for SLC19A1 (Figure 3-36C) – a transporter of 

folate and the immunotransmitter signaling molecule 2’3’-cyclic GMP-AMP 
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(cGAMP) (Luteijn et al., 2019; Ritchie et al., 2019), ASB1 (Figure 3-36D), which 

is implicated in proteasomal degradation and inflammation (Hou et al., 2021; 

Kohroki et al., 2005), as well as MIF4GD (Figure 3-36E), which has roles in cell 

cycle regulation by binding and stabilizing the cyclin-dependent kinase (CDK) 

inhibitor p27 (Wan et al., 2015). 

In the case of SES events, hnRNPM knockdown resulted in increased 

exon skipping in both FIP1L1 (Figure 3-37A), which is one of the 22 overlapping 

COSMIC genes involved in mRNA polyadenylation (Davis et al., 2018), as well 

as SEC24C (Figure 3-37B), which is a coat protein on vesicles from the 

endoplasmic reticulum and involved in the sorting and transport of cargo (Adolf 

et al., 2016; Siddiqi et al., 2010; Wang et al., 2018a). This can be seen from the 

increase in relative band intensities of the lower band corresponding to the shorter, 

exon-skipped PCR product in the hnRNPM knockdown samples (Figure 3-37). 
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Figure 3-36: PCR validation of dysregulated IR events 
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Representative gel electrophoresis images of targeted PCR validation of upregulated (A, 

B) and downregulated (C, D, E) IR events in SAECK shControl and shhnRNPM 

samples. Band intensity was quantified, with that of the lower band normalized to that 

of the upper band, and indicated below the respective lanes. To the left of the respective 

bands, a schematic diagram corresponding to the intron-retained (upper band) or intron-
removed (lower band) product can be found. The red line represents the retained intron 

while the black arrows represent the PCR primers. The bar graph at the bottom 

summarizes the results from experimental replicates. Data represent the mean ± s.e.m., 

n ≥ 3; *p<0.05, **p<0.01, ***p<0.001, as determined by unpaired two-tailed t-test. 

 

    

Figure 3-37: PCR validation of upregulated SES events 

A, B) Representative gel electrophoresis images of targeted PCR validation of 

upregulated SES events in SAECK shControl and shhnRNPM samples. Band intensity 

was quantified, with that of the lower band normalized to that of the upper band, and 
indicated below the respective lanes. To the left of the respective bands, a schematic 

diagram corresponding to the exon-included (upper band) or exon-skipped (lower band) 

product can be found. The blue bar represents the alternatively skipped exon while the 

black arrows represent the PCR primers. The bar graph at the bottom summarizes the 
results from experimental replicates. Data represent the mean ± s.e.m., n = 5; *p<0.05, 

***p<0.001, ****p<0.0001, as determined by unpaired two-tailed t-test. 
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While the significance of these validated splicing events has not been 

previously reported, an analysis of the resultant transcript structures using 

annotations from the Ensembl genome browser provided some initial clues on 

possible functional outcomes (Howe et al., 2021). Notably, several of the 

validated changes in intron retention were predicted to alter the splicing outcome 

between a functional transcript isoform versus one that has no protein product 

(Figure 3-38). 

For example, the increased intron retention in PRPF4B would likely 

correspond to a higher expression of the main coding transcript as opposed to 

two alternative transcripts that were either reported to undergo nonsense-

mediated decay (NMD) or did not yield a protein product (Figure 3-38A). In 

contrast, the increased intron retention in TMEM107 was expected to result in 

increased levels of two transcripts that encoded a truncated protein or no protein 

product at all (Figure 3-38B). In the same vein, the downregulated intron 

retention in both SLC19A1 and ASB1 could correspond to a higher proportion 

of transcripts that lost part of their 3’ untranslated region (3’ UTR) and did not 

encode any protein product (Figure 3-38C, D). Finally, the decreased intron 

retention in MIF4GD meant that there was a higher expression of the main coding 

transcript relative to two transcript isoforms that did not form proteins (Figure 

3-38E). 

In the case of SES events, hnRNPM loss promotes FIP1L1 exon skipping 

to result in a shortened isoform (Figure 3-38F) that loses a disordered region 

responsible for its interaction with poly(A) polymerase alpha (PAPOLA), which 

mediates polyadenylation of mRNA (Laishram, 2014). As for SEC24C, the 

increased exon skipping was expected to result in loss of part of its 5’UTR 

sequence (Figure 3-38G).  
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Figure 3-38: Summary of outcomes of dysregulated splicing upon hnRNPM 

knockdown 

The expected outcome upon hnRNPM loss is highlighted in bold. 

 

Sequence and structural elements within the 5’ and 3’ UTRs of transcripts 

have been found to control the localization, stability and translation of mRNA 

(Chatterjee and Pal, 2009; Leppek et al., 2018; Mignone et al., 2002), and it is 

conceivable that the outcome of some of these splicing events could be 

dysregulated protein expression. I would subsequently need to examine whether 

loss of hnRNPM functionally results in changes to the protein products of these 

genes, and whether these events contribute to LUAD tumorigenesis. 
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 Dysregulation of splicing observed in Asian LUAD cohort cases with 

PARP4 copy number loss 

 As I hypothesized that PARP4 could alter hnRNPM function through its 

interaction with and/or ADP-ribosylation of hnRNPM, I wanted to determine 

whether PARP4 loss similarly resulted in dysregulated splicing. To gain a 

preliminary understanding of how PARP4 might be implicated in splicing 

regulation, I looked to available RNA-seq data from the Asian LUAD cohort to 

compare splicing profiles between PARP4 copy number loss and diploid patients. 

This could reveal a number of insights: firstly, this analysis could provide an 

indication of how PARP4 contributes to the splicing landscape in LUAD. 

Secondly, this could point out clinically relevant splice events. Thirdly, I wanted 

to determine if there were overlaps with the hnRNPM-regulated splice events 

identified from the Nanopore sequencing analysis, which could point to co-

regulation by PARP4.  

 To ensure that PARP4 expression levels were sufficiently different 

between the two comparison groups to be able to pick up meaningful splicing 

differences, I identified a third of PARP4 copy diploid cases with the highest 

PARP4 expression levels (n=25) as well as the third of PARP4 copy number loss 

cases with the lowest PARP4 expression levels (n=27). Indeed, as compared to 

using all available patient data, the difference in PARP4 levels between the 

smaller comparison groups became more pronounced (Figure 3-39A).  

 As previous Illumina sequencing of these patient samples generated 

short-read sequencing data, rMATS (Shen et al., 2014), which is a pipeline suited 

for splicing analyses based on short-read data, was used for the data analysis. The 

rMATS analysis was performed by Cheryl Phua (Genome Institute of Singapore) 

and specifically focused on IR and SES events as these were most dysregulated 

in the hnRNPM analysis above. 
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This analysis revealed 1030 significantly upregulated and 49 significantly 

downregulated IR events, as well as 383 significantly upregulated and 857 

significantly downregulated SES events (Figure 3-39B). Strikingly, the much 

greater number of upregulated versus downregulated IR events mirrors what was 

earlier observed upon hnRNPM knockdown in SAECK cells (Figure 3-34B). 

This could potentially suggest a role for PARP4 in regulating intron splicing. 

 

 

Figure 3-39: Comparison of splicing between PARP4 copy number loss versus 

PARP4 diploid patients  

A) PARP4 RNA expression in PARP4 diploid versus PARP4 copy number loss cases, 
before and after further stratification by PARP4 expression levels. Data represent the 

mean ± s.d., ****p<0.0001, as determined by unpaired two-tailed t-test. B) Number of 

significantly upregulated and downregulated IR and SES events detected by rMATS 
analysis of stratified PARP4 copy number loss versus diploid patients. An event with 

|ΔPSI| > 5 and p-value < 0.05 was considered to be significantly dysregulated. 

 

 An Enrichr analysis further revealed that these dysregulated IR and SES 

events between the PARP4 copy number loss and diploid patients were 

collectively enriched in genes involved in RNA metabolism, as GO terms for 

regulation of splicing, RNA processing and RNA export were among the top 15 

significantly and highly enriched gene sets (Figure 3-40). This supports a wider 

role for PARP4 in the regulation of RNA metabolism. 
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Figure 3-40: Enrichr analysis of genes with dysregulated IR or SES events in Asian 

LUAD cohort patients 
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A, B) Top 15 enriched GO Biological Process 2021 gene sets for genes with significantly 
dysregulated A) IR or B) SES events in the PARP4 copy number loss versus PARP4 

diploid splicing analysis splicing (|ΔPSI| > 5, p-value < 0.05). In the top panel, the gene 

sets are ranked by their p-values. In the bottom panel, the enrichment scores for the same 

ranking of gene sets are indicated. Gene sets related to RNA metabolism and splicing 
are highlighted with a darker shade. Analysis was performed using the Enrichr platform 

(Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021).  

 

Furthermore, when these genes with dysregulated IR and SES events 

were compared with those from the hnRNPM analysis above using the same 

filtering threshold settings, there was a subset of genes commonly dysregulated 

in both analyses. 12% of genes with hnRNPM-regulated IR events (Figure 3-41A) 

and 17% of genes with hnRNPM-regulated SES events (Figure 3-41B) were also 

differentially spliced between the PARP4 copy number loss and diploid groups. 

This suggests that there could be potentially overlapping regulation of alternative 

splicing between hnRNPM and PARP4 that will need to be further investigated. 
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Figure 3-41: Overlap in genes with dysregulated splicing between the hnRNPM 

knockdown and PARP4 copy number analyses 

A) Overlap in genes with significantly dysregulated IR (|ΔPSI| > 5, p-value < 0.05) 

identified from the SAECK shhnRNPM versus shControl analysis and the PARP4 copy 

number loss versus diploid analysis. p denotes the probability that 27 randomly selected 
genes detected by the PSI-Sigma pipeline (n=7083) would overlap with genes from the 

PARP4 CN loss vs diploid analysis (n=851). B) Overlap in genes with significantly 

dysregulated SES (|ΔPSI| > 5, p-value < 0.05) identified from the SAECK shhnRNPM 

versus shControl analysis and the PARP4 copy number loss versus diploid analysis. p 
denotes the probability that 40 randomly selected genes detected by the PSI-Sigma 

pipeline (n=7083) would overlap with genes from the PARP4 CN loss vs diploid analysis 

(n=895).  
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 To conclude, our splicing analyses using Nanopore sequencing and the 

PSI-Sigma pipeline has provided a glimpse of the splicing landscape regulated 

by hnRNPM in transformed lung cells and allowed better profiling of intron 

retention events that are still not well studied. PARP4 may also have a wider role 

in splicing, as evidenced by the changes in the landscape of IR and SES between 

PARP4-diploid and PARP4 copy number-deleted patients.  

 Strikingly, there were some parallels between the SAECK hnRNPM 

knockdown and patient cohort PARP4 copy number loss analyses. These were 

namely in the form of upregulated intron retention events, as well as shared genes 

with dysregulated IR and SES splicing. It would be informative to further 

examine these overlapping events and their functional contribution to 

tumorigenicity.  
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 Graphical summary 

 

 

Figure 3-42: Schematic diagram illustrating the relationship between hnRNPM 

and PARP4 and their proposed functions 

A) hnRNPM was found to be a novel PARP4 interaction partner. In SAECK cells, the 

interaction was specifically localized to the nucleus. The interaction between hnRNPM 
and PARP4, as well as potential ADP-ribosylation of hnRNPM by PARP4, are proposed 

to modulate tumorigenicity. These would need to be further studied and defined. B) Loss 

of hnRNPM or PARP4 results in the shared phenotypes of increased tumorigenicity and 

altered splicing, with notably upregulated intron retention events.  
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 Discussion  

 Identification of PARP4 as a novel tumor suppressor in LUAD 

Somatic mutations in PARP4 were reported in 6% of the Asian LUAD 

cohort, and PARP4 was predicted as a novel candidate driver (Chen et al., 2020b). 

Interestingly, PARP4’s role as a tumor suppressor in LUAD had not been picked 

up from earlier LUAD cohort studies. Whereas PARP4 copy number loss was 

equally prevalent in both the Asian as well as the Caucasian TCGA LUAD 

cohorts (Figure 3-4), PARP4 mutations were found to be associated with a 

Chinese ethnic bias (Figure 3-2).  

 Furthermore, prior to this cohort, previous Asian LUAD sequencing 

cohorts were small in size, with the largest among them having only 131 patients, 

as opposed to 305 patients in our cohort (Table 1-2). Smaller cohorts meant that 

rare driver events could have been missed due to low statistical power (Jiang et 

al., 2019; Tokheim et al., 2016). These collectively highlight the importance of 

having a representative cohort in terms of ethnicity and size, for the prediction 

and identification of novel and relevant drivers. 

PARP4 is one of the lesser understood members of the PARP family. In 

this study, novel tumor suppressive functions in LUAD were attributed to PARP4. 

Notably, using our model cell line systems, loss of PARP4 and its associated 

tumor suppressor function were shown to be relevant only in SAECK but not 

SAECTS, suggesting the requirement of oncogenic stimuli. Furthermore, 

following from the analysis of the Asian cohort data, PARP4 copy number loss 

was found to be associated with EGFR or KRAS mutations, and I further 

demonstrated that loss of PARP4 increases the tumorigenicity of both EGFR- or 

KRAS-driven lung cancer cell lines. 

Prior to this study, PARP4-deficient mice were found to be more likely 

than wildtype mice to develop colon and lung tumors when challenged with 

chemical carcinogens, pointing to a potential tumor suppressive role (Raval-

Fernandes et al., 2005). PARP4 had previously been proposed as a candidate 
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cancer susceptibility gene, with germline variants (T1170I (n=5), G496V (n=1)) 

identified in six among 14 patients who developed independent thyroid and breast 

cancers, had a familial history of cancer, and were null for germline mutations in 

PTEN, which is a known thyroid and breast cancer susceptibility gene (Ikeda et 

al., 2016). To support this, PARP4 depletion was subsequently performed and 

found to increase proliferation in the HCC1143 breast cancer cell line. In light of 

these findings, an independent study sought to evaluate PARP4’s potential as a 

candidate cancer susceptibility gene in BRCA1/2-wildtype breast cancer patients 

(n=198) and identified eight different germline PARP4 missense variants in 5.5% 

of the patients (n=11) (Prawira et al., 2019). However, in their validation studies, 

PARP4 CRISPR knockout clones derived from MDA-MB-231 breast cancer 

cells were reported to have a slight but significant reduction in proliferation and 

colony forming ability, with one of three clones unexpectedly having increased 

motility. It was thus concluded that PARP4 may not be functionally relevant in 

breast cancer cells. In yet another study, siRNA knockdown of PARP4 in HeLa 

cells neither decreased cell viability nor yielded any obvious morphological 

defects (Vyas et al., 2013). These discordant findings suggest that the cell line 

and cancer context may be important determinants of PARP4’s tumor 

suppressive activity.  

Notably, the experiments conducted across these studies were mostly 

limited to proliferation assays. In our study however, PARP4 loss did not affect 

proliferation under normal cell culture conditions, yet significantly promoted in 

vitro and in vivo tumorigenicity. This suggests that the 3D context provided by 

the soft agar assay and xenograft transplantation experiments may be important 

for PARP4’s tumor suppressive activity. It would thus be important to re-

examine the relevance of PARP4 in other cancer cell lines using these assays. 
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 PARP4 mutations and domains relevant to tumorigenicity  

As for the significance of the recurrent I1039T mutation in PARP4 that 

was found in our cohort, PolyPhen-2 analysis predicted a deleterious effect for 

the variant (Figure 3-16). I have also shown through comparative studies between 

PARP4WT and PARP4I1039T overexpression in a clonal knockout background that 

PARP4I1039T-expressing cells had lower protein levels in spite of comparable 

transcript levels, and formed larger tumors. Furthermore, patients bearing the 

I1039T mutation did not have significantly different PARP4 expression levels 

compared to patients without PARP4 mutations. I thus concluded that the I1039T 

mutation could potentially reduce the stability of PARP4 protein, effectively 

resulting in a loss-of-function phenotype. Further analyses on the effect of the 

I1039T mutation on PARP4 protein stability by inhibiting protein synthesis or 

degradation using cycloheximide or MG-132 respectively could be performed to 

confirm this. This should also be confirmed in additional cell lines. 

Deleterious amino acid substitutions have been proposed to either replace 

key functional residues, such as those involved in catalytic activity or post-

translational modification, or affect protein scaffolding by destabilizing 

interaction sites (Bromberg and Rost, 2009; Teng et al., 2010; Wang and Moult, 

2001).  In the case of the I1039T mutation, isoleucine, a nonpolar amino acid, is 

converted to threonine, a polar amino acid bearing a hydroxyl group that is 

amenable to post-translation modifications. Threonine is a potential 

phosphorylation site and whether phosphorylated or unphosphorylated, the 

presence of either a negative charge or polar group where there was originally a 

hydrophobic residue could conceivably disrupt protein interactions important in 

stabilizing PARP4. In fact, mutations causing gain or loss of phosphorylation was 

previously found to be significantly enriched in cancer somatic mutation datasets 

as opposed to control datasets (Radivojac et al., 2008). To fully understand the 

impact of I1039T on protein stability and function, more experiments will be 

needed. 
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To determine whether PARP4’s enzymatic activity of ADP-ribosylation 

was important in its tumor suppressive functions, I ablated the PARP catalytic 

domain and showed that loss of this domain resulted in increased tumorigenicity. 

However, the PARP domain in PARP1 was also shown to have additional protein 

interaction activities and it would thus be important to distinguish the two 

functionalities (Kumari et al., 1998; Pinnola et al., 2007; Wacker et al., 2007). As 

the key active site residues in the PARP catalytic domain had been identified as 

a triad of histidine, tyrosine and glutamate (H-Y-E) (Gupte et al., 2017), I plan to 

generate a catalytically dead version of PARP4 by converting the negatively 

charged glutamate 547 residue of the catalytic triad to a positively charged lysine 

residue (E547K), which had previously been shown to abrogate PARP1 catalytic 

activity (Marsischky et al., 1995). By conducting rescue experiments where we 

overexpress either wildtype, PARP domain-deleted or catalytically dead PARP4, 

we could tease out if the catalytic activity or scaffolding role of the PARP domain 

contributes to PARP4’s tumor suppressive role. 

 Additional functionality for PARP4 beyond that of the vault complex  

PARP4 was initially discovered in the vault complex (Kickhoefer et al., 

1999a), with what little functional studies of its activity focused on the context 

of the vault complex. It thus came as a surprise that PARP4’s tumor suppressive 

activity appears to be independent of MVP. Since MVP is the main structural 

component of the vault complex, this then meant that PARP4’s tumor 

suppressive activity is also independent of the vault complex. This was shown 

from experiments whereby depletion of MVP did not result in significant increase 

in tumorigenicity, and that MVP levels had no effect on LUAD patient survival.  

Intriguingly, the interaction between PARP4 and MVP, which had 

previously been reported in other model systems and was suggested to help 

stabilize PARP4 protein (Kozlov et al., 2006; Yu et al., 2017), was further 

confirmed in the SAECK cells through deletion of PARP4’s MVP-interaction 

domain. Furthermore, varying MVP levels had no effect on PARP4 transcript 
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levels but affected PARP4 protein stability, as observed from the cycloheximide 

and MG-132 studies. 

Having observed that there remains a fraction of PARP4 that was resistant 

to proteasomal degradation in the absence of MVP, one possibility for MVP-

independent PARP4 stability is its association with other proteins. In fact, SILAC 

co-IP mass spectometry later uncovered novel PARP4 binding partners, of which 

I was able to validate several in the SAECK cells, with hnRNPM being the most 

consistent of them and validated across multiple cell lines. While hnRNPM 

depletion in SAECK and A549 cells had no appreciable effect on PARP4 protein 

levels, this could be because most of PARP4 appears to be already bound to and 

stabilized by MVP (Figure 3-21, Figure 3-25). Hence, it would be interesting to 

study whether hnRNPM stabilizes PARP4 in the context of MVP loss.  

Furthermore, I found that while PARP4 localizes mainly to the cytoplasm 

in SAECK cells, a small fraction could also be found in the nucleus. This was in 

line with some of the discordant studies observing PARP4 nuclear localization 

(Kickhoefer et al., 1999a; Liu et al., 2004; Vyas et al., 2013; van Zon et al., 

2003b). Moreover, analysis of PARP4 protein sequence revealed the presence of 

two predicted nuclear localization signals – one lies near the N terminus within 

the BRCT domain while the other is located between the VWFA and MVP 

interaction domains. Importantly, while the interaction between PARP4 and 

hnRNPM could occur in both the cytoplasmic and nuclear fractions in normal 

A653N lung cells, the interaction between PARP4 and hnRNPM was detected 

only in the nuclear compartment of SAECK cells. This suggests an important role 

for nuclear PARP4 in its tumor suppressive properties.  

The possibility of an MVP-independent nuclear fraction of PARP4 that is 

responsible for its tumor suppressor activity is an appealing hypothesis. For one, 

this would be consistent with hnRNPM being a predominantly nuclear protein, 

and could account for the proposed roles of PARP4 in regulating splicing, which 

occurs in the nucleus. To test whether PARP4’s tumor suppressive activity 

indeed resides in the nuclear fraction, it would be important to perturb PARP4’s 
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cellular localization to study its effects on tumorigenicity. Ablating PARP4’s 

predicted nuclear localization sequences should expectedly reduce nuclear 

PARP4 localization, unless PARP4’s mechanism of nuclear import relies on 

other means (Freitas and Cunha, 2009). If PARP4 can be successfully ablated 

from the nucleus using this method, then its interaction with hnRNPM as well as 

its effect on tumorigenicity can both be tested. Furthermore, it would be 

interesting to separately evaluate MVP’s effects on stabilizing cytoplasmic and 

nuclear PARP4 through cycloheximide and MG-132 studies. According to our 

hypothesis, MVP would likely stabilize only cytoplasmic but not nuclear PARP4. 

It would be more difficult to perform the converse experiment of ablating 

cytoplasmic PARP4. Stronger nuclear localization sequences could perhaps be 

incorporated into PARP4’s protein sequence to force its nuclear localization. 

Additionally, as cytoplasmic and nuclear PARP4 may have unique 

interaction partners, it could be informative to perform additional co-IP mass 

spectrometry studies on the individual fractions. Given that PARP4 regulates a 

subset of hnRNPM-regulated events but additionally alters the splicing landscape 

in ways different from hnRNPM, its nuclear localization could further suggest 

that PARP4 could be binding to other splicing regulatory factors in the nucleus.  

 hnRNPM is a novel PARP4 interaction partner that has tumor 

suppressive activity in LUAD  

In this study, hnRNPM was found to be a novel PARP4 binding partner 

through SILAC co-IP mass spectrometry. In fact, the interaction between PARP4 

and hnRNPM could be reliably recapitulated in several lung normal and cancer 

cell lines. Loss of hnRNPM through shRNA knockdown revealed that hnRNPM 

too could function as a tumor suppressor in LUAD. Just like PARP4, low 

hnRNPM expression was correlated with poor overall survival (Győrffy et al., 

2013). The experiments collectively showed that loss of either PARP4 or 

hnRNPM led to increased tumorigenicity, suggesting that both proteins have 

tumor suppressive roles.  
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Interestingly, this is one of the rare studies suggesting a tumor suppressive 

role for hnRNPM, as it was reported to have tumor-promoting effects in most 

other cancers (Chen et al., 2014; Ho et al., 2021; Palombo et al., 2020; 

Passacantilli et al., 2017; Wang et al., 2021; Xu et al., 2014). Hence, this points 

to hnRNPM as a cancer-related gene which has tumor suppressive or tumor-

promoting effects depending on its cellular context. 

 As I have shown that loss of PARP4 and hnRNPM results in several 

shared phenotypes, notably increased tumorigenicity, altered splicing and 

increased dysregulation of IR events, I hypothesized that hnRNPM and PARP4 

could be acting in the same pathway. I further suggest that PARP4’s interaction 

with, and potential modification of hnRNPM could perhaps be important in 

mediating the tumor suppressor phenotype. However, I have not directly shown 

this to be true. To do so convincingly, I would first need to identify the exact 

domains required for PARP4 and hnRNPM’s interaction so that I can 

subsequently perturb them to determine the outcome on PARP4 and hnRNPM’s 

tumor suppressive properties.  

 Furthermore, post-translational modification of hnRNPM in the form of 

serine phosphorylation was shown to have direct effects on hnRNPM’s splicing 

regulation in mouse macrophages (West et al., 2019). Specifically, the modified 

serines were located in one of hnRNPM’s RNA recognition motifs and were 

suggested to affect its splice site recognition. It is thus a plausible hypothesis that 

PARP4 could ADP-ribosylate hnRNPM to similarly alter its activity. Intriguingly, 

a search on an online database (Ayyappan et al., 2021; Vivelo et al., 2017) of 

known ADP-ribosylation modifications showed that hnRNPM could be ADP-

ribosylated by PARP1, although the exact site of modification and its suggested 

function were not reported. Furthermore, ADP-ribosylation of hnRNPs had 

previously been shown to modulate splicing (Ji and Tulin, 2009, 2013). Thus, 

PARP4’s binding to and modification of hnRNPM could possibly affect 

hnRNPM’s splicing activity. This would need to be further studied. 
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 Role of hnRNPM in dysregulated splicing  

hnRNPM is a well-known splicing factor. There have been several 

notable studies profiling hnRNPM’s RNA specificity, binding properties and 

regulation of alternative splicing, performed with the aim of dissecting 

hnRNPM’s roles and functionalities in different contexts. 

In one study, siRNA targeting of hnRNPM alongside a few other hnRNPs 

was performed to determine their effect on a selection of 56 alternative splicing 

events within apoptotic genes across three cell lines – HeLa (cervical cancer), 

PC-3 (prostate cancer) and BJT (foreskin derivative) (Venables et al., 2008). 

Overlaps between cell lines for the same hnRNP were minimal or poor, 

suggesting that the effects of individual hnRNP loss on splicing could be cell 

line-dependent. This was followed by a more global analysis where the effect of 

hnRNPM depletion from HEK293 cells was examined through splice junction 

array studies, as well as cross-linking and immunoprecipitation followed by high 

throughput sequencing (CLIP-seq) to study hnRNPM’s binding sites on RNA 

(Huelga et al., 2012). Through such CLIP-seq studies as well as targeted in vitro 

affinity experiments using synthetic RNA fragments, hnRNPM was found to 

selectively bind GU-rich motifs, particularly within intronic regions of target 

RNAs (Datar et al., 1993; Dreyfuss et al., 1988; Hovhannisyan and Carstens, 

2007; Huelga et al., 2012; Swanson and Dreyfuss, 1988). 

Interestingly, we observed that loss of hnRNPM from SAECK cells 

resulted primarily in the increase of intron retention events, suggesting that 

hnRNPM could have a role in controlling the proper removal of introns from 

transcripts.  

Prior to this study, there had only been two other reports tying hnRNPM 

to intron retention events. In the first study, hnRNPM and SFPQ, the latter of 

which is also a splicing factor, were found to bind to the same retained intron 

within SFPQ itself. The retained intron leads to nuclear loss of SFPQ and 

underlies amyotrophic lateral sclerosis (ALS) (Luisier et al., 2018). hnRNPM 

was also found to be a component of nuclear stress bodies, which are membrane-
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less aggregates comprising 141 proteins – of which many are RNA-binding 

proteins, that nucleate around the HSATIII lncRNA upon thermal stress and go 

on to promote the retention of 533 distinct introns during recovery from the 

thermal exposure (Ninomiya et al., 2020). However, the study did not conclude 

whether hnRNPM itself was directly involved and required in promoting these 

intron retention events. 

 In fact, IR events are common in cancers. An analysis comparing RNA 

processing between normal and tumor tissue across multiple cancer types 

revealed that almost all cancers had alterations in intron retention (Dvinge and 

Bradley, 2015). In a separate study, intron retention was also observed to be a 

common mechanism underlying the inactivation of tumor suppressors (Jung et 

al., 2015).  

 Intron retention events could result in a few different outcomes. More 

often than not, IR results in the introduction of a premature termination codon 

and leads to transcript degradation through nonsense-mediated decay (Belgrader 

et al., 1994; Braunschweig et al., 2014). In fact, a study comparing protein and 

mRNA levels across nine tissue types found that genes with IR events were 

significantly associated with lower protein levels (Middleton et al., 2017). Some 

transcripts bearing premature termination codons have been observed to escape 

nonsense-mediated decay, but these transcripts tend not to be translated 

(Middleton et al., 2017). Finally, the retained intron could introduce a new 

functional element within the mRNA to produce a different isoform (Bell et al., 

2008; Buckley et al., 2011).  

 In the case of hnRNPM knockdown in SAECK cells, several of the 

validated changes in intron retention were indeed predicted to alter the splicing 

outcome between a functional transcript isoform versus one that has no protein 

product. 
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 Possible PARP4 and hnRNPM interaction in regulating splicing  

While the comparison between PARP4 copy number loss and diploid 

patients could have confounding factors such as differences in known driver 

backgrounds, a preliminary analysis revealed the presence of significant changes 

in the regulation of alternative splicing between the two groups, as marked by 

significantly dysregulated IR and SES events. As analysis on the cohort data was 

specifically performed on IR and SES events, I am unable to comment on the 

importance of IR relative to other splice event categories, unlike how we have 

demonstrated that IR was most perturbed among the five event categories in the 

hnRNPM knockdown cells. Nevertheless, it was striking that the PARP4 CN loss 

patients tended to have more upregulated intron retention events as opposed to 

downregulated ones, mirroring our observation in the hnRNPM knockdown cells. 

Furthermore, from the comparison between PARP4 CN loss and diploid 

patients, dysregulated IR or SES events were enriched in genes involved in 

splicing and other RNA processing pathways. Given that splicing factors have 

been reported to regulate their own splicing as well as that of other RNA-binding 

proteins (Geuens et al., 2016; Huelga et al., 2012), one hypothesis from this 

finding was that PARP4 copy number loss could be associated with changes in 

the expression of various splicing factors and RNA-binding proteins. Analysis of 

the transcriptomic differences between the two patient groups would thus be 

important. If this were true, it could possibly also account for PARP4’s likely 

indirect mechanism of regulating alternative splicing, since PARP4 does not have 

known RNA-binding domains and ability.  

 Indeed, while my experiments show that hnRNPM and PARP4 affect 

alternative splicing, whether these are direct effects with hnRNPM directly 

binding and causing the splicing change, or indirect effects where PARP4 or 

hnRNPM modify the activity of other splicing factors, remains to be understood. 

To determine this, CLIP-seq studies could be performed, whereby cross-linking 

is performed to capture the interactions between protein and RNA, followed by 

immunoprecipitation of hnRNPM or PARP4 and sequencing of the bound RNA 
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fragments. This would also establish whether PARP4 has any direct RNA-

binding abilities.   

Having observed a subset of genes with dysregulated IR or SES that are 

overlapping between hnRNPM and PARP4, it would be important to follow up 

with targeted PCR validation and additional experiments to understand their 

direct relevance to tumorigenicity. In addition to PCR assays comparing 

hnRNPM and PARP4 knockdown cells to control, re-expression of hnRNPM and 

PARP4 could demonstrate the specificity of PARP4 and hnRNPM’s role in 

regulating these splice events. Lastly, and most crucially, following the 

identification of the binding site between PARP4 and hnRNPM, it would be 

important to determine if loss of the interaction alters these events in the same 

manner as loss of the entire protein. These would then enable me to conclude 

whether these events are jointly or separately regulated by PARP4 and hnRNPM. 

In any case, we can still conclude from our findings that hnRNPM and 

PARP4, at least independently, both have tumor suppressive functions and can 

mediate splicing changes. 
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 Future Directions 

While this work has uncovered PARP4 as a novel tumor suppressor in 

LUAD and attributed new functionalities to a gene that is not well-studied, there 

remain several important and interesting questions to be answered: (1) what is 

the exact nature of PARP4’s relationship with hnRNPM; (2) is PARP4’s ADP-

ribosylation activity involved and if so, how; (3) are the dysregulated splicing 

events functionally important in tumorigenicity; and finally, (4) what is the 

clinical utility of this new knowledge? 

 To further understand the role of I1039T on PARP4 protein stability 

Having observed that the recurrent I1039T mutation appears to affect 

PARP4 expression at the post-transcriptional level, comparing the effects of 

cycloheximide and MG-132 treatment between SAECK PARP4 clonal knockout 

cell lines expressing PARP4WT or PARP4I1039T would demonstrate whether the 

mutation reduces protein stability as hypothesized. 

 To understand the nature of PARP4 and hnRNPM’s interaction 

 To identify the binding site between PARP4 and hnRNPM 

To narrow down the site on PARP4 responsible for binding to hnRNPM, 

a collection of PARP4 clonal knockout cell lines overexpressing PARP4 variants 

with deletion of each of PARP4’s annotated domains has been generated (Figure 

5-1). In addition to these mutants, long intervening sequences between the 

individual domains could affect binding and should also be deleted and studied.  

To identify the site on hnRNPM responsible for binding to PARP4, 

hnRNPM clonal knockout cell lines expressing different structural regions of 

hnRNPM could also be generated. 

Collectively, these variants can be used in co-immunoprecipitation 

studies. Specifically, immunoprecipitation of hnRNPM should be performed in 

the mutant PARP4 lines to assess which of the PARP4 variants cannot be 

successfully co-immunoprecipitated, and is thus responsible for hnRNPM-
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binding. In a similar manner, immunoprecipitation of PARP4 could be performed 

in the mutant hnRNPM lines. The interaction site on PARP4 and hnRNPM can 

thus be respectively identified. 

 

 

Figure 5-1: Generation of PARP4 domain mutants 

A) Schematic diagram of PARP4 domain features. PARP4 domain structure adapted 

from (Schreiber et al., 2006). B) Immunoblot depicting PARP4 and hnRNPM protein 

levels in the various PARP4 mutant cell lines. GAPDH was used as a loading control. 
The domain-deleted PARP4 variants expectedly had a downward shift in their molecular 

weights.  

 

 To determine if PARP4’s interaction with hnRNPM is required for 

tumor suppression 

Following the identification of PARP4 and hnRNPM’s interaction sites, 

the requirement of this interaction for their tumor suppressive activities can be 

evaluated. Specifically, the respective mutant cell lines lacking the interaction 

site can be subjected to tumorigenicity assays. If PARP4 and hnRNPM’s 

interaction is indeed responsible for the tumor suppressive activities, then these 

mutants should have increased tumorigenicity compared to their respective 

wildtype control. 
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 To understand the properties of the MVP-independent PARP4 

fraction 

Having shown that there is a fraction of PARP4 that is resistant to 

proteasomal degradation in spite of loss of MVP (Figure 3-21), it could be 

interesting to determine whether this MVP-independent fraction is: (1) localized 

to the nucleus, and/or (2) stabilized by hnRNPM. 

To study (1), the cycloheximide and MG-132 experiments can be 

performed as before on control and MVP-depleted cells, with the addition of a 

subsequent fractionation step to compare PARP4 protein levels in the 

cytoplasmic and nuclear compartments between different conditions. If the 

MVP-independent fraction of PARP4 is indeed localized to the nucleus, MVP 

depletion should only affect the levels of cytoplasmic but not nuclear PARP4.  

To study (2), hnRNPM knockdown lines could be generated from 

parental MVP-depleted cell lines. Transcript and protein levels of PARP4 could 

then be compared between the control and hnRNPM knockdown lines. If PARP4 

protein but not transcript levels appear to be further reduced upon loss of 

hnRNPM, then both sets of cell lines can subsequently be treated with 

cycloheximide and MG-132 to examine their effect on PARP4 protein levels. If 

hnRNPM indeed stabilizes PARP4, I would expect to see even lesser PARP4 

protein in the hnRNPM knockdown compared to control in the absence of 

treatment, in spite of similar PARP4 protein levels in the MG-132-treated 

condition. 

 To identify the role of nuclear PARP4 in tumorigenicity 

In parallel to the experiments proposed in the preceding section, the role 

of PARP4’s nuclear localization in tumorigenicity can be directly determined by 

ablating nuclear PARP4. Specifically, PARP4’s predicted nuclear localization 

sequences (amino acid residues 19-25 within the BRCT domain, and 1237-1249 

between the VWFA and MVP interaction domains) can be deleted. After 

confirming that PARP4 is indeed lost from the nucleus but not the cytoplasm in 
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these variants, their effects on tumorigenicity, interaction with hnRNPM, 

stability independent of MVP and splicing can all be examined. 

 To identify the role of PARP4’s catalytic activity and ADP-ribosylation 

targets  

Having earlier shown that PARP4’s PARP domain is important in 

tumorigenicity, and based on the understanding that the PARP domain could 

have other roles in mediating protein interactions apart from its catalytic activity, 

it would be important to determine precisely which of these functionalities is 

required for tumor suppression. Hence, I intend to generate a catalytically 

inactive E547K variant that disrupts the catalytic triad, while retaining the PARP 

domain structure. 

Comparing the tumorigenicity of this variant relative to the PARP 

domain-deleted and wildtype PARP4 would give an indication of the degree by 

which ADP-ribosylation activity contributes to PARP4’s tumor suppression. 

If PARP4’s catalytic activity is shown to be important, it would be 

interesting to identify PARP4’s ADP-ribosylation targets and determine whether 

PARP4 ADP-ribosylates hnRNPM.  

I have made preliminary attempts to uncover clues about PARP4’s ADP-

ribosylation activity. By immunoprecipitating PARP4 in SAECK cells and 

probing the eluates for poly-ADP-ribose (PAR) or mono-ADP-ribose (MAR) 

modifications (Figure 5-2), I observed the presence of unique bands that were 

absent in the IgG negative control, suggesting that PARP4 could potentially be 

responsible for modifications on its binding partners.  
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Figure 5-2: ADP-ribosylation of PARP4 binding partners 

Immunoblot comparing A) poly-ADP-ribose and B) mono-ADP-ribose bands between 
IgG control and PARP4 eluates from immunoprecipitation performed on SAECK lysates. 

Bands specific to PARP4 eluates are indicated with yellow arrows. The same blot was 

first probed for poly-ADP-ribose, and then stripped and blocked each time before 
probing with mono-ADP-ribose and followed lastly by PARP4. The same PARP4 panel 

is included above both blots for easier viewing and comparison of the lanes. 

 

In an attempt to determine this more directly, I had also modified an in 

vitro ADP-ribosylation assay from (Vyas et al., 2014) that uses radioactively 

labelled NAD+ to one based on biotinylated NAD+. In this method, 

immunoprecipitation of PARP4 was followed by incubation with biotinylated 

NAD+, which would subsequently allow incorporated ADP-ribose groups to be 

detected by immunoblotting and chemiluminescence methods when streptavidin-

conjugated horse radish peroxidase was used. However, in contrast to the high 
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degree of PARP4 enrichment attained, auto-ADP-ribosylation of PARP4 was 

only weakly detected (Figure 5-3), suggesting that the modification of the assay 

from radiolabeling to biotinylation, while making it safer for handling, greatly 

reduced its sensitivity and utility.   

 

Figure 5-3: Modified in vitro ADP-ribosylation assay 

Immunoblot depicting results of the in vitro ADP-ribosylation assay conducted on 
SAECK lysate. PARP4 protein levels and signal from streptavidin-HRP (strep-HRP) at 

the molecular weight corresponding to PARP4 are shown. A faint band corresponding 

to auto-modification of PARP4 which is absent in the IgG control is indicated by the 

white arrow. Below, the contrast was adjusted for better viewing. 

 

As there has not been any global profiling study defining PARP4’s ADP-

ribosylation targets, unlike what has been done for several of the PARP family 

members (Ayyappan et al., 2021; Gibson et al., 2016; Jungmichel et al., 2013; 

Vivelo et al., 2017; Zhang et al., 2013), it could be informative to systematically 

identify PARP4’s ADP-ribosylation targets via mass spectometry.  

To specifically attribute ADP-ribosylation to a given PARP family 

member, several experimental setups involve the mutation of the active site in 

the PARP family member of interest to accommodate non-natural, chemically 

modified NAD analogs, thereby allowing downstream targets to be distinguished 
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by their unique modified ADP-ribosylation labels (Carter-O’Connell et al., 2014, 

2016; Gibson et al., 2016; Leutert et al., 2016; Mangerich and Altmeyer, 2016; 

Rodriguez et al., 2021).  

Here, I propose an alternative experimental design that subverts the need 

for further modifying PARP4 and using the specially synthesized NAD analogs. 

In this method, ADP-ribosylated proteins can be immunoprecipitated using a 

poly- or mono-ADP-ribosylation-binding antibody, followed by mass 

spectrometry to compare the hits between a cell line with endogenous levels of 

PARP4 versus a matched PARP4-depleted cell line.  

 To understand the role of hnRNPM- and PARP4-regulated splicing 

events on tumorigenicity 

Having identified and validated specific IR and SES events that are 

controlled by hnRNPM, it would be important to demonstrate whether they could 

similarly be controlled by PARP4, as well as their specificity by rescue 

experiments with hnRNPM and PARP4 overexpression. Using the various 

mutants mentioned in the preceding sections, the role of PARP4 interaction and 

ADP-ribosylation of hnRNPM on splicing outcomes could also be examined.  

To examine the role of these splice events in LUAD tumorigenicity, 

splice-switching oligonucleotides (SSOs) can be employed to reverse the splice 

events and study their effects on tumorigenicity. Specifically, SSOs are 

chemically modified antisense oligonucleotides that bind to RNA sequence 

elements to block access to splicing factors, thereby affecting splicing outcomes 

(Bauman et al., 2009; Havens and Hastings, 2016).  Furthermore, SSOs have 

demonstrated therapeutic potential and are FDA-approved for the treatment of 

spinal muscular atrophy (SMA) and Duchenne muscular dystrophy (DMD) 

(Marabti and Abdel-Wahab, 2021).  

Thus, successful SSOs that affect LUAD tumorigenicity may have 

therapeutic potential that can be further tapped on. 
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 To determine the clinical utility of PARP4 

Having established PARP4’s role as a tumor suppressor whereby loss of 

PARP4 increases tumorigenicity and is associated with poorer prognosis in 

LUAD patients, it would be useful to identify drug compounds that could 

preferentially target PARP4-low cancer cells. This could then enhance the 

repertoire of therapeutic strategies available to LUAD patients. Furthermore, as 

normal lung cells were shown to have high PARP4 expression, compounds 

identified using such a screening strategy could be more specific in targeting lung 

cancer cells. 

In a pilot experiment, I performed drug screening on SAECK shControl 

and shPARP4#1 cells using two drug libraries that were available to us (Figure 

5-4). The first drug library comprised 317 anti-cancer compounds from 

SelleckChem while the second drug library was composed of 303 metabolic 

drugs from Med Chem Express. Using the first library, I hoped to identify 

existing anti-cancer therapeutics that may benefit from patient stratification using 

PARP4 levels. With the second library, I wanted to find novel metabolic drugs 

that could be re-purposed in anti-cancer therapy.  

 

 

 

Figure 5-4: Schematic diagram of drug screening process 
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From the initial screening results, compounds that were effective against 

the PARP4 knockdown cells also appeared to reduce the viability of control cells 

(Figure 5-5A, B). This suggests that compounds from these libraries could 

potently kill the SAECK cells even if they were not selective for PARP4 

expression levels. Some of the drug hits which preferentially killed the PARP4-

depleted cells resulted in cell viabilities over 40% (dacomitinib from the 

SelleckChem library (Figure 5-5A) and AZD2014 from the metabolic library 

(Figure 5-5B), for example) and would thus be of limited use as single agents, 

although their effectiveness in potential combination therapy remains to be 

studied. 

Across both drug libraries, the statins – fluvastatin, pitavastatin and 

simvastatin – stood out, and were between 1.5 to 3 times more effective at killing 

the PARP4 knockdown cells (Figure 5-5A, B).   

Indeed, through follow-up secondary screening experiments, I observed 

close to 2-fold reduction in IC50 of fluvastatin and simvastatin in the PARP4 

knockdown cells, although the decrease in absolute IC50 magnitude was 

admittedly small at 0.45µM for fluvastatin and 0.95µM for simvastatin (Figure 

5-5C, D). 

Nevertheless, the initial drug screening followed by secondary validation 

serve as proof of concept that it is possible to identify drugs that preferentially 

target PARP4-low cancer cells. Further screening with other compound libraries 

could thus potentially uncover other more effective hits. 

Having shown that splicing is perturbed in PARP4-low cancer cells, drugs 

modulating splicing should be included in future screens. 
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Figure 5-5: Results of drug screening and secondary validation  

A, B) Results of drug screening conducted using the A) SelleckChem anti-cancer library 

and B) metabolic drug library. Drugs were added with the kind help of Mr. Matan 

Thangavelu Thangavelu. SAECK shControl and shPARP4 #1 cells were incubated with 
the respective drugs at a final concentration of 1µM for 72h. Following which cell 

viability was determined by the Cell Titer-Glo assay and normalized to the DMSO 

controls. Drugs yielding a minimally 12.5% greater relative viability in control versus 

PARP4-depleted cells were included in the figures. C, D) Secondary validation was 
performed on SAECK shControl and shPARP4 #1 cells using C) fluvastatin and D) 

simvastatin. The respective IC50 values were determined and indicated in the table 

below each graph. Data represent the mean ± s.e.m., n = 3. 
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 To determine the role of PARP4 in other cancers 

Having established PARP4’s tumor suppressive role in LUAD, it would 

be interesting to examine its relevance in other cancers. Earlier efforts to examine 

PARP4’s role as a cancer susceptibility gene in breast cancers used proliferation 

assays to measure effects of PARP4 loss in two breast cancer cell lines, and 

resulted in discordant observations (Ikeda et al., 2016; Prawira et al., 2019). Thus, 

to examine PARP4’s potential tumor-suppressive role in other cancer types, the 

depletion of PARP4 from representative cell lines should be followed with in 

vitro and in vivo tumorigenicity assays. Should PARP4 be relevant in other 

cancer types, our findings and therapeutic opportunities for PARP4 could be 

transferrable to these other cancers. 
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 Conclusion 

In summary, we have uncovered PARP4 as a novel tumor suppressor in 

LUAD based on WES sequencing data from the largest Asian LUAD cohort 

available to date. In addition to bioinformatics-based prediction methods, we 

performed in vitro and in vivo functional validation to show that PARP4 indeed 

plays a tumor suppressive role in various lung cancer cell line models. 

Furthermore, a recurrent I1039T mutation was reported in our cohort and we 

subsequently observed that it reduces PARP4 protein levels. 

In addition to its known association with the vault complex, we have 

identified novel roles of PARP4 in regulating tumorigenicity and controlling 

splicing, thereby successfully ascribing novel functions to a relatively under-

studied protein.  

Finally, hnRNPM was identified and validated as a novel PARP4 

interaction partner and we showed that loss of hnRNPM results in several 

phenotypes that are shared with PARP4 loss. Importantly, loss of hnRNPM also 

contributes to LUAD tumorigenicity. 

This work points to the value of cohort sequencing studies in identifying 

new cancer-associated genes that could have therapeutical applications. 

Furthermore, it highlights the importance of having representative cohorts in 

terms of ethnicity and size. As PARP4 is a relatively little-known gene in the 

context of cancer, there is still much room to explore PARP4’s roles in 

modulating tumorigenicity. 
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