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1.1 Pre-mRNA splicing 

Most of the protein-coding genes in eukaryotes are composed of exon and intron 

sequences. During the process of splicing, introns are spliced out from the pre-mRNA, 

and mature functional mRNA is produced from the ligation of exons. Splicing is 

mediated through cis-elements (splice-sites) localized within the transcript and trans-

acting elements, mainly the spliceosomal machinery [1]. Introns are composed of three 

conserved cis-elements, the 5’ splice site (5’SS), branch point (BP) adenosine, and 3’ 

splice site (3’SS). The spliceosome is composed of small nuclear ribonucleoprotein 

complexes termed U1, U2, U4, U5, and U6 snRNPs and more than 100 proteins [2].  

 
The spliceosome assembly begins with the interaction of U1 snRNP to the 5’SS by base-

pairing the 5’end of U1 snRNA with the 5’SS, yielding the early spliceosome complex (E-

complex) (Figure 1.1) [3]. Besides U1 snRNA, U1 snRNP consists of three U1-specific 

proteins (U1-70k, U1A, and U1C) and the Sm proteins [4]. The DEAD-box helicases Prp5 

and Sub2 then recruit the U2 snRNP to the BP site, eventually generating the 

prespliceosome A complex [5, 6]. The marking of an intron by the U1 and U2 snRNPs is 

believed to be the critical step for splice-site selection and commits an intron to be 

spliced out.  

 
Subsequently, the U4/U6.U5 tri-snRNP associates with the prespliceosome to form the 

pre-B complex (pre-catalytic spliceosome) (Figure 1.1). The 5’end of U2 snRNA pairs with 

the 3’end of U6 snRNA, forming U6/U2 snRNA pairing within the pre-B complex [7]. 

During the transition of the pre-B complex to the B complex, Prp28, a component of tri-

snRNP, unpairs the U1/5’ SS duplex and facilitates the transfer of the 5’ SS to the U5 and 

U6 snRNAs [8]. The transfer of the 5’ SS is followed by the release of Prp28 and U1 

snRNP [9, 10]. The RNA helicase Brr2 then releases U4 snRNA from U6 snRNA to form 

the active site of the spliceosome in the catalytically active Bact complex [11, 12]. The BP 

adenosine is then docked into the active site; the branching reaction generates the 

cleaved 5’ exon and the lariat-intron intermediate, yielding the C complex [13]. The 

same active site is used for the second catalytic step of splicing. The DEAH-box ATPase 
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Prp16 mediates remodeling of the spliceosome for the second step of splicing, exon 

ligation [14]. The 5’ and 3’ exons are ligated by the nucleophilic attack of the 5’ exon at 

the 3’ SS and the ligated exons are then released from the active site, hence generating 

the mature mRNA (Figure 1.1) [15]. 

 

Figure 1.1: Schematic representation of the assembly of spliceosomal machinery onto pre-mRNA. Exons 
are indicated by brown and blue boxes, while thin black lines show intron and intron lariat. U1 snRNP 
binds to the 5’ splice site of the pre-mRNA and U2 snRNP binds at the branch point (BP) sequence to form 
the A complex. Next, the U4/U6.U5 tri-snRNP associates with the A complex to form the pre-B complex. 
Removal of U1 and U4 snRNAs lead to the formation of catalytically active Bact complex. After completion 
of the first splicing step, the C complex is formed. Finally, the C* complex catalyses the release of the 
intron lariat and facilitate ligation of the exons. Proteomic and structural studies of spliceosomal 
complexes have demonstrated presence of EJC core and RNPS1 on the spliceosome.   

 

1.1.1 Alternative splicing 

Splicing is a tightly controlled process. It is highly coordinated in a tissue-specific and 

temporal manner to shape the proteome composition of a cell. It is believed that 

alternative splicing majorly determines the complexity of the proteome. In 1978, Walter 

Gilbert first proposed the concept of alternative splicing that can generate many 

functional proteins from a single pre-mRNA by the differential usage of splice-sites [16]. 
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For instance, the Drosophila melanogaster gene Down syndrome cell adhesion molecule 

(Dscam) can produce 38,016 distinct mRNA isoforms [17]. Further, transcriptome 

analysis suggests that more than 90% of human genes undergo alternative splicing [18]. 

 
Analyses of microarray data and Expressed sequence tags (ESTs) have revealed seven 

types of alternative splicing (AS) (Figure 1.2). Cassette-type alternative exon is the most 

widespread splicing event (~30%) in mammals. Alternative selections of 5′ or 3′ splice 

sites together account for one-quarter of the AS events (~25%) [19]. Another class of AS 

events, such as intron retention, is associated with weaker splice sites and short intron 

length [20]. 

 
Alternative splicing is regulated by the binding of regulatory trans-acting proteins to the 

cis-acting sequences within the pre-mRNA. These cis-acting sequences are grouped as 

an enhancer (ESEs/ISEs) or suppressor (ESSs/ISSs) elements based on their function [1]. 

Exonic splicing enhancers (ESEs) and intronic splicing enhancers (ISE) are bound by 

positive regulators, such as SR proteins. In contrast, exonic splicing silencers (ESSs) and 

intronic splicing silencers are bound by negative regulators, such as heterogeneous 

nuclear ribonucleoproteins (hnRNPs). 

 
SR proteins are members of a large family of RNA binding proteins that are conserved 

across vertebrates and invertebrates. SR proteins promote exon inclusion by recruiting 

the U1 snRNP or the U2AF auxiliary splicing factor to the 5′ and 3′ splice sites, 

respectively [21, 22]. Hence, SR proteins are classically considered to be splicing 

enhancers. SR proteins contain the signature Arg/Ser-rich domain (called the RS domain) 

and the RNA recognition motif (RRM) domain [23]. The RS domain at the C-terminus 

facilitates interactions with other proteins, particularly components of spliceosomal 

machinery [24]. Studies suggest that the RS domain can interact with the pre-mRNA via 

the BP and the 5’ SS [25, 26]. SRSF1 (SF2/ASF) was the first SR protein discovered as a 

factor required to reconstitute splicing in splicing-deficient HeLa cytoplasmic extract 

(S100). It was also identified as a factor in HEK 293 cells which could alter the selection 
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of 5’ SS of an SV40 (simian virus 40) early pre-mRNA [27, 28]. Most SR protein family 

members function in both constitutive and alternative splicing. 

 

Figure 1.2: Schematic representation of the types of alternative splicing. Alternative splicing can take 
place through a number of different processes to generate functionally distinct transcripts. (A) Cassette 
alternative exon, also known as exon skipping (B) Alternative 5’ splice sites (C) Alternative 3’ splice sites 
(D) Intron retention (E) Mutually exclusive alternative exons (F) Alternative promoter and first exon (G) 
Alternative poly A site and terminal exon. Exons and final transcripts are depicted as boxes, while introns 
are illustrated by lines. Constitutively expressed exons are depicted in grey and alternative exons are 
depicted in orange. Folded lines are used to connect spliced ends. Intron retained is depicted with red 
intervening intron in the final transcript (recreated from Blencowe, 2006).  
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1.1.2 Assembly of mRNPs 

In addition to the altering of mRNA molecules, splicing also facilitates the assembly of a 

number of RNA-binding proteins (RBPs) to form ribonucleoprotein complexes (mRNPs). 

These depositions of RBPs dictate the fate of spliced mRNAs by regulating and 

integrating the post-transcriptional steps of gene expression, including export, 

localization, translation and mRNA decay. The composition of the mRNP complex on a 

spliced transcript is subjected to extensive remodeling and consequently dynamic over 

the life of the mRNA. Remodeling may occur by ATP hydrolysis or by diffusion-mediated 

replacement reactions.  

 
mRNAs destined for translation undergo remodeling at the 5’ and 3’ end of mRNAs after 

transport from the nucleus to the cytosol. In the nucleus, the 5’ -terminal 7-

methylguanosine (m7 G) cap of an mRNA is bound by the cap-binding complex (CBC), 

whereas in the cytosol, CBC is replaced by eIF4E (a subunit of the translation initiation 

factor complex eIF4F) [29, 30]. eIF4E aids in the recruitment of small ribosomal subunit 

and promotes translation initiation. Similarly, polyadenylation factors such as poly(A) 

binding protein PABPN1 in the nucleus is replaced by PABPC1 in the cytosol, thereby 

enabling circularization of the mRNA and translation of the mRNA (Figure 1.3) [31].  

 
Interestingly, remodeling of mRNPs may also occur by covalent modifications of the 

mRNA, such as deadenylation, readenylation, uridylation, editing, and/or base 

modifications [32-34]. Covalent modifications alter the binding of RBPs and, eventually, 

the composition of mRNPs. For instance, deadenylation leads to the dissociation of 

poly(A) binding proteins and, as a result, influences the translation efficiency of the 

mRNA [35]. Likewise, methylation of adenosines to N6-methyladenosine (m6 A) is 

another RNA modification that alters the mRNP composition and stability of the mRNA 

[36]. 

 
Among a large number of RBPs implicated in the RNA life cycle, a central component of 

post-splicing mRNPs is the exon junction complex (EJC). EJC acts as a ‘molecular mark’ of 
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exon-exon junctions on spliced mRNA and carries the molecular memory of introns 

forward to the cytoplasm. 

 

1.2 Exon Junction Complex (EJC) 

Characterization of the spliced mRNA led to the discovery that during splicing, the 

spliceosome deposits a multiprotein complex termed EJC onto mRNAs at a distance of 

24 nt upstream of the exon-exon junction in a weak sequence-specific manner [37]. This 

protein complex remains associated with mRNA till the first round of translation, when 

the ribosome dissociates it from the spliced mRNA (Figure 1.3) [38]. 

 

Figure 1.3: Schematic representation of life cycle of EJC and RNPS1. During the process of splicing, 
spliceosomal complex deposits EJC onto mRNA. The core EJC consists of eIF4A3, MAGOH and Y14. The 
peripheral EJC proteins are the SR proteins, RNPS1, Acinus, Pinin, SAP18, Aly/REF export factors, and UPF 
proteins. The core EJC along with RNPS1 remain associated with mRNA till the first round of translation, 
when the ribosome dissociates it from the spliced mRNA. 
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The subunits that form the core EJC are eukaryotic translation initiation factor 4A3 

(eIF4A3), Y14, and MAGOH [39, 40]. During the course of the journey of mRNA from the 

nucleus to the cytoplasm, the EJC core acts as a binding platform for many different 

RBPs. This dynamic composition of EJC couples pre-mRNA splicing with other post-

splicing processes (Figure 1.3). 

 
Intriguingly, spliceosomal B and C complexes contain the EJC core proteins, eIF4A3, 

MAGOH and Y14, indicating that these proteins are present in the spliceosome prior to 

exon ligation (Figure 1.1) [41-43]. eIF4A3 forms a stable complex with CWC22, a core 

splicing factor, enabling recruitment of eIF4A3 to the spliceosomal complex [44, 45]. It is 

believed that MAGOH–Y14 and eIF4A3–CWC22 are recruited to spliceosome 

independently [46]. CWC22 maintains eIF4A3 in an open conformation; as a result, the 

binding of eIF4A3 to RNA and MAGOH-Y14 is restricted [46, 47]. Subsequently, eIF4A3 is 

released from CWC22 to allow eIF4A3 to bind RNA. However, it remains to be 

determined how eIF4A3 and MAGOH-Y14 are recruited onto spliced mRNA from the C 

complex. In this regard, RNA helicase IBP160 (intron-binding protein of 160 kDa) is 

probably involved in the recruitment of EJC proteins to the spliced mRNA. In the C 

complex, IBP160 interacts with all three EJC core proteins prior to EJC deposition [48]. 

Nevertheless, the role of IBP160 in the recruitment of the core EJC proteins onto the 

spliced mRNA is not yet understood.  

 
Structural and reconstitution studies reveal how the core EJC associates with spliced 

RNA. eIF4A3 is a DEAD-box RNA helicase and comprises of two globular domains (the N-

terminal RecA1 domain and the C-terminal RecA2 domain) that are linked by a flexible 

linker [49]. The two RecA-like domains of eIF4A3 are involved in RNA binding and ATP 

hydrolysis. In the presence of ATP, the two domains attain a closed conformation and 

bind to the sugar–phosphate backbones of RNA. MAGOH-Y14 heterodimer then 

interacts with the two domains of eIF4A3 and locks the core EJC on the RNA by 

restraining the conformational change upon ATP hydrolysis. The MAGOH-Y14 
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heterodimer is able to interact with only the ATP and RNA-bound conformation of 

eIF4A3 [50, 51]. 

During the export of the mRNA from the nucleus to the cytoplasm, EJC remains bound 

to the mRNA (Figure 1.3). In the cytoplasm, EJC is removed from the mRNA by the 

ribosome during the pioneer round of translation, suggesting that EJC remains 

associated with mRNA until all the regulatory steps of RNA metabolism are completed. 

The translation-dependent disassembly of EJC is carried out by the ribosome-associated 

factor PYM (partner of Y14 and MAGOH) [52]. PYM forms a trimeric complex with 

MAGOH-Y14 via its N-terminal domain, whereas the C-terminal domain of PYM interacts 

with the 40S subunit of the ribosome. The association of MAGOH-Y14 to either PYM or 

eIF4A3 is mutually exclusive and leads to steric hindrance; consequently, PYM triggers 

EJC dissociation by destabilizing MAGOH-Y14 association with eIF4AIII [52, 53]. Notably, 

it is shown that ribosomes can dissociate EJCs in the absence of PYM. Hence it is 

suggested that the function of PYM might be to sequester dissociated MAGOH and Y14 

to prevent EJC reassembly in the cytoplasm [52]. The heterodimer is imported back to 

the nucleus by IMP13 (karyopherin receptor importin 13). PYM is dissociated from 

MAGOH-Y14 following the binding of MAGOH-Y14 heterodimer with IMP13 [54, 55]. 

Nonetheless, the molecular mechanism by which eIF4A3 is imported back to the nucleus 

is unknown. 

 
Studies have shown a varied role of EJC at different stages of the mRNA life cycle. To this 

end, the core EJC dynamically interacts with many peripheral proteins and these 

peripheral proteins impart functional roles to EJC (Figure 1.3) [56]. Some notable 

peripheral EJC proteins are the SR proteins, RNPS1, Acinus, Pinin, SAP18, Aly/REF export 

factors, and UPF proteins which define the wide functions of EJC from splicing in the 

nucleus to other functions in the cytoplasm. In the cytoplasm, EJC enhances 

translational efficiency and triggers nonsense-mediated mRNA decay (NMD), a 

surveillance pathway that mediates the degradation of mRNAs containing premature 

stop codons. Thus, the EJC ensures that the transcripts are correctly processed and only 

the error-free transcripts are favored for translation. 
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1.3 RNA-binding protein with serine-rich domain 1 (RNPS1) 

One of the important proteins present in the spliceosome before exon ligation and 

associates with core EJC is RNPS1 (Figure 1.1). RNPS1 remains associated with the EJC on 

the spliced mRNA and also interacts with CBP80, a subunit of the nuclear 7-methyl-G 

cap-binding complex in the cytoplasm. However, RNPS1 does not interact with eIF4E in 

the cytoplasm, suggesting that RNPS1 remains associated with the spliced mRNA in the 

cytoplasm until the first round of translation and, as a result, is involved in mRNA 

biology both in the nucleus and cytoplasm (Figure 1.3) [38]. The details of RNPS1 

structure and function will be discussed in the following chapters. 

 

1.3.1 Structure of RNPS1 

The amino acid sequence of RNPS1 is related to the serine/arginine-rich (SR) protein 

family (Figure 1.4A). RNPS1 consists of an N-terminal serine-rich domain (S domain), a 

middle RRM domain and a carboxy-terminal arginine/serine/proline-rich (RS/P) domain. 

The RRM domain consists of conserved RNP-1 and RNP-2 sub-motifs and a conserved 

decapeptide box [57]. In contrast, RNPS1 mediates protein-protein interaction with its 

RRM domain which is generally used by the SR proteins to bind nucleic acids. The RRM 

domain of RNPS1 is also critical for the assembly of two different ternary complexes, 

named ASAP (apoptosis and splicing associated protein) and PSAP (contains PININ, 

SAP18 and RNPS1) [58]. Interestingly, RNPS1 associates with the core EJC as a member 

of fully assembled ASAP or PSAP complex. In this regard, it has been shown that mutant 

RNPS1 (termed 176 amino acid), which is unable to form PSAP/ASAP complex, also fails 

to interact with eIF4A3 and spliced mRNA [59]. 

 
Acinus, one of the subunits of the ASAP complex, is a nuclear factor and exists in three 

isoforms: Acinus-L, Acinus-S and Acinus-S’ (Figure 1.4B). Acinus-L is the longest isoform 

(1341 amino acids), while Acinus-S and Acinus-S’ contain 583 and 568 amino acids, 

respectively. Acinus isoforms share a common central RRM domain, RSB (RNPS1-SAP18 
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binding) motif and a C-terminal domain [58, 60]. The isoforms differ only in their amino-

terminal domain. Compared to Acinus-S and Acinus-S’, Acinus-L contains an additional  

 

Figure 1.4: Schematic representation of the domain structure of apoptosis-and splicing-associated protein 
(ASAP) complex components. (A) RNA-binding protein with serine-rich domain 1 (RNPS1) (B) The three 
isoforms of apoptotic chromatin condensation inducer in the nucleus (Acinus-L, S and S') are indicated. (C) 
Sin3-associated protein of 18 kDa (SAP18). 

SAP [after SAF-A/B, Acinus and PIAS (STAT inhibitors)] motif and an RS domain in its 

amino-terminal domain [61]. Nonetheless, all the isoforms of Acinus can form the ASAP 

complex and hence, have no functional differences [39, 62]. 

 
The structure of SAP18, another subunit of the ASAP complex, contains a conserved 

ubiquitin-like (UBL) domain (Figure 1.4C). The UBL domain comprises of antiparallel five 

stranded β sheets curled around a central α helix [63]. Proteins containing the UBL 

domain generally serve as a scaffold for the assembly of protein complexes [64]. To this 

end, SAP18 associates with RNPS1:Acinus heterodimer to form the ASAP complex but 

does not interact with RNPS1 and Acinus in isolation [39]. 
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Figure 1.5: Structure of ASAP complex. RNA-binding protein with serine-rich domain 1 (RNPS1) is 
represented in green, apoptotic chromatin condensation inducer in the nucleus (Acinus) is in blue and 
Sin3-associated protein of 18 kDa (SAP18) is in pink. The interacting surface of ASAP complex comprises of 
the RNA recognition motif (RRM) of RNPS1, the ubiquitin-like (UBL) domain of SAP18 and RNPS1-SAP18 
binding (RSB) motif of Acinus. Atomic coordinates of ASAP complex with PDB accession code 4A8X were 
modelled with PyMol (http://www.pymol.org/) according to Murachelli et al. 2012. 

 
In 2012, Murachelli et al. solved the crystal structure of a minimal ASAP complex (Figure 

1.5). They utilized 159-244 residues of human RNPS1, 656-683 residues of 

D.melanogaster Acinus and 14-143 residues of mouse SAP18. The crystal structure 

revealed that the RRM domain of RNPS1, the RSB motif of Acinus and the UBL domain of 

SAP18 constitute the ASAP complex. The N-terminal helical segment of the RSB motif of 

Acinus interacts with SAP18 and the carboxy-terminal helical segment of the Acinus RSB 

motif interacts with RNPS1 [58].  

 
Intriguingly, RNPS1 and SAP18 also associate with Pinin (PNN), a splicing coactivator, to 

generate an alternative protein complex known as PSAP. Similar to the RSB motif of 

Acinus, Pinin also utilizes the RSB motif to interact with RNPS1 and SAP18. A 

competition experiment between Acinus and Pinin revealed that the incubation of PSAP 

complex with an excess amount of Acinus did not yield ASAP complex. This observation 

suggests that the RSB motif of Pinin might have a higher binding affinity for RNPS1 and 
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SAP18 than Acinus. Furthermore, it is envisioned that the ASAP and PSAP are probably 

recruited separately to the core EJC [58].   

 

1.3.2 Functional roles of RNPS1 in mRNA biology 

As an important component of the post-splicing mRNP, RNPS1 regulates many stages of 

the mRNA life cycle. In the nucleus, RNPS1 regulates splicing activity, while in the 

cytoplasm, RNPS1 is involved in augmenting translation efficiency and mRNA quality 

control.  

 
(a) RNPS1 regulates splicing activity 

RNPS1 was originally discovered as an activator of constitutive splicing. Initial in vitro 

splicing assay showed the splicing stimulatory role of RNPS1 on various model mRNAs. 

For instance, in the presence of limiting amounts of splicing factor SRSF1, RNPS1 

promotes constitutive splicing of β-globin transcript. Likewise, RNPS1 also stimulates the 

constitutive splicing of pre-mRNAs such as immunoglobulin μ-chain (IgM), HIV-tat, 

Drosophila ftz and δ-crystalline [57]. In line with this observation, a loss of function 

study in HeLa cells revealed the role of RNPS1 in efficient splicing of AURKB (Aurora B 

kinase) and MDM2 (murine double minute 2) pre-mRNA [65]. Studies have also 

confirmed the role of RNPS1 in enhancing the formation of spliceosomal A complex and 

its presence in spliceosome B and C complexes [41, 66]. Of note, RNPS1 promotes 

splicing of pre-mRNA with GU-AG intron (spliced by major spliceosome) but has no 

effect on pre-mRNA with AT-AC intron (spliced by minor spliceosome), suggesting that 

RNPS1 is primarily involved in the major splicing pathway [57].  

 
Studies in Drosophila indicated the importance of RNPS1 in splicing out weak and long 

neighbouring introns, suggesting its function in exon definition. Exon definition is a 

splicing process where splice sites across small exons are recognized rather than long 

introns [67]. For instance, depletion of core EJC (eIF4A3, Mago and Y14) or RNPS1 

results in the skipping of exons in heterochromatin genes having large intron (greater 

than 250 bp) [68, 69]. In this regard, several theories have been proposed to explain the 
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role of RNPS1 and EJC in exon definition. One of the theories states that EJC probably 

recruits SR proteins and aids in exon definition. Another probable reason is that EJC 

masks the pseudo splice-sites present within pre-mRNA, preventing exon skipping. The 

third possible explanation is that EJC facilitates the association of the spliceosomal 

complex with splice sites [68]. 

 
Similarly, RNPS1 also suppresses transposable elements by controlling the splicing 

activity of piwi transcripts in the Drosophila germline and surrounding somatic follicle 

cells [70, 71]. Piwi is a part of the piRNA pathway that represses transposable elements, 

mainly in gonads [72]. The piwi pre-mRNA has a weak fourth intron (large intron) and 

depletion of core EJC (Mago and Y14), Acinus, or RNPS1 causes retention of the fourth 

intron, consequently decreasing piwi protein level. Additionally, the splicing of this weak 

fourth intron depends on the splicing of neighboring strong flanking introns. Hence, it 

has been proposed that splicing of strong neighboring intron causes deposition of EJC 

together with RNPS1 at exon-exon junction in the close vicinity of a weak intron, 

eventually facilitating spliceosome assembly at weak intron (Figure 1.6) [70, 71]. 

 
Furthermore, in Drosophila, RNPS1 also contributes to the regulation of Wingless 

(Wg/Wnt) signaling. Wnt signalling is important for cell proliferation, cell polarity, 

pattern formation, cell migration and stem cell maintenance. Depletion of core EJC or 

RNPS1 deregulated the splicing of Wnt signaling determinant, dlg1 transcript, resulting 

in reduced expression of Dlg1. Dlg1 safeguards scaffold protein of Wnt signaling, Dsh, 

from lysosomal degradation. Consequently, loss of RNPS1 decreases the expression of 

Dlg1 and Dsh proteins, resulting in decreased Wnt signaling [73].  

 
Interestingly, the transcriptome-wide analysis revealed that knockdown of RNPS1 in 

human cell lines leads to the mis-splicing of a large number of mRNAs due to the de-

repression of cryptic splice sites [59]. Cryptic splice sites are pseudo splice sites localized 

on the pre-mRNA that are masked and repressed by the deposition of RNPS1 and EJC 

core under normal conditions. It has been observed that RNPS1 bound to an upstream 
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EJC represses the use of downstream pseudo 5’ SS, thus acting as a protection sphere on 

the bound transcript (Figure 1.7). Nevertheless, the effect of EJC-bound RNPS1 is limited 

to the region adjacent to the EJC binding site. Remarkably, depletion of SAP18 and Pinin, 

 

Figure 1.6: A proposed mechanism of splicing regulation by RNPS1. One of the mechanisms of regulation 
of splicing by RNPS1 is splicing of long sub-optimal introns. Splicing of strong adjacent introns deposit EJC 
at exon junctions and EJC in turn recruits RNPS1 in the close proximity of weak intron, thus facilitating 
spliceosome assembly and splicing of the long weak intron. 

 
but not Acinus, causes de-suppression of cryptic splice sites, indicating PSAP-bound EJC 

is involved in cryptic splice site repression rather than ASAP-bound EJC. Furthermore, it 

was revealed that RNPS1 is the effector molecule in PSAP-bound EJC mediated 5’ splice-

site regulation, whereas EJC and other PSAP proteins are only needed for proper 

deposition of RNPS1 to the mRNA. To this end, tethering of Pinin and SAP18 to reporter 

mRNA in RNPS1 knockdown cells did not rescue splicing defects, while tethering PSAP-

incompatible RNPS1 (176) could rescue splicing defects [59].  

TH-3015_156106047



Chapter 1 
 

17 
 

 

Figure 1.7: A proposed mechanism by which RNPS1 maintains fidelity of pre-mRNA splicing [75]. (A) 
Deposition of RNPS1 masks pseudo splice sites or cryptic splice sites present on the pre-mRNA and 
prevent loss of exonic sequences. (B) Loss of RNPS1 exposes the pseudo splice sites on pre-mRNA which 
are then recognized by the spliceosomal complex, leading to aberrant splicing (recreated from Fukumura 
et al 2018).  
 

Another parallel study also reported a similar observation that putative splice sites are 

frequently generated by newly formed exon junctions, causing recursive splicing and 

loss of exonic sequences. In this regard, core EJC proteins, RNPS1 or Pinin suppress the 

splicing of reconstituted splice sites [74]. Altogether, this indicates a critical role of 

RNPS1 in maintaining splicing fidelity and, as a result, safeguarding transcriptome 

integrity. 

 
Interestingly, a genome-wide CRISPRCas9-based screen in a human cell line revealed 

RNPS1 as a significant alternative splicing regulator of neuronal microexons [76]. 

Microexons are set of very small exons of size 3-30 nucleotides (1-10 amino acids). 

Knockdown of RNPS1 results in enhanced skipping of the neuronal microexons. A 

fascinating observation is that these microexons are mis-spliced in the brains of 
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approximately one-third of analyzed autistic subjects [77]. Furthermore, these individual 

microexons have been found to play vital functions during neurodevelopment and other 

brain functions [78]. Microexons most often encode for amino-acid residues that are 

surface accessible and therefore modulate protein-protein interactions. In fact, many 

reports have demonstrated that the inclusions of neuronal microexons are critical for 

promoting protein-protein interactions in neuronal cells [79, 80]. Additionally, it has 

been reported that most microexons exhibit high inclusion at later stages of neuronal 

differentiation in genes associated with axonogenesis and the development and 

function of synapses [81]. This implies that the differential regulation of splicing of 

microexons is imperative for the proper development and function of the nervous 

system. Because microexons are heavily dependent on splicing regulators like RNPS1 for 

their regulation, this raises the question of whether the expression of RNPS1 is altered 

to cause changes in alternative splicing of microexons. Collectively, the reports suggest 

RNPS1 as a key regulator of both constitutive and alternative splicing.  

 
(b) RNPS1 enhances translation efficiency and 3’end processing of pre-mRNA 

Apart from the functions of RNPS1 in splicing, RNPS1 also functions in translation. 

Several reports provide convincing evidence that spliced transcripts produce a high 

quantity of protein per mRNA molecule compared to their identical transcripts lacking 

introns [82]. Studies confirmed that this enhancement in translational efficiency is 

directly correlated to an increased association of spliced mRNAs with polysome. 

Remarkably, the tethering of RNPS1 and other EJC proteins to an intron-less reporter 

enhanced both translation yield and polysome association, indicating an important role 

of RNPS1 in aiding polysome assembly [83]. 

 
The mRNA processing at the 5’ and 3’ end is of key importance in augmenting 

translational efficiency, as mRNA stability majorly depends on the presence of cap at the 

5’ end and the length of poly (A) present at the 3’ end. The export of mRNA from the 

nucleus to the cytoplasm is also influenced by polyadenylation. In this regard, tethering 

of RNPS1 or SRm160 (Serine/Arginine Repetitive Matrix 1) to the intronless CAT and β-
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globin transcript increased the 3’ end processing and mRNA stability, resulting in 

increased expression of the intronless reporter [84]. One of the probable underlying 

reasons is the recruitment of the 3’ end processing machinery, as SRm160 is known to 

interact with CPSF-160 [85]. CPSF-160 plays a role in 3’ end processing by binding to the 

AAUAAA signal sequence in pre-mRNA and associating with poly (A) polymerase and 

other processing factors to activate 3’ end cleavage and polyadenylation [86]. Together 

this suggests that the interaction of RNPS1 with SRm160 probably influences the 3’ end 

processing of mRNAs; as a result, RNPS1 enhances the expression of spliced mRNAs.   

 
(c) Function of RNPS1 in nonsense-mediated mRNA decay 

Nonsense-mediated mRNA decay (NMD) is a process that degrades faulty transcripts 

with premature termination codons (PTCs) that could generate harmful truncated 

proteins. Besides maintaining mRNA quality control, NMD also maintains homeostasis 

by controlling the expression of normal genes. NMD is generally activated when a PTC is 

localized more than 50 nt upstream of the exon-exon junction in a transcript [87, 88]. 

NMD is generally classified into two types, EJC-enhanced NMD and EJC-independent 

NMD. In EJC-enhanced NMD, EJC bound downstream of the PTC serves as a signal for 

the assembly of NMD machinery on the faulty mRNA [89].  

 
Tethering assay showed that RNPS1 tethered to a PTC-containing reporter mRNA 

triggers NMD and, as a result, promotes degradation of the mRNA [90, 91]. This data 

suggest that RNPS1 has a functional role in NMD. In a bid to comprehensively 

characterize the role of RNPS1 in NMD, several transcriptome-wide analyses were 

performed. However, the global analysis revealed that RNPS1 affects the NMD efficiency 

of only a subset of transcripts [92].  

 
Collectively, the studies indicate that RNPS1 functions as an essential global regulator of 

splicing, while it has a minor role in mRNA quality control.   
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1.4 Post-transcriptional gene regulation 

The crucial role of RNPS1 in RNA biology raises a fundamental question, whether the 

expression of RNPS1 is regulated to orchestrate differential splicing activity observed 

during cellular differentiation and organism development. In this regard, the regulation 

of RNPS1 gene expression and its effects on the cellular program is still unexplored. 

 
The sequencing of the human genome and several other higher eukaryotic genomes has 

shown that a very small proportion of genetic material (~1.5%) codes for protein [93]. 

Indeed, most regions of the genomic DNA participate in the regulation of gene 

expression, which either takes place at the transcriptional level or the post-

transcriptional level. The transcriptional mode of gene regulation controls the 

transcription of a gene, whereas the post-transcriptional mode of gene regulation 

determines the outcome of the transcribed mRNA, including stability, subcellular 

localization and translation efficiency. 

 
In eukaryotes, the processed mRNA molecule has a tripartite structure comprising a 5’ 

untranslated region (5’ UTR), a coding region and a 3’untranslated region (3’ UTR). The 

post-transcriptional control of gene expression is mainly mediated by the untranslated 

region. The essential role of UTR in gene regulation is reinforced by the fact that 

mutations in the UTR can cause serious pathology [94, 95]. For example, myotonic 

dystrophy type 1 is caused by the amplification of CTG repeats in the 3’UTR of the 

DMPK (dystrophia myotonica protein kinase) gene [96].  

 
In comparison to 5’UTR, 3’UTR contains a wealth of regulatory elements to modulate 

the fate of mRNA. The 5’UTR or the coding region has to accommodate the translational 

machinery and is therefore under rigid structural constraints. Hence, evolution has 

taken advantage of the greater accessibility of 3’UTR to harbor regulatory factors [97].  

 
Regulation by 3’UTRs is mediated mainly by two leading players, RNA-binding proteins 

and microRNAs (miRNAs). Compared to DNA-binding protein, whose interaction with 
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the cis-element relies on the primary structure of DNA, whereas the regulation at the 

RNA level depends on both the primary and secondary structure of RNA [98]. 

 

1.4.1 RNA-binding proteins (RBPs) in post-transcriptional gene regulation 

RBPs (RNA-binding proteins) are trans-acting elements that regulate mRNA stability, 

transport, and translation regulation by binding to the regulatory regions (cis-acting 

elements) within the 5' or 3' UTR of mRNA. RBPs use one or more RNA-binding domains 

(RBDs) to bind to RNA targets. Some well-studied RNA-binding domains are: RNA 

recognition motif (RRM), DEAD/DEAH box, zinc finger (ZnF), K-homology (KH) domain, 

RGG (Arg-Gly-Gly) box, Pumilio/FBF (PUF or Pum-HD) domain, Piwi/Argonaute/Zwille 

(PAZ) domain, cold-shock domain, Sm domain and the double-stranded RNA-binding 

domain (dsRBD) [99]. Bioinformatics investigations using these motifs indicated that 

eukaryotic genomes encode a high number of RBPs. In yeast, 5–8% of genes encode 

proteins that probably function as RBPs, while around 2% of the genome in C. elegans 

and D. melanogaster likely encodes RBPs [100]. However, the number of RBPs is 

expected to be substantially larger, as there are likely to be more RNA-binding domains 

yet to be found. This finding raises the question, why do eukaryotes require such a large 

number of RBPs? One hypothesis is that when eukaryotes acquired complex post-

transcriptional mechanisms to fine-tune gene expression, the number of RBPs required 

to function in these processes expanded at the same time [101].  

 
The RBPs bind to specific cis-acting sequences to mediate post-transcriptional gene 

regulation. The following are a few examples of well-studied cis-acting elements and 

RBPs: 

 
AU-rich elements: One of the most prevalent regulatory elements in the 3' UTR of 

mRNA is the adenylate uridylate (AU-rich) elements (AREs), which affect mRNA stability, 

translation progress, and alternative pre-mRNA processing. AREs are present generally 

in short-lived mRNAs. The pentamer "AUUUA" motif is the basic motif of AREs, which 

appears in various repetitions. Using chimeric genes, researchers demonstrated that 

TH-3015_156106047



Chapter 1 
 

22 
 

increasing the number of pentameric motifs leads to mRNA instability. A family of 

proteins known as ARE-binding proteins (ARE-BPs) recognises AREs. Some well-known 

ARE-BPs are nuclear factor NF90, the family of Hu proteins (HuR) and T-cell-restricted 

intracellular antigen 1 (TIA-1) [98].  

 
CU-rich elements and differentiation control elements: The CU-rich element (CURE) 

and the differentiation control element (DICE) were once thought to be the same 

regulatory element; however, they are now recognized as two separate CU-rich 

elements. The polypyrimidine-tract binding protein (PTBP) is one of the well-studied 

CURE binding proteins. PTB has the ability to bind to distant places on the same RNA 

molecule, thereby introducing RNA loops that are necessary for ribosome recruitment 

to internal ribosomal entry sites. Polyadenylation, cap-dependent translation, and 

mRNA stability can all be influenced by PTBP [102]. 

 
GU-rich elements: The pentamer motif “GUUUG” is the basic sequence motif of GU-rich 

elements (GRE). GREs are made up of 2 to 5 overlapping pentamers, but unlike AREs, 

the efficacy of mRNA decay does not appear to be affected by the number of motifs. In 

addition, GREs have a functional resemblance to ARE. GREs have a role in post-

transcriptional processes such as deadenylation and mRNA degradation. GU-rich 

elements interact with proteins from the CELF family, such as CUGBP [103]. 

 
CA-rich elements: Another most common dinucleotide repeat in the human genome are 

CA-rich elements (CAREs). They can be found in both coding and non-coding regions and 

have functions in mRNA stability. Heterogeneous nuclear ribonucleoprotein L (hnRNP L) 

has been identified as one of the important CARE interacting proteins. The binding of 

hnRNP L changes the vulnerability of mRNAs to endo- or exo-nuclease destruction [104]. 

 
Despite the fact that RBPs have been studied widely for several decades, there remains 

much to learn about their roles and interactions in gene regulation. Several novel RBDs 

have recently been found and are being characterized until date. Even well-studied RBPs 

are being discovered to have new roles. We have only begun to understand the dynamic 
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interplay of the RBPs and their corresponding RNA targets in response to the cellular 

state and external stimuli.  

 

1.4.2 MicroRNAs (miRNAs) in post-transcriptional gene regulation 

MicroRNAs are a class of short non-coding RNAs that post-transcriptionally regulates 

gene expression. MicroRNA exerts gene regulation through the formation of the RISC 

complex (RNA-induced silencing complexes) composed minimally of AGO protein and a 

miRNA molecule. The RISC complex then serves as a platform to recruit proteins that 

decide the fate of target mRNAs of the RISC complex [105]. 

 
An individual miRNA can regulate the expression of more than one target mRNA, and 

the expression of a single mRNA may be controlled by many miRNAs. The specific 

binding sites of miRNA are termed as seed sequence (also known as miRNA response 

element), which is mostly present within the 3’ UTRs of target mRNAs (Figure 1.8). 

MicroRNAs bind these seed sequences by base pairing at positions 2-7 from their 5’ end 

[106]. In a few mRNAs, seed sequences are also present in the 5’ UTR and coding region. 

However, the regulatory effect of the miRNA seed sequence in the coding region is 

weaker in comparison to the 3’UTR seed sequence [107]. If miRNA seed sequence is 

present in the 5’ UTR, it generally causes translation inhibition. Nevertheless, 

transcriptome-wide mapping of miRNA binding sites (AGO HITS-CLIP) reported that 

many miRNA-target interactions also follow non-canonical seed pairing rules [108].   

 
MicroRNAs regulate gene expression by promoting accelerated target mRNA 

degradation or repressing translation (Figure 1.8). Transcriptome-wide analysis together 

with ribosome-profiling in cultured mammalian cells, revealed that the target mRNA 

degradation is the most prevalent mechanism of miRNA-mediated regulation (66-90%) 

[109]. Evidence suggests that the degradation of target mRNA is catalyzed by the 5’ to 3’ 

mRNA decay pathway. The poly(A) tail is first removed from the target mRNA by the 

CCR4–NOT deadenylase complex and PolyA Nuclease proteins PAN2–PAN3 [110]. 

Deadenylated transcripts are then decapped by decapping protein 2 (DCP2). Lastly, 
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decapped and deadenylated transcripts are degraded by the 5ʹ-to-3ʹexoribonuclease 1 

(XRN1) [111]. 

 

Figure 1.8: Proposed mechanisms of miRNA mediated regulation of gene expression. The miRNA-RISC 
complex binds by partial complementarity to seed region in the 3'UTR of the target mRNA. Subsequently, 
the RISC complex recruits proteins involved in deadenylation of target mRNA along with decapping 
enzymes. Besides mRNA degradation, miRNA also sometimes inhibits translation by interacting with the 
translation initiation factors (recreated from Jonas and Izaurralde 2015). 

 
Evidence suggests that translation repression accounts for 6-26% of the miRNA-

mediated regulation of gene expression [109]. Several studies report that RISCs target 

translation initiation factors, eIF4A RNA helicases (eIF4A1 and eIF4A2), and as a result, 

hinder the process of ribosome scanning [112, 113]. Hence, it is perceived that miRNAs 

inhibit the translation of the target mRNAs at the initiation step (Figure 1.8). 

 
Intriguingly, some miRNAs are also involved in translation upregulation. One such 

condition is the consequence of the G0 stage on miRNA-dependent gene regulation. It 

has been observed that GW182, an important component of the RISC complex, is 

downregulated in the G0 state and immature oocytes; as a result, miRNA-mediated 

negative regulation is abrogated. In the absence of GW182, another protein FXR1 

(Fragile-X mental retardation protein 1), interacts with AGO2, thus modulating the 

function of the RISC complex from negative to positive regulator [114]. It has been 

shown that FXR1-AGO2-RISC bound to 3’ UTR of a target mRNA can interact with the 

translation initiation factor, eIF4E. This interaction supports the formation of a closed-

loop even in the absence of a poly(A) tail and, hence, could activate translation directly 

[115].   
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(a) miRNAs are regulators of splicing factors 

Splicing-factor levels are frequently altered in human malignancies, but only a small 

percentage of these tumors have copy number changes. Remarkably, recent studies 

demonstrated that miRNAs can control the expression of splicing factors. For instance, 

miRNAs miR-30a-5p, miR-181a-5p and miR-216b-5p negatively regulate the expression 

of SR protein, SRSF7, in renal cancer cells [116]. Altered expression of miRNAs is 

frequently reported in cancers and their function as promoters or repressors of 

tumorigenesis is becoming increasingly evident. In line with this, silencing of SRSF7 

decreased the proliferation rate of the renal cancer cell line, Caki-2 and miR-216b could 

recapitulate the effects of SRSF7 silencing. Further, miR-216b-5p mediated 

downregulation of SRSF7 also shifted the splicing pattern of a downstream target gene 

of SRSF7, SPP1 [116]. Hence, miRNAs can also act as indirect regulators of alternative 

splicing. 

 
Similarly, miRNAs are also involved in the regulation of splicing factors, SRSF1, SRSF2 

and hnRNP A1 in renal cancer cells. Additionally, SRSF1 and SRSF2 can regulate the 

expression of their own regulatory miRNA; as a result, SR proteins and their miRNAs are 

involved in a regulatory feedback loop [117]. Furthermore, the regulation of hnRNP A1 

via miRNAs was also demonstrated in colon cancer and acute myeloid leukemia (AML). 

In AML, downregulation of miR-451 elicits upregulation of its target, hnRNP A1, thereby 

contributing to the oncogenic activity of hnRNP A1 [118]. Altogether, these results imply 

the importance of miRNA-mediated regulation of splicing factors. 

 

1.5 Deregulation of splicing factors in cancer 

Alternative splicing plays a key role in producing cell type and temporal specific splice 

isoforms, thereby defining the proteome diversity during differentiation and 

development. Consequently, aberrant splicing appears to be a critical cause of various 

diseases and disorders, such as cancer [119, 120]. Accumulating evidences suggest that 

cancer-specific splicing events are involved in the development of cancer hallmarks, 
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including proliferation, migration, invasion and drug resistance. It is believed that 

changes in the splicing machinery confer benefits to the tumor cells either through the 

generation of oncogenic protein isoforms or by altering the balance in cellular isoform 

ratios (Figure 1.9). Cancer cells exploit the transcriptional plasticity offered by 

alternative splicing to generate isoforms that promote cell proliferation, migration, or 

invasion [121]. Accordingly, RNA splicing regulators are considered a new class of 

oncoproteins or tumor suppressors that contribute to cancer development. Changes in 

the components of splicing machinery are more relevant in cancer because they alter a 

plethora of downstream splicing targets, while mutation altering splicing of a single 

gene generally perturbs only one isoform expression. 

 

Figure 1.9: The cellular splicing machinery is altered during oncogenic transformation of the cell. In 
cancerous cell, abnormal splicing of critical mRNAs gives rise to predominant production of protein 
isoforms with oncogenic properties (recreated from Pajares et al. 2007). 
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The 5′ splice site is recognized by the U1 snRNP through base-pairing interactions 

between U1 snRNA and the 5′ end of the intron. Mutations in U1 snRNA cause 

alterations in 5′ splice site usage, which influence cancer driver genes across many 

malignancies and lead to poor prognosis in patients with chronic lymphocytic leukaemia 

[123]. Likewise, mutations in the splicing factor, SRSF2, are often observed in 

hematological malignancies, including 2% of acute myeloid leukemia (AML), 10% of 

myelodysplastic syndromes (MDS), and 31–47% of chronic myelomonocytic leukemia 

[124]. MDS patients with SRSF2 mutations have a lower overall survival rate and a 

higher rate of progression to AML [125]. Intriguingly, missense mutations in SRSF2 are 

present around proline 95 amino acid, near the RRM domain, which imparts RNA-

binding specificity [126]. 

 

Besides mutation, a recent transcriptome-wide analysis revealed that the expressions of 

splicing factors are frequently deregulated in multiple types of cancer. It was found that 

several SRSF and hnRNP proteins are overexpressed in tumors and have oncogenic 

properties [127]. One of the well-known splicing factors, SRSF1, has been reported to be 

an oncogene. The expression of SRSF1 is frequently upregulated in lung, breast and 

colon cancer [128-130]. Furthermore, SRSF1 and MYC work in synergistic manner, and 

their coexpression is linked to a high-grade tumor and shorter survival in lung and breast 

cancer patients [128, 129]. Moreover, upregulation of SRSF1 is linked to cisplatin and 

topotecan resistance in lung cancer patients [131]. SRSF1 regulates the alternative 

splicing of genes affecting several hallmarks of cancer. In this regard, SRSF1 is involved 

in the upregulation of the oncogenic splice variant of cyclin D1b [132]. SRSF1 also 

regulates the expression of pro-angiogenic and anti-angiogenic VEGF isoforms [133]. 

Furthermore, SRSF1 promotes alternative splicing from pro-apoptotic to antiapoptotic 

variants of caspase 9, Bim and BIN1 [128]. Interestingly, one of the regulators controlling 

the expression of splicing factor, SRSF1, in cancer is miRNA, particularly miR10b-5p and 

miR-203a-3p [117].  
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Similarly, SRSF3 is also upregulated in breast, lung, ovarian, colon, liver, bladder and oral 

cancer [134, 135]. SRSF3 functions as a proto-oncogene since its overexpression can 

transform human fibroblasts in vitro, whereas its downregulation causes cancer cell 

lines to stop growing [134]. SRSF3 controls alternative splicing of genes involved in 

cancer, such as PKM2 (which affects cell metabolism) and TP53 (which causes cellular 

senescence) [136, 137]. 

 
More recently, it has been reported that the expression of RNPS1 is higher in uterine 

corpus endometrial carcinoma (UCEC) tumors than in normal tissues. It has been shown 

that RNPS1 promotes proliferation and poor prognosis of UCEC. The study reports that 

RNPS1 might regulate the expression of mismatch repair genes such as MSH2 (MutS 

homolog 2) and MSH6 (MutS homolog 6), thereby contributing to UCEC [138]. 

Nevertheless, a comprehensive characterization of the functional role of RNPS1 in 

cancer still remains to be examined. Additionally, it remains unclear whether RNPS1 

contributes to the generation of cancer-specific splice isoforms. Moreover, it will be 

interesting to elucidate whether miRNA mediates the regulation of RNPS1 expression in 

cancer cells. Understanding the transcriptional and post-transcriptional regulation of 

splicing factors is crucial for discovering new therapeutic targets. 
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1.6 Aims and significance of the study 

RNPS1 is a well known constitutive and alternative splicing regulator that controls and 

coordinates the cellular transcriptome. Currently we have a clear understanding of the 

functional roles of RNPS1 in RNA biology, particularly splicing. Owing to the important 

role of RNPS1 in RNA metabolism, aberrant RNPS1 function may lead to human 

diseases. To this end, increasing number of evidences showed that several splicing 

regulators play critical roles in diseases such as cancer. What remains unclear is whether 

RNPS1, being a guardian of splicing fidelity, has any role in cancer development. The 

involvement of RNPS1 in cancer was unknown when I began this investigation. Further, I 

hypothesized that RNPS1 is tightly regulated so that cells can avert the deleterious 

outcome of aberrant expression of RNPS1. Hence I set out to fill this knowledge gaps by 

framing the following main objectives of this study. 

1. To investigate the pathophysiological condition in which RNPS1 is regulated. 

 

2. To identify specific miRNAs that post-transcriptionally regulates RNPS1. 

 

3. Identification of candidate RNA binding proteins associated with RNPS1 mRNA. 

In the first objective, the functional roles of RNPS1 in cervical cancer cells were 

systematically investigated. The role of RNPS1 in the development of cancer hallmarks, 

including proliferation, migration, and invasion of cervical cancer cells were thoroughly 

assessed. Further, I have attempted to understand the importance of RNPS1 in 

modulating the alternative splicing of cancer specific genes, thereby generating 

oncogenic splice variants.  

 
The findings from various groups that miRNAs are involved in the regulation of splicing 

factors in cancer led us to hypothesize that miRNAs might control the expression of 

RNPS1. Hence, in the second objective, the post-transcriptional regulation of RNPS1 via 

miRNAs was examined. The miRNA that specifically regulates RNPS1 in cervical cancer 
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cell was identified. Subsequently, the miRNA response element within RNPS1 mRNA was 

determined.  

 
Besides miRNAs, RBPs are another important regulator of post-transcriptional gene 

regulation. However, till date, the regulatory proteins controlling the expression of 

RNPS1 are unknown. Hence, in the third objective, I developed a system termed as, 

MS2-tagged RNA affinity capture of RBPs, to screen potential RBPs that interact with 

RNPS1 3’ UTR. This approach captured the protein interactome profile of RNPS1 mRNA 

and will serve as a knowledge base for future studies into RBP-mediated regulation of 

RNPS1 expression. 
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The work embodied in this chapter is published.  

Deka B, Singh KK. Molecular cloning, expression and generation of a polyclonal antibody 
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Abstract 

RNA-binding protein with serine-rich domain 1 (RNPS1) is a member of a splicing-

dependent mega Dalton protein complex, known as exon junction complex (EJC). During 

splicing, RNPS1 acts as a protector of global transcriptome integrity by suppressing the 

usage of cryptic splice sites. Additionally, RNPS1 functions in almost all stages of mRNA 

metabolism, including constitutive splicing, alternative splicing, translation and 

nonsense-mediated mRNA decay (NMD). The aim of this chapter was to generate a 

highly specific polyclonal antibody against human RNPS1 protein. The rabbit antiserum 

was obtained by immunizing rabbits with the purified recombinant RNPS1 protein (22-

305 amino acids). The antiserum was then purified by antigen-immunoaffinity 

chromatography. The sensitivity and the specificity of the polyclonal antibody were 

assessed by enzyme-linked immunosorbent assay (ELISA) and Western blot. ELISA 

demonstrated that the antibody has a high binding affinity for RNPS1. The antibody was 

able to detect endogenous RNPS1 protein from mammalian cell lysates in Western blot. 

The antibody also efficiently detected the decrease in RNPS1 expression in siRNA 

induced knockdown assay, indicating the specificity of the antibody. The polyclonal 

antibody against RNPS1 will be a useful tool for performing further functional studies on 

RNPS1.  
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2.1 Introduction 

Antibodies are one of the critical reagents in most of the research methodologies. These 

are typically characterized as either polyclonal or monoclonal. Polyclonal antibodies 

have binding affinity for several different antigen epitopes, while monoclonal antibodies 

have affinity for single antigen epitope. The majority of polyclonal antibodies are 

produced in laboratories using rabbits. The use of rabbits has advantages over other 

species. Rabbits have appropriate body size and accessible marginal ear vein and central 

auricular artery for withdrawing blood samples. Moreover, rabbits provide high 

reactivity to a range of antigens and have a single primary Immunoglobulin G isotype.  

 
Deciphering the functions of RNPS1 in mRNA metabolism requires the use of various 

molecular and biochemical techniques. Many of the widely used techniques to study the 

function of a gene at the protein level are highly dependent on the availability of a 

sensitive and specific antibody against the protein. In this regard, most of the 

commercially available anti-RNPS1 antibodies show non-specific reactivity or low 

sensitivity. Additionally, non-commercial RNPS1 antibody is available in one of the 

laboratory but its accessibility is limited. In order to study the function and regulation of 

RNPS1 at the protein level, efficient anti-RNPS1 antibody was required and the non-

availability of anti-RNPS1 antibody became the bottleneck for carrying out studies on 

RNPS1. Therefore, in this study, I report the production of a specific polyclonal anti-

RNPS1 antibody. The generated polyclonal antibody was useful for the study of the 

expression of RNPS1 at the protein level, particularly via Western Blot analysis. 

 

2.2 Materials and methods 

2.2.1 Plasmid Construction 

pGEX6p3-GST RNPS1 was a kind gift from Prof.Niels Gehring, University of Cologne, 

Germany. This plasmid was used as the template to PCR amplify truncated RNPS1 gene 

(22-305 amino acids) using the forward primer containing BamHI restriction site (5’-

GCTGGATCCAGCACTAGGGCTCCTTCACCTACC-3’) and the reverse primer containing XhoI 
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restriction site (5’-CTCTCGAGTTATCGGGAGGAGTTGGAGCTGGAGCG-3’). PCR was 

performed using Pfu polymerase (Biobharati, BB-E0020) under the following conditions: 

initial denaturation at 94°C for 5 min, followed by 30 cycles of 30 s at 94°C, 60 s at 58°C, 

2 min at 72°C and the final extension at 72°C for 7 min. The purified PCR product of size 

855bp was digested with BamH1 and XhoI restriction enzymes and ligated into digested 

pHis-TEV expression vector (Biobharati, BB-V0020) which contains N-terminal His-tag. 

The ligated plasmids were transformed into E.coli Dh5α (Novagen). Positive colonies 

were confirmed by restriction enzyme digestion and DNA sequencing. 

 

2.2.2 Expression and purification of RNPS1 fusion protein 

The recombinant plasmid encoding His-tag truncated RNPS1 protein (22-305 amino 

acids) was transformed into E.coli Rosetta (DE3). A single colony was inoculated in Luria 

Bertani (LB) medium supplemented with 100 µg/ml ampicillin and incubated overnight 

at 37°C. Overnight grown culture was then inoculated into fresh LB medium (1:100 

dilution) containing ampicillin (100 µg/ml) and grown at 37°C until an OD600 of 0.6-0.8 

was reached. The recombinant protein expression was then induced by adding IPTG at a 

final concentration of 0.5 mM IPTG and incubating the bacterial culture at 20°C for 16 

hours. 

 
The cells were harvested by centrifugation at 4000 g for 20 min at 4°C. Cell pellet was 

re-suspended in a lysis buffer containing 20mM Tris-Cl (pH 7.5), 150mM NaCl, 0.5mM 

EDTA, 0.1% Triton-X 100 and 0.1mM PMSF, followed by sonication. The cell lysate was 

centrifuged at 13000 rpm for 30 min at 4°C. The supernatant was then added to pre-

equilibrated Ni-NTA agarose (Biobharati, Cat. No. BB-NA002) and incubated on a cyclic 

rotor for 2 h at 4°C. The column was then washed. First wash contained no imidazole 

whereas second wash contained 20 mM Imidazole to remove the loosely bound non-

specific proteins.  Finally, the bound proteins were eluted with elution buffer_1 (25mM 

Tris pH 7.5, 100mM NaCl, 100mM Imidazole), termed as elution 1. Subsequently, the 

protein of interest was eluted with elution buffer_2 (25mM Tris pH 7.5, 100mM NaCl, 
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250mM Imidazole), termed as elution 2. The eluted protein was analysed on SDS-PAGE. 

Elution 2 was used for immunization and antibody generation. 

 

2.2.3 Production and purification of polyclonal antibody against RNPS1 

Recombinant RNPS1 protein (250µg/rabbit, Bradford assay) was mixed with Freund’s 

complete adjuvant in 1:1 ratio and injected subcutaneously into 175 and 190 days old 

New Zealand white rabbits (two batches). After 2 weeks of initial immunization, the 

rabbits were given 8 booster injections with protein (150 µg/rabbit) mixed with an equal 

volume of Freund’s incomplete adjuvant at 2-week intervals. After last immunization, 

antiserum was collected after 7 days and its specificity was verified by ELISA. Antiserum 

was then affinity purified using 6% beaded agarose (Bio Bharati Life Science, BB-NA002) 

coupled to RNPS1 protein. 5 mL of antisera was applied to the 1 ml of affinity agarose 

bead. 100mM glycine (pH 2.8) was used to elute the purified antibody followed by 

neutralization with Tris-Cl (pH8.8). The final volume after concentrating the elute was 

2mL (Concentration: 1.5 mg/mL calculated by Bradford Assay). 

 

2.2.4 Antiserum titer determination by ELISA 

Each well of the 96-well ELISA plate was coated with 200 pg/well of purified RNPS1 

protein by overnight incubation at 4°C. Next day, the wells were washed with phosphate 

buffered saline containing 0.05% Tween-20 (Sodium chloride 0.137M, Potassium 

chloride 0.0027M, Sodium Phosphate Dibasic 0.01M and Potassium Phosphate 

Monobasic 0.0018M) and then blocked with 5% skimmed milk in PBST for 1 h at 37°C. 

The wells were then washed and incubated with 100 µL antiserum or purified antibody 

of different dilutions (1:500 to 1:40,000) for 2.5 h at 37°C. After washing with PBST, 

HRP-conjugated secondary antibody (1:5000 diluted in PBST containing 1% skimmed 

milk) was added to each well and incubated at 37°C for 1 h. The wells were then washed 

and 100 µL of TMB (3,3’,5,5’- Tetramethylbenzidine) solution was added, followed by 

addition of an acidic stop solution. The absorbance was measured at 450 nm. 
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2.2.5 Cell culture 

HeLa cell line was maintained in Dulbecco’s Modified Eagle’s Medium with high glucose 

(Himedia) supplemented with 10% (v/v) fetal bovine serum (Himedia) and 1% 

penicillin/streptomycin (Himedia) at 37°C in a humidified atmosphere containing 5% 

CO2.  

 

2.2.6 siRNA transfection 

For siRNA transfection, cells were seeded in 6-well plates at 50% confluency and reverse 

transfected using Lipofectamine RNAi MAX (Life technologies). In brief, 60pmol siRNA 

and 3μl RNAiMAX were each diluted in 100 μl OptiMEM (Life technologies). Both 

dilutions were mixed, vortexed briefly, incubated for 15 minutes at RT and added to the 

cells. 24 hours after transfection, the medium was replaced and the cells were 

harvested after 72 hours. siRNA target sequence for RNPS1 are: RNPS1_1 5′-

AAGGAAGACCAGTAGGAAA-3′ and RNPS1_2 5′-GGATCGCTCAAAAGATAAA-3′. The 

luciferase siRNA: 5’-AACGUACGCGGAAUACUUCGATT-3’ served as the negative control. 

 

2.2.7 Western blotting 

Cell lysates were prepared by sonication in ice-cold RIPA buffer. Total protein was 

estimated using Bradford reagent (Pierce) and resolved on SDS-PAGE. The proteins were 

transferred to 0.22 µm nitrocellulose membrane (Himedia) using the semi-dry system 

(BioRad) and followed by blocking in 5% skimmed milk in TBST for 1 hr at RT. The 

membrane was incubated with the respective primary antibody (Appendix II) at 4°C 

overnight. After washing with TBST, the membrane was incubated with HRP-conjugated 

secondary antibody anti-rabbit IgG (H+L) (CST,  7074S) or anti-mouse IgG (H+L) (CST, 

7076S), 1:5000 diluted in TBST containing 1% skimmed milk for 1 h at room 

temperature. The antibodies were detected using ECL (Invitrogen) and visualized on the 

ChemiDoc XRS+ system (BioRad). 
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2.2.8 Mass spectrometry 

Rosetta lysates were resuspended in SDS-gel loading buffer and loaded onto 10% SDS-

PAGE. After running, the gel was stained with coomassie brilliant blue. The region 

corresponding to ~40-50 kDa was sliced out using a clean scalpel. The gel pieces were 

transferred to mass spec compatible tubes and supplemented with 300 µl deioinized 

water. The mass spectrometry analysis was outsourced to V proteomics, New Delhi, 

India. The excised band was used for in-gel trypsin digestion and analysed byNano ESI 

LC-MS/MS using the Orbitrap platform.  

 

2.3 Results 

2.3.1 Construction of Expression plasmid pHis-TEV-RNPS1 

In order to generate expression construct pHis-TEV-RNPS1, the nucleotide sequence 

encoding truncated RNPS1 protein (22-305 amino acids) was amplified from the 

template vector pGEX6p3-GST RNPS1. Amplification by PCR generated a single DNA 

fragment of size 855 bp (Figure 2.1A). The resulting PCR fragment was then cloned 

between BamHI and XhoI sites of pHis-TEV vector in frame with N-terminal 

hexahistidine coding sequence present in the multiple cloning sites of the vector. The 

positive clone was identified by restriction enzyme analysis and DNA sequencing of full-

length cloned PCR product (Figure 2.1B).  

 

2.3.2 Expression and affinity purification of the recombinant protein 

For heterologous expression of RNPS1 fusion protein, the expression plasmid pHis-TEV-

RNPS1 was transformed into E.coli Rosetta (DE3) and induced with IPTG. The size of the 

expressed truncated RNPS1 protein (22-305 amino acids) is around 40 kDa. 

 
After Ni-NTA affinity purification of His-tagged RNPS1 protein, the purity of protein 

samples at each step was analysed by SDS-PAGE. The result showed a single band of His-

tagged RNPS1 protein (Figure 2.2A, lane 5). 
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Figure 2.1: Cloning of expression plasmid pHis-TEV-RNPS1 for the generation of polyclonal antibody. (A) 
PCR amplification encoding truncated RNPS1 protein (22-305 amino acids) from the template vector 
pGEX6p3-GST RNPS1. Lane 1 contains molecular weight marker and lane 2 contains DNA fragment of size 
855 bp encoding RNPS1 protein (22-305 amino acids) (B) Restriction enzyme digestion of recombinant 
RNPS1 gene in pHis-TEV-RNPS1 plasmid with BamHI and XhoI. Lane 1: double digested product of pHis-
TEV-RNPS1 plasmid showed release of insert of size 855 bp encoding RNPS1 protein (22-305 amino acids) 
and Lane 2: molecular weight marker.  
 

2.3.3 Titer analysis of polyclonal antibody by ELISA 

The purified recombinant RNPS1 fusion protein (Figure 2.2A, lane 5, elution 2) was used 

as an antigen to immunize two rabbits (referred as two batches) and the antiserum 

against RNPS1 protein was prepared successfully. The titre of the raised RNPS1 

antiserum was determined by ELISA. The antiserum at different dilutions (1:500 to 

1:40,000) was reacted with an equal amount of purified RNPS1 protein (200 pg). Both 

the batches (2 rabbits) of RNPS1 antiserum showed a decrease of titre value with 

increase in dilution compared to the negative control, pre-immune sera (Figure 2.2B). In 

comparison with two batches, the Batch 1 showed more titre, thus batch 1 antiserum 

was used for further purifications.  
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RNPS1 antiserum was purified by affinity chromatography using 6% beaded agarose 

coupled to RNPS1 protein. The yield of purified anti-RNPS1 antibody was about 3 mg 

(2ml) from 5 ml of antiserum. The purified antibody was further subjected to quality 

checking by ELISA. The antibody at different dilutions (1:500 to 1:40,000) was reacted 

with an equal amount of purified RNPS1 protein (200 pg). ELISA assay reveals that the 

purified antibody has binding affinity for RNPS1 (Figure 2.2C). Altogether, the results 

indicate the reactivity of the anti-RNPS1 antibody. 

 

Figure 2.2: Expression and purification of the recombinant RNPS1 protein antigen and analysis of 
generated antiserum and antibody titre by ELISA. (A) Purification profile of recombinant RNPS1 by Ni-NTA 
affinity chromatography. Lane 1: Flow-through; Lane 2-3: Wash; Lane 4: Elution 1; Lane 5: Elution 2; Lane 
6: Protein ladder. (B) The titres of antisera of two rabbits (Batch 1 and batch 2) were determined by ELISA. 
Pre-immune sera from respective rabbits served as the negative control. (C) The titre of purified antibody 
assayed by ELISA.  

 

2.3.4 Specificity analysis of polyclonal antibody by Western Blot 
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To determine the specificity of the anti-RNPS1 antibody, Western Blot analysis was 

performed. Western Blot was carried out using a varying amount of purified RNPS1 

protein (1-100ng). The results demonstrated that the polyclonal purified antibody could 

detect up to 1 ng of recombinant RNPS1 protein expressed in E.coli Rosetta (DE3) 

(Figure 2.3A). The purified RNPS1 protein that was used an immunogen might contain 

contaminating E.coli protein. Therefore, to rule out the possibility that the anti-RNPS1 

antibody recognizes contaminating E.coli immunogenic protein, I assessed total protein 

lysate from E.coli in which RNPS1 was induced (pHis_TEV_RNPS1), total protein lysate 

from E.coli that lacks RNPS1 gene (negative control, empty parent vector, pHis-TEV) and 

total protein lysate from untransformed E.coli by immunoblotting. The result showed 

that the anti-RNPS1 antibody detects RNPS1 in lysate expressing RNPS1 and the band is 

absent in other two lysates that lacks RNPS1 gene (Figure 2.3B, lane 3), suggesting that 

the anti-RNPS1 antibody efficiently detects RNPS1. However, the antibody also detected 

an additional non-specific protein of E.coli in all three lysates (Figure 2.3B, lane 1-3). To 

identify the probable non-specific E.coli proteins, I performed mass spectrometry 

analysis. Proteins such as Rho or Enolase are probable candidate E.coli proteins that 

non-specifically bind to anti-RNPS1 antibody (Appendix III).  

 
Additionally, Western Blot analysis was performed in cell lysates derived from rat liver 

tissue and RAW 264.7 (mouse) cell line. It was observed that the anti-RNPS1 purified 

antibody could detect endogenous RNPS1 protein from crude cell extracts (Figure 2.3C). 

Taken together, the results confirmed that the anti-RNPS1 antibody could detect a 

single prominent RNPS1 band on Western Blot analysis of both purified protein and 

total proteins from cell lines. 

 

2.3.5 Polyclonal antibody validation by knockdown assay 

siRNA mediated knockdown assay is one of the crucial validation strategies to ensure 

the absence of nonspecific binding of polyclonal antibody. Many nonspecific antibodies 

bind off-target proteins whose molecular weight is in close proximity to the target 
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protein leading to errors in research. Therefore, to verify the specificity of the anti-

RNPS1 antibody, RNPS1 was depleted from HeLa cells using two siRNAs. A siRNA 

targeting luciferase (Luc) transcript served as a negative control. Western blot analysis 

 

Figure 2.3: Western Blot analysis of the anti-RNPS1 purified antibody. (A) Immunoblotting of purified 
RNPS1 protein. Lanes 1-8: 1, 2, 5, 10, 20, 30, 50 and 100ng of purified RNPS1 protein, respectively. (B) 
Immunoblotting of Rosetta lysate. Lane 1: Total protein from Rosetta, Lane 2: Total protein from Rosetta 
containing empty pHis_TEV parent vector after induction, Lane 3: Total protein from Rosetta containing 
pHis_TEV_RNPS1 after induction. Bands corresponding to non-specific Rosetta proteins are labelled with 
an asterisk (C) Immunoblotting of total cell lysate using purified anti-RNPS1 antibody. Lanes 1-2: Total 
protein from rat liver tissue and RAW cell line, respectively.   

 
revealed that the decrease in RNPS1 protein abundance in RNPS1-depleted cells was 

efficiently detected by anti-RNPS1 antibody compared to the strong signal from 

negative control cells (Figure 2.4). Comparing lane 1 with lane 4 (Figure 2.4), in which 

100% lysate was loaded in both lanes, I observed the level of RNPS1 protein in RNPS1-

depleted cells was less than 50% of that in Luc siRNA (negative control) transfected cells. 
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Together, the data demonstrate that the generated polyclonal antibody anti-RNPS1 is 

specific and is useful for ELISA and Western Blot analysis. 

 

Figure 2.4: Specific knockdown of RNPS1 protein. HeLa cells were transfected with siRNAs targeting 
RNPS1 (siRNAs: RNPS1_1 and RNPS1_2). Expression levels of RNPS1 protein was determined by Western 
Blot and GAPDH as loading control. The knockdown efficiency was assessed with anti-RNPS1 antibody and 
compared with Luc-siRNA transfected cells (negative control). Dilution corresponding to 100% refer to the 
initial protein amount, 50µg, (lane 1 or lane 4) of negative control or siRNA RNPS1 sample. Serial dilutions 
corresponding to 50% or 25% (lane 2-3) of the initial protein amount (lane 1) of negative controlwere 
loaded to assess the efficiency of the RNPS1 depletion. The level of RNPS1 protein in cells treated with 
siRNA against RNPS1 (lane 4) is less than 50% of that in negative control cells.  

 

2.4 Discussion 

Considering the vital functions of RNPS1 in multiple post-transcriptional processes, it is 

clear that the antibody against RNPS1 is as an indispensable tool for studying in depth 

the regulatory roles of RNPS1. In the present study, I report the efficient production of a 

specific anti-RNPS1 antibody. In this regard, RNPS1 gene (22-305 amino acids) was 

successfully cloned and efficiently expressed as a His-tagged RNPS1 fusion protein in 

E.coli. Furthermore, the fusion protein was efficiently purified using Ni-affinity 

purification technique. The fusion protein acted as an immunogen to raise high-titer 

antiserum against RNPS1. The antiserum was then purified by antigen-immunoaffinity 

chromatography, a highly selective purification method. ELISA assay demonstrated the 

reactivity of the purified polyclonal anti-RNPS1 antibody. Moreover, the antibody could 

specifically recognize both recombinant RNPS1 protein and endogenous RNPS1 protein, 

indicating the efficacy of the antibody. The specificity of the antibody was critically 
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evaluated in a siRNA-induced knockdown assay, wherein anti-RNPS1 could efficiently 

detect the decrease in RNPS1 protein expression in Western blot. 

The probable reason behind successful generation of anti-RNPS1 antibody via this 

approach might be attributed to the protein immunogen (truncated RNPS1 protein) that 

was used instead of peptide antigen. Most of the commercial antibodies used peptide 

sequence as an immunogen, which might not be suitable for generating anti-RNPS1 

antibody. Since the antibody generated using protein immunogen recognizes multiple 

epitopes, therefore in line with this, I have used appropriate negative control in our 

target assay.  

 
Additionally, antibodies are also required for applications such as immunoprecipitation 

(IP) and immunofluorescence (IF) in which the antibody needs to recognize the target 

protein in its native form. Furthermore, probing the immunoprecipitated samples on 

Western blot depends on the concentration of the primary antibody. Based on our 

experience, the anti-RNPS1 antibody needs to be further concentrated, which might 

extend its potential applications in IP and IF. Nevertheless, the developed antibody 

would facilitate investigating the functional roles of RNPS1 via Western blot assay. 
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The work embodied in this chapter is published.  

Deka B, Chandra P, Yadav P, Rehman A, Kumari S, Kunnumakkara AB, Singh KK. RNPS1 
functions as an oncogenic splicing factor in cervical cancer cells. IUBMB Life. 2022; doi: 
10.1002/iub.2686. 
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Abstract 

Numerous recent studies suggest that cancer-specific splicing alteration is a critical 

contributor to the pathogenesis of cancer. RNA-binding protein with serine-rich domain 

1, RNPS1, is an essential regulator of the splicing process. However, the defined role of 

RNPS1 in tumorigenesis still remains elusive. I report here that the expression of RNPS1 

is higher in cervical carcinoma samples (TCGA-CESC) compared to the normal tissues. 

Consistently, the expression of RNPS1 was high in cervical cancer cells compared to a 

normal cell line. This study shows for the first time that RNPS1 promotes cell 

proliferation and colony-forming ability of cervical cancer cells. Importantly, RNPS1 

positively regulates migration-invasion of cervical cancer cells. Intriguingly, depletion of 

RNPS1 increases the chemosensitivity against the chemotherapeutic drug doxorubicin in 

cervical cancer cells. Further, I characterized the genome-wide isoform switching 

stimulated by RNPS1 in cervical cancer cells. Mechanistically, RNA-sequencing analysis 

showed that RNPS1 regulates the generation of tumor-associated isoforms of key genes, 

particularly Rac1b, RhoA, MDM4, and WDR1, through alternative splicing. RNPS1 

regulates the splicing of Rac1 pre-mRNA via a specific alternative splicing switch and 

promotes the formation of its tumorigenic splice variant, Rac1b. While the 

transcriptional regulation of RhoA has been well studied, the role of alternative splicing 

in RhoA upregulation in cancer cells is largely unknown. Here, I have shown that 

knockdown of RNPS1 in cervical cancer cells leads to the skipping of exons encoding the 

RAS domain of RhoA, consequently causing decreased expression of RhoA. Collectively, I 

conclude that gain of RNPS1 expression may be associated with tumor progression in 

cervical carcinoma. RNPS1 mediated alternative splicing favors an active Rac1b/RhoA 

signaling axis that could contribute to cervical cancer cell invasion and metastasis. Thus, 

this thesis work unveils a novel role of RNPS1 in the development of cervical cancer.  
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3.1 Introduction 

Cancer develops primarily as a result of sequential genetic changes and genomic 

instability, causing constitutive expression of oncogenes and repression of tumor-

suppressor genes. As a result, cancer cells gain unique capabilities such as increased 

replicative potential, insensitivity to growth-inhibitory signals, delayed apoptosis, 

persistent angiogenesis, and tissue invasion. 

 
Gynecological cancers are the second most diagnosed cancer in women, following 

breast cancer. Cervical cancer is the fourth most frequent cancer globally and the most 

common malignancy in developing countries [139]. Cervical cancer is linked to a number 

of risk factors, including sexually transmitted infections such as HPV (human 

papillomavirus) and HIV (human immunodeficiency virus), smoking, alcohol 

consumption, prolonged use of oral contraceptives, and a family history of cervical 

cancer [140]. Long-term infection with HPV is the major risk factor for cervical cancer 

[141]. HPV infections trigger a variety of cellular alterations, including alternative 

splicing, which leads to malignant transformation. Aberrant splicing events in cancer-

related genes also result in chemo- and radioresistance [142].  

 
Interestingly, a recent systematic analysis by Kahles et al. revealed that alternative 

splicing events are more common in cancer tissues than normal tissues. Alterations in 

splicing factor expression levels appear to be the main drivers of abnormal splicing 

profiles [143]. The key trans-acting regulatory factors in splicing- SR proteins and the 

hnRNPs are altered in cervical cancer. As a representative example, SR protein, SRSF10, 

controls the splicing of the IL1RAP gene and generates the oncogenic splice isoform, 

MIL1RAP, in cervical cancer. As a result, cancerous cells can avoid macrophage 

phagocytosis and evade the immune system [144]. The FAS receptor gene is another 

example that undergoes alternative splicing in cancer cells. The FAS ligand secreted by 

cytotoxic T cells activates the FAS receptor, which results in apoptosis via a death-

signaling cascade. FAS receptor has three short mRNA variants that lack the 

transmembrane domain. As a result, the protein isoforms translated from these variants 
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are probably released by the cancer cells as decoy receptors for the FAS ligand, thus 

aiding cancer cells in avoiding apoptosis [145, 146].  

 
Alternative splicing also plays a critical role in promoting the invasion or migration 

capability of cancer cells. Cell migration is a highly orchestrated multistage process 

involving changes in the cytoskeleton, cell-substrate adhesions and remodeling of the 

extracellular matrix. The cancer cells acquire a pro-migratory phenotype to invade the 

stroma, migrate towards blood vessels and enter the bloodstream. Rho GTPases are one 

of the vital regulators of cytoskeletal dynamics, thereby playing pivotal roles in cell 

migration event. Most Rho GTPases remain inactive when bound to GDP and get 

activated by exchanging the bound GDP nucleotide for GTP. The most highly conserved 

Rho family members across eukaryotic species are Rho, Rac, and Cdc42. Briefly, Rac and 

Rho regulate the formation of lamellipodia, whereas Cdc42 promotes the development 

of filopodia and the coordinated action helps the cell in directional migration [147]. 

Intriguingly, Rac1, RhoA and Cdc42 undergo alternative splicing to alter the expression 

and/or functions of Rho GTPases. The Rac1 pre-mRNA produces two splice variants, 

Rac1 and Rac1b. The splice variant Rac1b, produced from the inclusion of an alternative 

exon 3b, encodes a constitutively active GTPase protein [148, 149]. Rac1b is considered 

a pro-tumorigenic GTPase that promotes cellular transformation [150]. Likewise, 

alternative splicing of Cdc42, resulting in the switching of the CDC42-v2 variant to the 

CDC42-v1 variant, is associated with malignant transformation [151]. 

 
Similar to SR protein, RNPS1 also functions in constitutive and alternative splicing. It is 

also a critical effector molecule in promoting splicing fidelity. However, the role of 

RNPS1 in tumorigenesis remains elusive.  

 
In this chapter, I have checked whether RNPS1 contributes to the development of 

cervical cancer. Our findings revealed for the first time that RNPS1 plays an important 

role in regulating key hallmarks of cancer, such as survival, migration and invasion. 
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Interestingly, I found that RNPS1 modulates the alternative splicing of cancer-specific 

genes to generate oncogenic isoforms. 

 

1.2 Materials and methods 

3.2.1 Cell culture 

HeLa, SiHa and HDF cell lines were maintained in Dulbecco’s Modified Eagle’s Medium 

with high glucose (Himedia) supplemented with 10% (v/v) fetal bovine serum (Himedia) 

and 1% penicillin/streptomycin (Himedia) at 37°C in a humidified atmosphere containing 

5% CO2.  

 

3.2.2 siRNA transfection 

Please refer to Chapter 2, section 2.2.6. 

 
3.2.3 RNA isolation  

Total cellular RNA was extracted with TRIzol reagent (Invitrogen) and chloroform 

separation. In brief, growth medium is removed from cells in a 6-well plate. 500 µl 

TRIzol was added, the cells were lysed by pipetting and the suspension was transferred 

to a 1.5 ml reaction tube. Phase separation was induced by adding 100 µl chloroform, 

followed by vortexing and 10 min incubation at RT. The sample was centrifuged for 15 

minutes at 12,000 × g at 4°C. After centrifugation, the upper aqueous phase was 

transferred to a new 1.5 ml reaction tube. 250 µl isopropanol was added, mixed by 

vortexing and incubated for 10 min at RT. Subsequently, the RNA was precipitated by 

centrifuging for 10 minutes at 12,000 × g at 4°C. The supernatant was removed and the 

pellet was washed once with 500 µl of 75% ethanol, followed by centrifuging for 10 min 

at 12,000 × g at 4°C. After the last washing step, the ethanol was removed completely 

and the RNA pellet was air-dried for a few minutes. The pellet was resuspended in 

nuclease-free H2O. 
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3.2.4 Removal of genomic DNA 

In order to remove genomic DNA contamination from isolated RNA, total RNA was 

incubated with DNase I (Promega). 2 units of DNase was added to 2 ug of total RNA and 

incubated at 37°C for 30 mins. Then, DNase was inactivated with 1ul of DNase stop 

solution and incubated at 65°C for 10 mins. 

 

3.2.5 cDNA synthesis 

cDNA was prepared by reverse transcribing DNase treated total RNA using the high 

capacity cDNA reverse transcription kit (Applied Biosystems). 2ug of total RNA was 

mixed with 0.8 ul dNTPs, 2 ul random primers, 2 ul reaction buffer, and 1 ul MultiScribe 

Reverse Transcriptase in a total volume of 20 ul. The mixture was incubated at 25°C for 

10 mins, followed by 37°C for 120 mins. Afterward, the enzyme was heat-inactivated at 

85°C for 5 mins. 

 

3.2.6 End-point PCR 

1ul of diluted cDNA (1:3 dilution of the cDNA) was used as templates in end-point PCR 

reactions with 0.15 µM gene-specific primers (Appendix I) and EmeraldAmp MAX HS 

PCR Master Mix (Taqara). The PCR products were analyzed on 2% agarose gels and the 

images of ethidium bromide-stained bands were visualized using the ChemiDoc XRS+ 

system (BioRad).  

 

3.2.7 Quantitative real-time PCR 

qRT-PCR was performed using PowerUp Sybr green master mix (Invitrogen). DNase I 

treated cDNA was used as a template for the qPCR. For each reaction, 5 ul of 2X Sybr 

green master mix was mixed with 0.25 uM of each primer, 1 ul of diluted cDNA (1:3 

dilution of the cDNA) and the rest were filled with nuclease-free water. Specific primers 

(Appendix I) were used for quantifying gene expression and normalized with β-actin 

expression. Relative gene expression was calculated using the ΔΔCT method. A melting 
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curve was determined after the last amplification step to ensure that the amplification 

products represent a single specific product. 

 

3.2.8 Western blotting 

Please refer to Chapter 2, section 2.2.7. 

 
3.2.9 Wound healing assay 

Control siRNA and RNPS1 knockdown cells were seeded in 6-well plates and allowed to 

grow until confluency and then serum-starved for 12 h. Confluent monolayers were 

scratched with a 200 ul pipette tip. Plates were washed with PBS to remove non-

adherent cells, and fresh medium containing 2% FBS was added. The wound was 

photographed at regular intervals at 5X magnification. The extent of wound closure was 

quantified using TScratch software. The percentage of wound closure was calculated 

using the formula [(A0 – At)/ A0] X 100, where A0 is the wound area at 0 hr and At is the 

area of the wound at t hr. 

 

3.2.10 Transwell migration and invasion assay 

For transwell migration, 24-well cell culture inserts (Nunc, Thermo Fischer Scientific) 

were used, and cells were seeded (0.8 X 105 cells per insert) on the top chamber of the 

inserts with the incomplete media. Cells were allowed to migrate through the insert’s 

membrane to the lower side containing complete media. After 24 h, inserts were 

removed, and cells migrated on the bottom layer of the inserts were fixed with 100% 

methanol and stained using 0.1% crystal violet. The upper side of the membrane was 

wiped with cotton swabs to remove non-migrated cells. Images of the migrated cells 

were taken using a microscope. For quantification, 10% acetic acid solution was used to 

destain the insert membrane, and absorbance measurements were taken at 595 nm. 

Invasion assays were performed as described above, but the cells were allowed to 

migrate through a membrane insert pre-coated with matrigel (Corning). 
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3.2.11 Colony formation assay 

Control siRNA and RNPS1 knockdown cells were seeded in a 6-well plate at a density of 

1 X 103 cells/well. The cells were grown for seven days, and then colonies were fixed 

with 100% methanol and stained with crystal violet. Pictures of individual wells were 

taken and were analyzed using ImageJ software, and the surviving fraction was 

calculated. 

Plating efficiency = no. of colonies counted / no. of cells plated  

Surviving fraction = (no. of colonies counted /no. of cells plated) / plating efficiency of 

control 

 

3.2.12 Cell cycle analysis 

Cells were washed with PBS, trypsinized and transferred to a 1.5 ml reaction tube 

followed by centrifugation. Cell pellets were washed with PBS and resuspended in 150 

µl PBS. Fixation and permeabilization of the cells were done with 1 ml ice-cold 70% 

ethanol at -20°C overnight. The next day, cells were washed with PBS followed by 

centrifugation at 700 x g for 15 mins. Cell pellets were treated with 150 µl RNase 

solution (stock: 200 µg/ml) at 37°C for 30 mins. The cells were then stained with 150 µl 

propidium iodide (stock: 60 µg/ml) to stain the DNA and analyzed by flow cytometry. 

The data were analyzed using FCS Express 5 software. 

 

3.2.13 Flow cytometric analysis of apoptotic cell death 

Control siRNA and RNPS1 knockdown cells were treated with 5µM of Doxorubicin for 

48hrs. Dead cells in the media were harvested and adherent cells were trypsinized. Cell 

pellets were then washed with PBS and resuspended in binding buffer (Invitrogen). The 

cells were then stained with Annexin V/PI (Invitrogen) for 30 min in the dark at 4°C and 

analyzed by flow cytometry. 

 

 

TH-3015_156106047



Chapter 3 
 

54 
 

3.2.14 RNA sequencing and computational analysis 

Available RNA-Seq datasets of RNPS1 knockdown in HeLa cells were used for RNA-Seq 

data analysis (E-MTAB-6564). Adaptor contamination was removed from raw reads 

using cutadapt (v3.3). The reads were aligned against the human genome (version 38, 

GENCODE release) and Salmon was used to compute estimates for transcript abundance 

using the -validateMappings parameters. Differential transcript usage was computed 

with IsoformSwitchAnalyzeR and the DEXSeq method. Significance thresholds were 

delta isoform fraction |dIF| > 0.1 and adjusted p-value (isoform_switch_q_value) < 0.05. 

 

3.2.15 Statistical analysis 

All the quantitative data are represented as mean ± SD. Agarose gel images and 

chemiluminescence images were quantified by ImageJ software. In all the statistical 

tests, p < 0.05 was considered as significant. Statistical significances were calculated 

with the Student’s t-test using the GraphPad PRISM. 

 

3.3 Results 

3.3.1 Effect of RNPS1 knockdown on proliferation and clonogenic 

potential of cervical cancer cells 

To determine whether RNPS1 has a role in cervical cancer tumorigenesis and 

progression, I first analyzed the expression of RNPS1 in TCGA samples using the UALCAN 

web resource. The data revealed that RNPS1 is overexpressed in Cervical Squamous Cell 

Carcinoma and Endocervical Adenocarcinoma (TCGA-CESC) samples compared to 

normal tissue (Figure 3.1A). I then investigated the expression of RNPS1 in HeLa, SiHa, 

and human dermal fibroblast (HDF) cell lines. Consistent with the TCGA data, RNPS1 was 

highly expressed in cervical cancer cells compared to the normal cell line, HDF (Figure 

3.1B). 
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Figure 3.1: Expression levels of RNPS1 in cervical cancer cell lines and tissues and effect of its knockdown 
on cervical cancer cell proliferation. (A) Expression of RNPS1 in normal vs primary cervical cancer tissue 
from TCGA database using OncoDB web resource. (B) qRT-PCR shows the relative expression of RNPS1 in 
human cervical cancer cell lines (HeLa and SiHa) and normal cell line, HDF. β-actin was used as a 
normalization control. (C) The expression level of RNPS1 mRNA upon knockdown of RNPS1 by siRNA in 
HeLa and SiHa by qRT-PCR. (D) Estimation of cell proliferation by Trypan blue staining in control and 
RNPS1 knockdown cervical cancer cells after 72hrs of siRNA treatment. Values are depicted as mean ± S.D 
(n=3) and p-values are depicted as ***p ≤ 0.001, ****p ≤ 0.0001. 

 
Since RNPS1 is significantly upregulated in cervical cancer, I hypothesized that RNPS1 

might function as an oncogene. Therefore, to understand the role of RNPS1 in cervical 

cancer, the expression of RNPS1 was silenced in cervical cancer cell lines, HeLa and SiHa. 

RNPS1 was knocked down efficiently using two specific siRNAs targeting different 

regions of RNPS1 mRNA (Figure 3.1C). Next, the effect of RNPS1 knockdown on the 

proliferation of cervical cancer cells was examined and observed a decrease in the cell 

numbers of HeLa and SiHa cells (Figure 3.1D). Together, these suggest that RNPS1 is 

involved in the positive regulation of the proliferation of cervical cancer cells. 
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Figure 3.2: Effect of RNPS1 knockdown on the clonogenic potential of cervical cancer cells, HeLa and SiHa 
using colony formation assay after 7 days of siRNA treatment. The graphical representation of estimation 
of colony forming ability of RNPS1 knockdown cervical cancer cells. The average absorbance was 
represented as fold change. Absorbance from control cells were normalized to 1, whereas clonogenic 
potential in RNPS1 depleted cells was measured as a fold change. Values are depicted as mean ± S.D (n=3) 
and p-values are depicted as ***p ≤ 0.001, ****p ≤ 0.0001. 

 
The effect of RNPS1 knockdown on the survival of cervical cancer cells was determined 

using a colony formation assay. This assay basically assesses the ability of a cell to 

undergo “unlimited” division. The knockdown of RNPS1 decreases the number of 

colonies compared to the control (Figure 3.2). This indicates that RNPS1 promotes the 

clonogenic ability of HeLa and SiHa cells. Thus, RNPS1 provides a survival advantage to 

cervical cancer cells.  

 

3.3.2 Downregulation of RNPS1 alters cell cycle progression of cervical 

cancer cells 

Next, to gain deeper insight into the observed altered proliferation of RNPS1-KD cells, I 

evaluated the effect of loss of RNPS1 on cell cycle progression by flow cytometry. The 

cell cycle analysis showed that HeLa cells were distributed more in G2/M-phase and less 

in the S phase after depletion of RNPS1, which suggests that RNPS1-KD HeLa cells were 
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arrested at the G2/M phase (Figure 3.3A). Similarly, SiHa cells were distributed less in 

the S-phase after the knockdown of RNPS1 (Figure 3.3B). Moreover, qPCR analyses of M 

phase-related genes showed a significant reduction in the mRNA expression of ANAPC5 

and ANAPC7. In addition, RNPS1 knockdown enhanced the mRNA level of another 

essential cell cycle gene, CDKN2B (Figure 3.3C-D). Taken together, these results suggest 

that RNPS1 is an important regulator of the cell cycle. 

 

Figure 3.3: Effect of RNPS1 knockdown on cell cycle progression. (A-B) Cell cycle analysis was performed 
using flow cytometry in (A) HeLa and (B) SiHa cells transfected with siRNA-RNPS1 after 72 hrs of siRNA 
treatment and its graphical representation in terms of % distribution of cells. (C-D) qRT-PCR of genes 
related to cell cycle and caspase family in RNPS1 knockdown (C) HeLa and (D) SiHa cells normalized to β-
actin. Values are depicted as mean ± S.D (n=3) and p-values are depicted as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 
0.001, ****p ≤ 0.0001. 

 
In cancer, the apoptotic pathway is typically inhibited and faulty regulation of apoptosis 

is an important event in the development of cancer. Therefore, the effect of RNPS1 

depletion on the apoptosis of HeLa and SiHa cells was assessed. Flow cytometry analysis 

with Annexin V and PI staining revealed that the apoptotic rates of knockdown HeLa 

cells were higher than those of the control group cells (Figure 3.4A). In line with 

TH-3015_156106047



Chapter 3 
 

58 
 

previous reports, the data suggest that RNPS1 regulates apoptosis in HeLa cells [62, 

152]. On the contrary, depletion of RNPS1 in SiHa cells did not trigger apoptosis (Figure 

3.4B). Hence, RNPS1 probably regulates apoptosis in a cancer cell-specific manner. 

Nevertheless, the levels of Caspase family members, particularly CASP1 (Caspase 1) 

(Figure 3.3C-D) and CASP4 (Caspase 4) (Figure 3.12C-E), were increased upon 

knockdown of RNPS1 in both HeLa and SiHa cells.  

 

Figure 3.4: Effect of RNPS1 knockdown on apoptosis of cervical cancer cells. (A) Apoptosis rate was 
quantified using flow cytometry in HeLa cells transfected with the indicated siRNA after 72hrs of siRNA 
treatment and its graphical representation in terms of % distribution of cells (right panel) (B) Apoptosis 
rate was quantified using flow cytometry in RNPS1 knockdown SiHa cells and its graphical representation 
in terms of % distribution of cells (right panel). Values are depicted as mean ± S.D (n=3) and p-values are 
depicted as **p ≤ 0.01, ***p ≤ 0.001. 

 

3.3.3 Silencing of RNPS1 decreases migration and invasion of cervical 

cancer cells 

Migration is a critical event during the malignant transformation of cancer cells. To 

assess the functional effect of RNPS1 knockdown on the migration of cervical cancer 
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cells, HeLa and SiHa, wound healing assay and transwell migration assay was performed. 

In wound healing assay, I found that migration was inhibited in cervical cancer cells 

upon RNPS1 knockdown (Figure 3.5). The migration potential of RNPS1-KD cervical 

cancer cells was further assessed using serum as a chemoattractant by transwell 

migration assay. Crystal violet staining of the membrane showed that the number of 

migrated cells in RNPS1-KD cells was less compared to the control cells (Figure 3.6A-B). 

This suggests that RNPS1-KD cells have lower migration potential compared to the 

control cell. 

 

Figure 3.5: Effect of RNPS1 knockdown on migration potential of cervical cancer cells. Wound healing 
assay to determine the migration of HeLa and SiHa cells upon knockdown of RNPS1 (after 72 hrs of siRNA 
treatment). Graphical representation of the % of wound closure of RNPS1 knockdown cervical cancer cells 
in comparison to control cells. Values are depicted as mean ± S.D (n=3) and p-values are depicted as **p ≤ 
0.01, ***p ≤ 0.001. 

 
Besides migration, invasion of neighboring tissues is another essential hallmark of 

metastatic cancer cells. In this regard, RNPS1 knockdown cells exhibited markedly 
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decreased invasive ability than the negative control cells. The number of cells that 

invaded the lower part of the matrigel coated transwell insert was substantially reduced 

in RNPS1 KD cells compared to the control cells (Figure 3.6A, C). Hence, our data 

indicate that RNPS1 facilitates the invasion of cervical cancer cells. 

 

Figure 3.6: Effect of RNPS1 knockdown on migration and invasion potential of cervical cancer cells. (A) 
Effect of RNPS1 knockdown (after 72 hrs of siRNA treatment) on migration and invasion of cervical cancer 
cells using Boyden chamber assay. (B) Graphical representation of the migration potential of RNPS1 
knockdown cervical cancer cells in comparison to control cells. The average absorbance was represented 
as fold change. Absorbance from control cells were normalized to 1, whereas migration in RNPS1 
depleted cells was measured as a fold change. (C) Graphical representation of the invasive potential of 
RNPS1 knockdown cervical cancer cells in comparison to control cells. Values are depicted as mean ± S.D 
(n=3) and p-values are depicted as ***p ≤ 0.001, ****p ≤ 0.0001. 

 
Since RNPS1 influences the migration and invasion potential of cervical cancer cells, I 

next investigated the effect of RNPS1 knockdown on the expression of genes related to 

migration and invasion. Interestingly, I observed a significant decrease in the expression 

of genes such as CTSV (Cathepsin V) (Figure 3.7) and N-Cadherin protein (Figure 3.12C-E) 
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upon knockdown of RNPS1. The knockdown of RNPS1 also decreased the cleaved form 

of MMP9 (matrix metalloproteinases). MMPs and cathepsins are proteolytic enzymes 

that degrade the extracellular matrix (ECM) and help the cancer cell migrate and invade 

secondary sites [153]. However, no change in the mRNA level of TIMP3 (tissue inhibitors 

of matrix metalloproteinases), an inhibitor of MMPs was detected (Figure 3.7). These 

data indicate that RNPS1 might facilitate cell migration and invasion in cervical cancer 

cells. In summary, these results demonstrate that RNPS1 promotes cell proliferation, 

colony-forming ability, migration and invasion potential, thereby supporting the notion 

that RNPS1 exerts an oncogenic role in human cervical cancer cells. 

 
Figure 3.7: qRT-PCR of genes related to migration and invasion in RNPS1 knockdown cells (A) HeLa and (B) 
SiHa normalized to β-actin. Values are depicted as mean ± S.D (n=3) and p-values are depicted as **p ≤ 
0.01, ***p ≤ 0.001. 

 

3.3.4 Silencing of RNPS1 enhances chemosensitivity against drug 

doxorubicin 

Growing evidences suggest that drug resistance is one of the main obstacles to the 

successful treatment of cancer. In this regard, I determined the role of RNPS1 in the 

chemoresistance of cervical cancer cells. RNPS1 knockdown HeLa and SiHa cells were 

treated with doxorubicin (Dox). Dox is an anthracycline and a widely used anticancer 

drug in chemotherapy to treat various types of cancer. Notably, Dox treatment 

dramatically reduced the viability and concomitantly increased the apoptosis of RNPS1-

KD cervical cancer cells compared to the control cells (Figure 3.8). Taken together, the 

data suggest that depletion of RNPS1 enhances the chemosensitivity against the drug 

doxorubicin in cervical cancer cells.  
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Figure 3.8: Silencing of RNPS1 enhances chemo sensitivity against doxorubicin. RNPS1 knockdown cells 
(after 72 hrs of siRNA treatment) were treated with 5µM of Doxorubicin for 48hrs. Apoptosis rate was 
quantified using flow cytometry (left panel) and its graphical representation in terms of % distribution of 
cells (right panel) (A) HeLa cells (B) SiHa cells. Values are depicted as mean ± S.D (n=3) and p-values are 
depicted as **p ≤ 0.01, ***p ≤ 0.001. 

 

3.3.5 RNPS1 regulates the generation of cancer specific splice isoforms 

RNPS1 is known to regulate alternative splicing in D. melanogaster and human cells. In 

this regard, overexpression of RNPS1 in cervical cancer cells might deregulate splicing 

and probably leads to differential usage of transcript isoforms (isoform switching) of the 

same gene. To investigate the role of RNPS1 in modulating the splicing events of cancer-

specific splice isoforms, existing RNA-Seq datasets of RNPS1-KD in HeLa cells was 

analyzed (Appendix IV). Differential transcript usage analysis was performed using the 

IsoformSwitchAnalyzeR package. The result revealed 219 isoform switching after RNPS1 

knockdown.  
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Intriguingly, RNA-Seq analysis revealed that the knockdown of RNPS1 leads to the 

downregulation of tumor-associated isoform of Rac1, Rac1b (Figure 3.9B). Rac1b is a 

hyperactive variant of the small GTPase Rac1 [154]. Rac1 is a member of the Rho family 

of GTPases that acts as a molecular switch during signal transduction. Rho GTPases play 

a central role in regulating cell protrusions, adhesion, and polarization and are therefore 

involved in cell migration processes [155]. Rac1b differs from Rac1 by the inclusion of an 

additional exon (exon 3b) that results in an impaired GTP-hydrolysis and increased GDP 

to GTP exchange rates (Figure 3.9A). In line with RNA-Seq analysis, qPCR and RT-PCR 

analysis demonstrated that RNPS1 knockdown results in the skipping of exon 3b in Rac1 

mRNA and consequently repressed the expression of Rac1b in cervical cancer cells 

(Figure 3.9C-D). Consistently, Western blot analysis showed downregulation of Rac1b 

protein level in RNPS1 depleted cervical cancer cells, HeLa and SiHa (Figure 3.12C-E). 

Importantly, RNPS1 knockdown did not alter the expression of Rac1 mRNA in cervical 

cancer cells (Figure 3.9E). Taken together, these suggest that RNPS1 modulates the 

alternative splicing of Rac1b, a cancer-specific splice variant of Rac1.  

 
Another essential member of the Rho family of GTPases is RhoA. Remarkably, Isoform-

Switch analysis showed that RhoA is also a target of RNPS1 (Figure 3.9F-G). RhoA 

controls the cytoskeletal organization, cell migration, cytokinesis, and cell cycle through 

interaction with downstream effectors [155]. RhoA controls the contractility of 

actomyosin, which is necessary to produce the traction forces that pull the cell body in 

the direction of migration. Depletion of RNPS1 leads to a switch of the RhoA splice 

variant from a coding variant to non-coding variant lacking exons 3 and 4. The skipping 

of exons 3 and 4 leads to a loss of Ras domain in the non-coding variant of RhoA. 

 
In accordance with the RNA-Seq analysis, the qPCR analysis showed that the knockdown 

of RNPS1 results in the downregulation of the RhoA coding isoform (Figure 3.9H). 

Further, Western blot analysis showed downregulation of RhoA protein level in RNPS1 

depleted cervical cancer cells, HeLa and SiHa (Figure 3.12C-E). Together, these findings 
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confirmed that RNPS1 controls the activation of the Rho-GTPase signaling cascade in 

cervical cancer cells by regulating the alternative splicing of Rac1b and RhoA. 

 
Figure 3.9: Silencing of RNPS1 modulates alternative splicing of cancer specific genes, Rac1b and RhoA. (A) 
Schematic representation of Rac1 and Rac1b isoforms showing the alternate exon 3b. (B) Quantification 
of isoform fraction of Rac1b in wild type (Luc siRNA) and RNPS1 knockdown HeLa cells using 
IsoformSwitchAnalyzeR. Knockdown of RNPS1 leads to downregulation of tumor-associated isoform of 
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Rac1, Rac1b (ENST00000356142.4). The x-axis represents different transcript isoforms of Rac1 pre-mRNA. 
ENST00000348035.9 represents Rac1 mRNA, ENST00000356142.4 represents Rac1b mRNA and 
ENST00000497741.5 represents a lesser known isoform of Rac1 pre-mRNA (C) RT-PCR analysis of Rac1 
exon 3b skipping with RNA from cervical cancer cells transfected with the indicated siRNA. (D) The 
expression level of Rac1b mRNA upon knockdown of RNPS1 in HeLa and SiHa by qRT-PCR. (E) The 
expression level of Rac1 mRNA upon knockdown of RNPS1 in cervical cancer cells by qRT-PCR. (F) 
Schematic representation of isoform switching in RhoA mRNA showing the alternate exons 3 and 4. (G) 
Quantification of isoform fraction of RhoA using IsoformSwitchAnalyzeR. Knockdown of RNPS1 in HeLa 
cells leads to downregulation of coding isoform of RhoA (ENST00000418115.6) and upregulation of non-
coding isoform (ENST00000676712.2). The x-axis represents different transcript isoforms of RhoA pre-
mRNA. ENST00000418115.6 represents coding isoform of RhoA and ENST00000676712.2 represents non-
coding isoform of RhoA. (H) The expression level of RhoA mRNA upon knockdown of RNPS1 in cervical 
cancer cells by qRT-PCR. Values are depicted as mean ± S.D (n=3) and p-values are depicted as ***p ≤ 
0.001, ****p ≤ 0.0001. 

 

Furthermore, I explored the isoform switching on MDM4, a negative regulator of p53. I 

found that RNPS1 knockdown leads to a switch of the MDM4 splicing isoform from 

stable full-length MDM4-FL (coding) to unstable MDM4-S (non-coding) lacking exon 6 

(Figure 3.10A-B). Next, RT-PCR and qPCR analysis were performed to validate the 

splicing event of MDM4 mRNA in RNPS1-KD cervical cancer cell lines. Consistent with 

the RNA-Seq analysis, RT-PCR analysis showed that depletion of RNPS1 leads to the 

skipping of exon 6 in the MDM4 mRNA (Figure 3.10C). Similarly, the qPCR analysis 

revealed that knockdown of RNPS1 caused a marked reduction of the stable MDM4-FL 

isoform and upregulation of the unstable MDM4-S isoform in HeLa and SiHa cells (Figure 

3.10D). Interestingly, I observed that total MDM4 mRNA levels remained unaffected in 

RNPS1-KD cervical cancer cells (Figure 3.10E), indicating that RNPS1-mediated 

posttranscriptional event probably regulates MDM4 abundance in RNPS1-KD cells.  

 
Another essential target of RNPS1 is WDR1 (WD-repeat domain 1), which is required for 

actin dynamics in processes such as cell migration and cytokinesis [156]. RNA-Seq data 

showed that depletion of RNPS1 in cervical cancer cells results in skipping of exons 

three, four and five in WDR1 mRNA, yielding a truncated isoform of WDR1 named 

WDRΔ35 (Figure 3.10F-G). This finding was further validated by qPCR analyses (Figure 

3.10H).  

 
Additionally, RNPS1 mediates isoform switching of CDKN2C, KIFC1, and CEP72 

transcripts, as evidenced by differential usage of isoforms of the target genes upon 
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RNPS1 knockdown (Figure 3.11). Conclusively, these results imply that RNPS1 regulates 

the splicing events of cancer-associated genes and enables cervical cancer cells to 

generate protein isoforms favoring tumorigenesis. 

 

Figure 3.10: Silencing of RNPS1 modulates alternative splicing of cancer specific genes, MDM4 and WDR1. 
(A) Schematic representation of MDM4_FL and MDM4_S isoforms showing the alternate exon 6. (B) 
Quantification of isoform fraction of MDM4 in wild type (Luc siRNA) and RNPS1 knockdown HeLa cells 
using IsoformSwitchAnalyzeR. Knockdown of RNPS1 leads to downregulation of MDM4_FL 
(ENST00000367182.8) and upregulation of MDM4_S (ENST00000391947.6). The x-axis represents 
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different transcript isoforms of MDM4 pre-mRNA. ENST00000367182.8 represents MDM4_FL mRNA and 
ENST00000391947.6 represents MDM4_S mRNA. ENST00000367180.5 and ENST00000470797.5 
represent lesser known coding isoforms of MDM4 pre-mRNA. ENST00000367179.7, ENST00000444261.1, 
and ENST00000462012.1 represent non-coding isoforms of MDM4 pre-mRNA. (C) RT-PCR analysis of 
MDM4 exon 6 skipping with RNA from HeLa and SiHa cells transfected with the indicated siRNA. (D) A 
relative inclusion/skipping ratio (Incl/Skip) is plotted indicating that Incl/Skip ratio of MDM4 decreases 
when RNPS1 is depleted. (E) The expression level of total MDM4 mRNA upon knockdown of RNPS1 in 
cervical cancer cells by qRT-PCR. (F) Schematic representation of WDR1 isoform switching showing the 
alternate exons 3, 4 and 5. (G) Quantification of isoform fraction of WDR1 using IsoformSwitchAnalyzeR. 
Knockdown of RNPS1 in HeLa cells leads to downregulation of WDR1 (ENST00000499869.7) and 
upregulation of WDRΔ35 (ENST00000502702.5). The x-axis represents different transcript isoforms of 
WDR1 pre-mRNA.  ENST00000499869.7 represents WDR1 mRNA and ENST00000502702.5 represents 
WDRΔ35 transcript isoform. ENST00000508079.1 represents non-coding isoform of WDR1 pre-mRNA. (H) 
A relative inclusion/skipping ratio (Incl/Skip) is plotted indicating that Incl/Skip ratio of WDR1 decreases 
when RNPS1 is depleted. Values are depicted as mean ± S.D (n=3) and p-values are depicted as *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. 
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Figure 3.11: Silencing of RNPS1 modulates alternative splicing of cancer specific genes, CDKN2C, KIFC1 and 
CEP72. (A) Quantification of isoform fraction of CDKN2C in wild type (Luc siRNA) and RNPS1 knockdown 
HeLa cells using IsoformSwitchAnalyzeR. (B) Quantification of isoform fraction of KIFC1 in RNPS1 
knockdown HeLa cells. (C) Quantification of isoform fraction of CEP72 in RNPS1 knockdown HeLa cells.   

3.3.6 Knockdown of RNPS1 modulates Notch1 and JNK signaling 

molecules 

Several signaling pathways contribute to the development of cancer. Therefore, I 

further explored the downstream targets of RNPS1 by analyzing the expression of genes 

involved in diverse signaling pathways in cancer cells. I found that the knockdown of 

RNPS1 upregulates the expression of Notch1 (Figure 3.12A-B). In line with this, it has 

been previously reported that down-regulation of Notch1 expression is a crucial event in 

HPV-induced carcinogenesis of aggressive cervical cancers as well as cervical carcinoma 

cells such as HeLa and SiHa [157]. Thus, RNPS1 negatively modulates the expression of 

Notch1 and likely aids in the tumorigenesis of cervical carcinoma. 
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Figure 3.12: Effect of RNPS1 knockdown on various signalling molecules and markers of EMT (Epithelial-
Mesenchymal transition). (A-B) qRT-PCR of genes related to Notch1 and JNK signaling in RNPS1 
knockdown (A) HeLa and (B) SiHa cells normalized to β-actin. (C-D) Graph showing fold changes in protein 
levels of EMT markers and signaling molecules by western blotting with cell lysates from (C) HeLa and (D) 
SiHa cells transfected with the indicated siRNA. (E) Effect of RNPS1 knockdown on EMT markers and 
signaling molecules by western blotting in HeLa and SiHa cells. Tubulin was used as a normalization 
control. Values are depicted as mean ± S.D (n=3) and p-values are depicted as *p ≤ 0.05, **p ≤ 0.01, ***p 
≤ 0.001, ****p ≤ 0.0001. A band corresponding to non-specific protein is labelled with #. 
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Aberrant activation of JNK signaling contributes to cervical cancer progression and 

malignancy. Intriguingly, RNPS1 substantially controls the expression of key genes of the 

JNK signaling pathway, such as MAPK8 and FGF2 (Figure 3.12A-B). Of note, JAK3 mRNA 

in SiHa cells fell below the detection limit of our qPCR assay. However, further 

investigation showed that depletion of RNPS1 has no effect on the expression of 

transcription factor STAT3 and its phosphorylated form phospho STAT3 (p-STAT3) 

(Figure 3.12C-E). Collectively, RNPS1 probably regulates the expression of various 

signaling molecules and contributes to cervical cancer development. 

 

Figure 3.13 Wildtype RNPS1 partially rescues RNPS1-dependent isoform switching events. RT-PCR analysis 

of (A) RhoA (B) Rac1 (C) MDM4 isoform switching with RNA from HeLa cell transfected with the indicated 

siRNA and RNPS1-encoding siRNA resistant plasmid. Lane 1: Luc siRNA, Lane 2: RNPS1 siRNA transfected 

cell, Lane 3: HeLa cell cotransfected with siRNA against RNPS1 and RNPS1 encoding plasmid.  

3.4 Discussion 

The regulation of splicing patterns is driven by specialized splicing factors and RNA 

binding proteins. Emerging reports revealed that the expressions of splicing factors are 

frequently deregulated in multiple types of cancer. The aberrant expression and/or 

function of splicing regulators in tumorigenesis have become an important scientific 

discovery. 

 
In the current study, I found that RNPS1 is significantly upregulated in cervical cancer 

tissues compared to the normal tissue in the TCGA dataset. The goal of this study was to 

comprehensively characterize the functions of RNPS1 in cervical carcinoma and dissect 

the mechanisms involved. Functionally, I found that the knockdown of RNPS1 could 

significantly repress the proliferation and survival of cervical cancer cells. Similar to our 
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findings, RNPS1 was recently reported to promote the proliferation of UCEC (uterine 

corpus endometrial carcinoma) tumor cells [138]. In addition, our results suggest RNPS1 

promotes the clonogenic potential of cervical cancer cells. Further, I found that the 

down-regulation of RNPS1 resulted in G2/M phase cell cycle arrest in HeLa cells. The 

anaphase-promoting complex/cyclosome (APC/C) is one of the key regulators of cell 

cycle progression. The APC/C mediates ubiquitin-dependent degradation of cell cycle 

regulatory proteins to control sister chromatid segregation and cytokinesis, hence 

crucial for the transition from prophase to telophase in mitosis [158]. Our data suggest 

that RNPS1 knockdown inhibits the expression of APC/C subunits ANAPC5 and ANAPC7, 

which presumably leads to cell cycle alteration upon depletion of RNPS1.  

Furthermore, RNPS1 knockdown suppressed the migration and invasive potential of 

cervical cancer cells as evinced by the decrease in the number of cells that migrated or 

invaded the lower part of the transwell insert. These findings were further supported by 

the decreased expression of CTSV mRNA, N-Cadherin and cleaved MMP9 protein upon 

RNPS1 knockdown. MMP9 (gelatinase B) plays a critical role in proteolytic degradation 

of extracellular matrix (ECM), alteration of cell-ECM and cell-cell interactions, resulting 

in ECM remodeling. This remodeling is essential during tumor invasion, metastasis and 

modulation of the tumor microenvironment [159]. The knockdown of RNPS1 also 

decreased the expression of MAPK8, JAK3 and FGF2. The JNK pathway is involved in 

essential cellular processes, including proliferation and survival. This pathway is 

constitutively expressed in many cancers and results in enhanced proliferation, 

malignant transformation and drug resistance [160, 161]. Accordingly, knockdown of 

RNPS1 plausibly modulates JNK signaling pathway, resulting in enhanced 

chemosensitivity of RNPS1 KD cervical cancer cells. 

 
Importantly, this study has shown for the first time that RNPS1 participates in the 

regulation of several oncogenic AS events. I found that RNPS1 is involved in the 

regulation of Rac1 alternative splicing. RNPS1 knockdown caused skipping of exon 3b in 

the Rac1 mRNA, resulting in the downregulation of its active isoform, Rac1b. Rac1b 
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exists primarily in the active GTP-bound state, rendering it constitutively active. Rac1b is 

overexpressed in multiple types of cancer as compared to the normal tissues. Several 

studies documented that overexpression of Rac1b plays a pivotal role in tumor cell 

survival and malignant transformation [150, 154, 162]. Our findings indicate that RNPS1 

is a critical regulator of the abundance of Rac1b in cervical cancer cells. In line with our 

study, a previous report has shown that the expression of Rac1b in colorectal cancer 

cells is based on an alternative splicing event by the SR proteins SRSF1 and SRSF3. 

Notably, Rac1b also confers chemoresistance in colorectal cancer cells against 

chemotherapeutic drugs 5-FU and OXA [163]. Hence, it is tempting to speculate that the 

chemosensitivity of cervical cancer cells in the absence of RNPS1 is also partly due to the 

depletion of the Rac1b protein.  

Additionally, I demonstrate for the first time the role of a splicing factor in driving RhoA 

expression through an AS-based mechanism. I show that RNPS1 mediates the inclusion 

of exons 3 and 4 in the RhoA transcript giving rise to the coding splice isoform. In 

contrast, the absence of RNPS1 leads to skipping of exons 3 and 4, resulting in non-

coding variant and a decrease in RhoA expression. Importantly, RhoA is one of the 

master regulators of cytoskeletal dynamics [155]. Cytoskeletal dynamic is required for 

invasive cancer metastasis and migration of cancer cells. Therefore, it is perceivable that 

RNPS1 promotes migration and invasion through modulation of the Rac1b/RhoA 

signaling axis. 

 
Evidence suggests that MDM4 protein is frequently overexpressed in melanoma cells. 

However, surprisingly, no correlation exists between MDM4 protein levels and total 

MDM4 mRNA levels [164]. The MDM4 gene produces two alternative transcripts, 

MDM4-FL and MDM4-S. MDM4-FL harbors exon 6 and encodes the full-length MDM4 

protein, whereas the skipping of exon 6 causes the insertion of a premature stop codon 

and the generation of an unstable MDM4-S protein. A major consequence of skipping 

exon 6 in MDM4 mRNA is a reduction in full-length MDM4 protein. This implies that the 

synthesis of MDM4-FL is majorly regulated at the post-transcriptional stage [165]. As a 
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result, it has been suggested that MDM4 overexpression in many cancer cells is 

mediated by an alternative splicing switch that promotes exon 6 inclusion [166]. 

Consistent with previous reports, I demonstrate that RNPS1 influences the inclusion of 

MDM4 exon 6, generating the MDM4-FL transcript in cervical cancer cells. Of note, 

depletion of RNPS1 does not change the level of total MDM4 mRNA.  Taken together, 

these indicate that the alternative splicing of MDM4 is regulated by multiple splicing 

factors, including RNPS1.  

 
WDR1 is a highly conserved protein across all eukaryotes and is known to promote actin 

dynamics in cellular processes, including cytokinesis and cell migration [156]. 

Accordingly, WDR1 was found to be upregulated in the high metastatic cell line in 

gallbladder carcinoma compared to the low metastatic cell line [167]. Likewise, the 

expression of WDR1 increased in invasive ductal carcinoma and high WDR1 levels 

correlated with poor survival in breast cancer and lung cancer patients [168, 169]. Here, 

I show that the knockdown of RNPS1 decreased the expression of WDR1 in cervical 

cancer cells and triggered an isoform switch from WDR1 to WDRΔ35. I found out that 

WDR1 and WDRΔ35 are products of alternative splicing events mediated by RNPS1. 

WDRΔ35 is a recently discovered truncated isoform of human WDR1. Nevertheless, the 

functional role of WDRΔ35 remains poorly characterized, which warrants future 

investigation. 

 
In conclusion, our study uncovers an unknown functional role of RNPS1 in cervical 

cancer progression. The results suggest that RNPS1 promotes cell survival, invasion and 

migration of cervical cancer cells plausibly by activating the Rac1b/RhoA signaling axis. 

Our findings indicate that RNPS1 may function as an oncogene in cervical carcinoma and 

shed new light on RNPS1-mediated RNA splicing mechanism that is harnessed by the 

cervical cancer cells to promote its progression. It would be interesting in future to 

evaluate the interplay between splicing factors during malignant transformation. 

*Note: The study performed in Fig. 3.3, 3.9, 3.10 and 3.12 were performed together with Pratap 
Chandra, Priyanka Yadav, Ayushi Rehman and Sweta Kumari. 
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Chapter 4:  

MicroRNA mediated regulation of 

RNPS1 in cervical cancer cells 

 

 

 

 

The work embodied in this chapter is under preparation for publication.  

Deka B, Rehman A, Singh KK. miR-6893-3p is a bonafide negative regulator of splicing 
activator, RNPS1. 2022. Cell. Bio. International. (Manuscript Communicated). 
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Abstract 

RNA-binding protein with serine-rich domain 1, RNPS1, is a global guardian of splicing 

fidelity. In the previous chapter, the expression of RNPS1 was found to be high in 

cervical cancer cells compared to a normal cell. Silencing of RNPS1 notably reduced 

migration and invasive potential of cervical cancer cells, suggesting a possible oncogenic 

role of RNPS1. However, the mechanisms that lead to the dysregulation of RNPS1 

expression in cervical cancer cells are not known. In this study, I investigated the role of 

microRNAs in regulating the expression of RNPS1 in the cervical cancer cell. Using an in 

silico approach, I predicted a miRNA, miR-6893-3p, that can target and downregulate 

RNPS1. Interestingly, the expression of miR-6893-3p is downregulated in cervical cancer 

cells compared to normal cells and its level is negatively correlated with the expression 

of RNPS1. miR-6893-3p was validated as a miRNA that negatively regulates RNPS1 

through a combination of qPCR, Western blot analysis, luciferase reporter assays and 

abrogation of miRNA response elements (MRE) via site-directed mutagenesis. Ectopic 

expression of miR-6893-3p reduced the endogenous mRNA and protein levels of RNPS1 

in HeLa cells. miR-6893-3p mediated regulation of RNPS1 is dependent on the binding of 

miR-6893-3p to a microRNA response element in the 3’UTR of RNPS1 mRNA. 

Mechanistic analysis showed that targeted negative regulation of RNPS1 by miR-6893-

3p occurs via enhanced mRNA degradation. Importantly, ectopic expression of RNPS1 

partly reversed miR-6893-3p mediated inhibition on the migration ability of HeLa cells. 

Collectively, the study report for the first time that miR-6893-3p is involved in the 

regulation of RNPS1 expression in cervical cancer cells. 
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4.1 Introduction 

MicroRNAs are an abundant class of short (20-22 nucleotide) non-coding RNAs that 

mediate post-transcriptional regulation of genes by binding to target transcripts. The 

miRNA biogenesis comprises sequential processing of precursor transcripts containing 

stem-loop structures. miRNAs are transcribed by RNA pol II into primary miRNA (pri-

miRNA), which are then cleaved by the RNase III enzyme, Drosha, to generate a stem-

loop precursor, pre-miRNA. The pre-miRNA is exported from the nucleus to the 

cytoplasm and finally processed by the RNase III enzyme Dicer to produce a miRNA 

duplex. The mature miRNA species may be produced from the 5’ and 3’ arms of the pre-

miRNA, which are referred to as miRNA-5p and miRNA-3p, respectively. One of the 

mature miRNA species is then loaded into the RISC complex to regulate gene expression 

by eliciting translational repression or mRNA degradation of target mRNA.  

 
Since miRNA-5p species is usually expressed at a higher level compared to its 3p 

counterpart, it has long been assumed that the poorly expressed miRNA-3p species is 

biologically insignificant. However, deep sequencing studies have revealed the co-

existence of miRNA-5p/3p species in almost half of the analyzed miRNA populations 

[170, 171]. Similarly, studies from Drosophila showed that although miRNA-3p species 

are less abundant than their miRNA counterpart, they generally exist at physiologically 

relevant concentrations [172]. Further, most of the seed regions of miRNA-3p species 

are conserved across vertebrate 3’ UTR evolution [173]. Moreover, luciferase reporter 

assays have demonstrated that both miRNA strands are functional [174].  

 
In 2002, Dr. Croce and his group first reported the involvement of miRNA in cancer. 

They identified two miRNAs- miR-15 and miR-16 located at the chromosome 13q14 

region, a region frequently deleted in B-cell chronic lymphocytic leukemia (CLL) [175]. 

miR-15 and miR-16 function as tumor suppressors by targeting and downregulating Bcl-

2, an anti-apoptotic protein highly expressed in malignant non-dividing B cells [176]. 

Since the discovery of miR-15 and miR-16 deletions in CLL, a number of evidences have 

revealed the involvement of miRNA in the progression of cancer. Importantly, miRNA 
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profiling studies have shown that cancer cells have dramatically different miRNA profiles 

than respective normal cells [177-180]. MicroRNA expression is dysregulated in cancer 

due to various underlying mechanisms, including gain or loss of miRNA genes, 

epigenetic alteration, and defects in the transcriptional or miRNA biogenesis machinery. 

MicroRNAs can act as oncogenes or tumor suppressors depending on cancer cell types. 

For instance, miR-370 is frequently downregulated in different types of cancer, including 

ovarian cancer, cervical cancer, laryngeal squamous cell carcinoma, and colon cancer 

[181-184]. Some direct targets of miR-370 are MDM4, PTEN, FoxM1, Endoglin and 

TRAF4. miR-370 functions as a tumor suppressor by inhibiting tumor proliferation and 

promoting apoptosis. On the other hand, miR-370 is positively associated with the 

progression of human prostate carcinoma and gastric carcinoma by directly repressing 

the tumor suppressor FOXO1 and transforming growth factor-β receptor II (TGFβ-RII), 

respectively [185, 186]. Likewise, miR-6893 functions as a tumor suppressor by targeting 

S100A1 in cervical cancer cells. 

 
Several recent studies have suggested that miRNAs can also influence the expression of 

splicing factors. For instance, virtually all SR and hnRNP orthologs in C. elegans are 

targets of miRNAs, and depletion of Argonaute protein causes changes in splice junction 

usage [187]. Similarly, transcriptome-wide splicing errors have been observed in Dicer 

knockout mice [188]. On the other hand, many SR proteins have been found to be 

dysregulated in various diseases, particularly cancer [127]. Interestingly, dysregulation 

of splicing factors in cancer is partly associated with the altered expression of 

complementary miRNAs [117, 118]. 

 
In the previous chapter, the oncogenic role of RNPS1 in cervical cancer cells was 

demonstrated. However, to date, the mechanism contributing to the regulation of 

RNPS1 in cancer cells is not understood. Considering the findings that miRNAs are 

established regulators of splicing factors, it is worth exploring whether miRNAs control 

the expression of RNPS1. This could provide an understanding of the probable 

mechanism by which RNPS1 is regulated, thereby affecting tumor progression. In this 
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chapter, I show that miR-6893-3p is a novel negative regulator of RNPS1 in cervical 

cancer cell, HeLa.  

 

4.2 Materials and methods 

4.2.1 Preparation of competent cells 

Glycerol stock of E.coli DH5α or Top10 was revived on the LBA plate. A single colony of 

DH5α or Top10 was inoculated in 5ml LB broth and incubated overnight at 37˚C. 100 µl 

of overnight grown culture was inoculated into a 250ml conical flask containing 50ml LB 

media and incubated at 37˚C till the O.D reached ~0.35-0.4 at 600nm. The culture was 

aliquoted in prechilled tubes and harvested by centrifugation at 4000 rpm for 10 

minutes at 4˚C. The pellet was resuspended in 25ml ice-cold CaCl2 buffer (100mM CaCl2 

and 10mM Tris pH 7.4) and incubated in ice for 45 minutes. The cells were harvested by 

centrifugation at 4000 rpm for 10 minutes at 4˚C. The pellet was resuspended in 2.5 ml 

ice-cold CaCl2 buffer with glycerol, aliquoted into prechilled eppendorf tubes and stored 

at - 80°C. 

 

4.2.2 Transformation of recombinant vector into competent cells 

20 µl of the ligation mixture or plasmid was added to 200 µl of the competent cells. The 

tubes were incubated in ice for 30 minutes. Heat shock was given at 42˚C for 45 seconds 

and immediately transferred to the ice for 2 minutes. The cells were plated on LB agar 

with ampicillin (100 µg/ml) and incubated at 37˚C for 16h hrs. Positive colonies were 

verified by colony PCR, followed by restriction enzyme digestion and sequencing. 

 

4.2.3 Plasmid isolation 

Plasmid DNA was extracted using the Qiaprep Plasmid Miniprep kit (Qiagen) or the 

NucleoBond Xtra Midiprep kit (Macherey Nagel) according to the manufacturer’s 

instructions. In general, 10 ml bacterial overnight culture in LB medium supplemented 

with 100 µg/ml ampicillin was used for mini-scale plasmid isolation, and 100 ml bacterial 

overnight culture was used for midi-scale plasmid isolation. 
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4.2.4 Restriction enzyme digestion 

Plasmids and DNA fragments amplified by PCR were digested with suitable enzymes 

(NEB) according to the manufacturer’s instructions. Reactions were carried out in a total 

volume of 50 µl, using 10 units of each enzyme per µg DNA. The reaction was carried 

out for 6 to 12 hrs at 37°C. Restriction fragments were visualized by agarose gel 

electrophoresis and gel purified using the QIAGEN Gel Extraction kit according to the 

manufacturer’s instructions. 

 
4.2.5 Construction of plasmids 

To generate plasmids for miRNA overexpression, double-stranded DNA oligo encoding 

artificial mature miRNA hairpin precursor sequence containing BglII and XhoI restriction 

sites were ordered from IDT. pSuper basic vector (Oligoengine, VEC-PBS-0002) was 

double digested with BglII (NEB) and XhoI (NEB). The double digested insert and pSuper 

basic vector were ligated using T4 DNA ligase (NEB). 200 ng of vector were ligated with 

(1:5) molar ratio of the insert. Ligations were performed in a 20 µl reaction volume 

containing 1 µl of ligase and 2 µl of ligase buffer at 16˚C for 20 hours.  

For the generation of the luciferase reporter system, full-length RNPS1 3’UTR was PCR 

amplified from the cDNA of HeLa cells. The PCR reaction was carried out in a total 

volume of 50 μl containing 2.5 μl of each 10 µM primer, 2ul template DNA, and 25 µl of 

2X Q5 Hot Start High-Fidelity 2X Master Mix (NEB). The PCR reaction was carried out in a 

thermal cycler (Applied Biosystems) by programming the cycling profile consisting of an 

initial denaturation step of 30 sec at 98˚C followed by amplification for 30 cycles with 

denaturation for 10 sec at 98˚C, annealing for 40 sec at 67˚C, an initial extension of 1 

min at 72˚C and final extension of 10 min at 72˚C for 1 cycle. The PCR product was 

resolved by 1% agarose gel, followed by gel purification. Purified PCR product was 

cloned downstream of the firefly luciferase gene in pMirglo Vector (Promega), using 

NheI and SalI restriction sites. pCI-Flag-RNPS1 was a kind gift from Prof. Niels Gehring, 

University of Cologne, Germany. 
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4.2.6 Cell culture 

For cell culture, please refer to Chapter 3, section 3.2.1. 

 
4.2.7 Cell transfection  

Transfection was done using PEI (Biobharati) according to the manufacturer’s 

instructions. The day before transfection, HeLa cells were seeded in a 6-well plate at the 

appropriate density to achieve ~75% confluency on the next day. The medium was 

changed 1-2 hr before the transfection. In brief, 4ug of empty vector as a negative 

control or miRNA overexpression plasmids and 8μl PEI were diluted in 112 μl OptiMEM 

(Life technologies). Dilution was pulse vortexed, incubated for 20 mins at room 

temperature, added to the cell culture dish, and distributed by gentle shaking. 6 hrs 

after transfection, the medium was replaced to remove PEI precipitates. The cells were 

harvested after 48 hours for RNA isolation. For experiments involving Western blotting, 

double transient transfections were performed. HeLa cells were initially transfected 

with 4ug of miRNA overexpression plasmids. After 48 hrs, cells were re-seeded in a 6-

well plate. The next day, the medium was changed, and cells were re-transfected with 

plasmid at the same concentration. The medium was changed after 6 hrs and the cells 

were harvested after 48 hrs. A plasmid expressing mVenus (pCI-mVenus) was included 

in each experiment and served as a transfection control. 

 

4.2.8 RNA isolation  

Please refer to Chapter 3, section 3.2.3. 

 
4.2.9 cDNA synthesis 

For cDNA synthesis of mRNA, please refer to Chapter 3, section 3.2.5. 

For cDNA synthesis of miRNA, the poly(A) method was employed [189]. Briefly, 1 µg of 

total RNA in a final volume of 10 μl, including 1 μl of 10x poly(A) polymerase buffer, 0.1 

mM of ATP, and 1 unit of poly(A) polymerase (NEB) was incubated at 37°C for 30 mins 
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for poly (A) tailing. Next, 1 μM of universal RT primer (5’-

CAGGTCCAGTTTTTTTTTTTTTTTVN-3’, where V is A, C and G and N is A, C, G and T) was 

added to the mixture and incubated at 65°C for 5 mins. Finally, 0.1 mM of each 

deoxynucleotide (dATP, dCTP, dGTP and dTTP), 200 units of reverse transcriptase 

(Biobharati) and 4 µl buffer were added to the mixture in a final volume of 20 µl and 

incubated at 25°C for 10 mins, followed by 42°C for 50 mins. Afterward, the enzyme was 

heat-inactivated at 70°C for 15 mins. 

 
4.2.10 Quantitative real-time PCR 

For mRNA-specific qPCR, please refer to Chapter 3, section 3.2.7. 

The poly(A) method was performed for miRNA-specific qPCR, and primers were 

designed using the software miRprimer [190]. The input for miRprimer is miRNA 

sequence in fasta format and is saved as a text file named input_miRs.txt. It is saved in 

the same folder with miRprimer. The next step is to execute miRprimer by double-

clicking program’s icon. The output file termed result_best_primer_pairs.txt was used to 

select miRNA-specific primers. qRT-PCR was performed using PowerUp Sybr green 

master mix (Invitrogen). For each reaction, 5ul of 2X Sybr green master mix was mixed 

with 0.25 uM of each primer, 1ul of diluted cDNA (1:3 dilution of the cDNA), and the rest 

was filled with nuclease free water. Specific primers were used for quantifying gene 

expression and normalized with RNU6 expression. Relative gene expression was 

calculated using the ΔΔCT method.  

 

4.2.11 mRNA decay analyses 

HeLa cells were transfected with empty vector or miRNA overexpression plasmids. After 

48 hrs, mRNA decay experiments were initiated by adding actinomycin D (ActD, final 

conc. 10μg/mL) (Sigma) to the transfected cells. 3, 6, 8, 9 hr after actinomycin D 

treatment, total RNA was harvested by using TRIzol (Invitrogen). First-strand cDNA 

synthesis was performed as described in Chapter 3, section 3.2.5. Real-time PCR was 

performed with PowerUp Sybr green master mix (Invitrogen). RNPS1 mRNA relative 
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abundance was determined by normalizing to β-actin using the ΔΔCT method. The ΔCT 

value of each time point was normalized to the ΔCT value of t = 0 to obtain the ΔΔCT 

value. The relative amount of RNPS1 mRNA without actinomycin D treatment at 0 hr 

was set to 1. The mRNA fraction remaining at each time point was calculated by 2(-ΔΔCT). 

Excel program was used to fit the best exponential curve to the data points. The curve 

will have the general equation: C = C0 e–kdecay t, where C0 is the concentration of the 

mRNA at time 0 before the decay starts. C is the concentration of mRNA at time t. The 

half-life of an mRNA (t1/2) is inversely proportional to its decay rate constant (kdecay) 

[191]. 

t1/2 = ln(2) / kdecay 

 

4.2.12 Site-directed mutagenesis of the miRNA target site 

To induce point mutations in pMirglo-luc-RNPS1_3’UTR, site-directed mutagenesis was 

performed (NEB). The wild-type RNPS1 3’UTR expression plasmid served as a template 

in the PCR. Primers were designed using the NEB online design software, 

NEBaseChanger. For each PCR reaction, 10 ul of Q5 Hot Start High-Fidelity 2X Master 

Mix was mixed with 1 ul of each 10uM primer, 10ng of template DNA and the rest was 

filled with nuclease-free water. The cycling profile consists of an initial denaturation 

step of 30 sec at 98˚C followed by amplification for 25 cycles with denaturation for 10 

sec at 98˚C, annealing for 1 min at 63˚C, an initial extension of 4.5 min at 72˚C and final 

extension of 5 min at 72˚C for 1 cycle. 

After exponential amplification, 1ul of PCR product was treated with kinase, ligase and 

DpnI (KLD) and incubated at room temperature for 15 mins. The KLD mix was then 

transformed into Top10 competent cells. Positive clones were verified by sequencing. 

 

4.2.13 Luciferase assay 

Transient co-transfection of cells with pSuper construct and luciferase reporter 

constructs (pmirGLO) containing the RNPS1 3′UTR were accomplished using PEI. After 72 

h, the activities of firefly and renilla luciferase were measured using the Dual-Glo-
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Luciferase Assay system (Promega) according to the manufacturer’s instructions. Briefly, 

75 µl Dual-Glo luciferase buffer was added to cells in 75 µl medium (96 well plate) 

followed by incubation at room temperature for 15 mins for cell lysis. Firefly 

luminescence was measured by a luminometer (Promega). Next, 75 µl Stop & Glo 

reagent was added and incubated at room temperature for 15 mins. Renilla 

luminescence was measured. Firefly luciferase measurements were normalized to 

Renilla luciferase readings. 

 

4.2.14 Western Blotting 

Please refer to Chapter 2, section 2.2.7. 

 

4.2.15 Transwell migration assay 

Please refer to section Chapter 3, section 3.2.10. 

 

4.2.16 In silico analysis 

TargetScanHuman v.7.1 and miRTarBase were used to identify miRNAs that can regulate 

RNPS1. RNAfold was used to evaluate structural changes in RNPS1 3'UTR upon 

introduction of mutations to disrupt the miRNA binding site. RNAhybrid was used to 

evaluate miRNA binding with a 3'UTR sequence by calculating the free energy of 

binding. 

 

4.2.17 Statistical analysis 

Please refer to section Chapter 3, section 3.2.15. 

 

4.3 Results 

4.3.1 In silico prediction of potential miRNAs targeting RNPS1 mRNA 

To investigate the potential role of microRNA in regulating RNPS1 gene expression, 

targetscan and miRTarBase databases were used to predict miRNAs that might bind to 
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the RNPS1 mRNA. TargetScan predicts targets of miRNAs based on the complementarity 

between the seed sequence and seed matches and also takes into account factors such 

as conservation of seed sequence across organisms. miRTarBase database contains 

microRNA-Target interactions supported by experiments including, microarray, next-

generation sequencing, western blot, and reporter assay.  

 
MicroRNAs: miR-370-3p, miR-6893-3p, miR-33b-5p, miR-590-3p, miR-149-5p and miR-

490-3p were selected in this study for further analyses. All these miRNAs are predicted 

to target 3’UTR of RNPS1. The predicted binding sites of miR-490-3p and miR-33b-5p in 

the 3’UTR of RNPS1 are conserved across vertebrates. Similarly, the predicted binding 

site of miR-149-5p in RNPS1 3’ UTR is conserved across mammals. Further, miRTarBase 

predicted the binding of miR-370-3p, miR-149-5p, miR-590-3p and miR-490-3p to RNPS1 

mRNA based on CLIP-Seq analysis. Together, these imply the likelihood of these miRNAs 

to act as regulators of RNPS1.  

 
The candidate miRNAs were also filtered based on the free energy of hybridization 

between candidate miRNAs and the predicted binding sites within the 3’UTR of RNPS1, 

which was calculated using the RNAhybrid program. This program considers 

mRNA:miRNA duplex formation as a thermodynamic feature and calculates the 

minimum free energy (mfe) changes that take place during the interaction between 

miRNA and its target mRNA. The free energy change indicates the strength of each 

binding position.  

The minimum free energy of hybridization of miR-33b-5p, miR-590-3p, miR-149-5p, miR-

370-3p, and miR-490-3p are -26.3 kcal/mol, - 14.8 kcal/mol, -31.4 kcal/mol, -29.4 

kcal/mol, and 30.6 kcal/mol respectively (Figure 4.1). miR-6893-3p showed the most 

stable base-pairing (-38.3 kcal/mol) with its predicted binding site in RNPS1 3’UTR. Most 

of these candidate miRNAs have high negative delta G values (mfe ≤ -29 kcal/mol), 

implying that these miRNAs have a higher probability of binding to the seed regions 

within the 3’ UTR of RNPS1. Taken together, miR-33b-5p, miR-590-3p, miR-149-5p, miR-

370-3p, miR-490-3p and miR-6893-3p are probable miRNA regulators of RNPS1. 
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Figure 4.1: The free energy of hybridization of miRNAs. The candidate miRNAs are miR-33b-5p, miR-590-
3p, miR-149-5p, miR-370-3p, miR-490-3p and miR-6893-3p. Red line represents binding sites within 
RNPS1 3’UTR and green line represents miRNA. 

 

4.3.2 Generation of miRNA overexpression plasmids 

The widely used method of overexpressing miRNA is cloning genomic sequences 

corresponding to the miRNA hairpin precursor into an overexpression vector. However, 

this method is generally unsuitable for specific expression of the miRNA-3p species, 

without concurrent expression of the miRNA from the 5’ arm (miRNA-5p). 

Consequently, the function of miRNA-3p species has only recently begun to be 

recognized compared to its miRNA counterpart.  

In order to generate plasmids that can overexpress specific species of miRNA, a suitable 

alternate strategy was followed to overexpress any mature miRNAs without bias [192]. 

For this, an artificial miRNA hairpin precursor sequence was designed. Herein, the 

mature miRNA sequence was placed in the 3’ strand of the stem, it’s complementary  
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Figure 4.2: Schematic diagram of the stem-loop miRNA precursor for the overexpression of miRNA 
species. The 3’ arm of the precursor contained the mature sequence of miRNA species, while the 5’ arm 
contained the complementary sequence of the miRNA species. 

 
sequence was placed in the 5’ strand, and a loop sequence was inserted between the 

two (Figure 4.2). The DNA sequence corresponding to the miRNA hairpin precursor 

sequence was cloned into the pSuper basic vector. This vector employs the pol-III H1-

RNA promoter and has a termination signal comprising five thymidines in a row, thereby 

can produce short RNAs without a poly A tail. Hence, mature miRNA sequences of 

candidate miRNAs were cloned into pSuper expression vector (Figure 4.3). 

4.3.3 Identification of candidate miRNA that regulates RNPS1 

To examine the possibility of RNPS1 gene regulation by miRNA, HeLa cells were 

transfected with miRNA overexpression plasmid. The ectopic expression of miR-33b-5p 

does not regulate the level of RNPS1 mRNA. These indicate that miR-33b-5p does not 

regulate RNPS1 at the mRNA level. Similarly, overexpression of miR-590-3p does not 

change the expression of RNPS1 mRNA. Moreover, ectopic expression of miR-370-3p 

and miR-149-5p also did not alter the level of RNPS1 mRNA (Figure 4.4). Taken together, 

these indicate that miR-33b-5p, miR-590-3p, miR-370-3p, and miR-149-5p do not 

regulate RNPS1 at the mRNA level. 

 
I next investigated if RNPS1 is a potential target of miR-490-3p and miR-6893-3p. For 

this, HeLa cells were transfected with miR-490-3p and miR-6893-3p. qPCR analysis 

showed that miR-490-3p modestly reduced the endogenous RNPS1 at the mRNA level, 

whereas miR-6893-3p strongly downregulated the expression of RNPS1 mRNA (Figure 

4.4). 
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Figure 4.3: Generation of miRNA overexpression plasmids. (A) Schematic diagram of pSuper empty vector. 
(B) Mature miRNA hairpin containing sequences were ligated into pSuper basic vector. Positive colonies 
were confirmed by colony PCR. (C-D) miRNA overexpression plasmids were further validated through 
restriction enzyme digestion. Empty vector served as negative control. The positive clone (vector with 
insert) releases an insert of size around ~281 bp upon digestion with EcoRI and XhoI, whereas negative 
clone without insert releases an insert of size ~248 bp. 

 
Further, Western blot was performed and results revealed a significant reduction in 

RNPS1 protein level upon ectopic expression of miR-6893-3p in HeLa cells (Figure 4.5). 

Altogether, this suggests that miR-6893-3p is a regulator of RNPS1 that negatively 

controls RNPS1 at both mRNA and protein levels.  
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Figure 4.4: Effect of miRNA overexpression on mRNA level of RNPS1. qPCR of RNPS1 mRNA from HeLa 
cells transfected with pSuper-empty vector or pSuper-miRNA viz., miR-33b-5p, miR-590-3p, miR-149-5p, 
miR-370-3p, miR-490-3p and miR-6893-3p. RNPS1 mRNA expression was normalized to β-actin mRNA 
expression. The values represent mean±SD (t-test, n=3). **P<0.01 

 

 
Figure 4.5: RNPS1 is negatively regulated by miR-6893-3p. Western blot of endogenous RNPS1 protein 
from HeLa cells transfected with pSuper-empty vector or pSuper-miR-6893-3p and normalized to tubulin 
level. The values represent mean±SD (n=3). ***P<0.001 

 

4.3.4 Expression of miR-6893-3p in cervical cancer cell lines 

In the previous chapter, RNPS1 expression was found to be high in cervical cancer cells 

compared to normal cells. To determine whether miRNAs are partly responsible for the 
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aberrant expression of RNPS1 in cervical cancer cells, the expression patterns of miRNAs 

in cervical cancer cells, HeLa and SiHa, were examined. The expression of miR-6893-3p 

in cervical cancer cells is low compared to the normal cell line, HDF (Primary Human 

dermal fibroblast) (Figure 4.6). These results suggest that negative regulation of RNPS1 

by miRNAs might serve as one of the molecular mechanisms underlying the high 

expression of RNPS1 in cervical cancer cells. 

 

Figure 4.6: miR-6893-3p is downregulated in cervical cancer cells. qPCR shows the relative expression of 
miR-6893-3p in human cervical cancer cell lines (HeLa and SiHa) and normal cell line, HDF. 

 

4.3.5 miR-6893-3p binds to the seed region on the 3’ UTR of RNPS1 mRNA 

I next investigated whether RNPS1 3’ UTR acts as a post-transcriptional modulator of the 

expression of RNPS1 by using a 3’ UTR luciferase reporter system. In this regard, the full-

length RNPS1 3’ UTR was inserted downstream of the firefly luciferase gene in the 

pmirGLO vector (Figure 4.7). Empty vector pmirGLO provides a constitutive expression 

of the firefly luciferase protein under the PGK promoter and SV40 polyadenylation 

signal. Renilla luciferase gene in the same vector serves as a control reporter for 

normalization. The luciferase reporter and miR6893-3p constructs were then co-

transfected into HeLa cells and luciferase activity was measured via a luminometer. The 

result showed that the insertion of RNPS1 3’ UTR resulted in a decrease in luciferase 

activity. However, the luciferase activity of cells co-transfected with pmirGLO empty 
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vector and miR6893-3p did not change (Figure 4.7). This result suggests that miR-6893-

3p directly binds to 3’ UTR of RNPS1 mRNA and negatively regulates its expression. This 

finding also corroborates the prediction of the RNAhybrid tool that miR-6893-3p forms 

high stable base-pairing with the predicted seed region within RNPS1 3’UTR (Figure 4.1).  

 
The 3’ UTR of RNPS1 contains one predicted binding site of miR-6893-3p. To validate the 

binding sites of miR-6893-3p on RNPS1 3’ UTR, I performed site-directed mutagenesis of 

predicted binding sites of the miRNA on RNPS1 3’ UTR. In silico analysis revealed that 

these mutations only had a minor effect on the secondary structure of the 3′UTR while 

drastically decreasing the negative free energy of binding of miR-6893-3p (Figure 4.8). 

This suggests a weaker binding potential between miR-6893-3p and the seed region 

within RNPS1 3’ UTR. Dual luciferase assays using cells co-transfected with the mutant 

luciferase reporter and miR-6893-3p revealed that the suppression of luciferase activity 

was completely abolished when mismatch mutations were introduced into the seed 

region of miR-6893-3p on RNPS1 3’ UTR (Figure 4.7). The destruction of the binding site 

derepressed the RNPS1 3′UTRs from negative regulation due to the loss of binding by 

miR-6893-3p. Thus, these data indicate that the predicted MRE is critical for the direct 

and specific binding of miR-6893-3p to the RNPS1 mRNA. 

4.3.6 miR-6893-3p promotes rapid decay of RNPS1 mRNA  

Multiple lines of evidence pointed that miRNA-mediated mRNA degradation to be a 

predominant molecular mechanism of miRNA-mediated regulation of gene expression. 

To examine whether miR-6893-3p plays a role in decreasing RNPS1 mRNA stability, HeLa 

cells were transfected with miR-6893-3p and treated with actinomycin D to halt mRNA 

transcription and the half-life of the RNPS1 transcript was calculated. Actinomycin D is 

an antibiotic that intercalates into DNA and blocks RNA pol II-mediated transcription. 

Total RNA was isolated at different time intervals after actinomycin D treatment and 

RNPS1 mRNA levels were quantified by qPCR. The calculated half-life of the RNPS1 

transcript in HeLa cells transfected with the miR-6893-3p was 3.8 hr, compared to a 

half-life of 7.3 hr in the negative control (empty vector-transfected cells) (Figure 4.9). 
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These data indicate that RNPS1 mRNA amounts decreased in a time-dependent manner 

in actinomycin D treated control cells; however, the RNPS1 mRNA dramatically reduced 

in miR-6893-3p transfected cells. miR-6893-3p promoted accelerated decay of 

endogenous RNPS1 mRNA, with >3-fold reduction in mRNA half-life compared to control 

miRNA. Thus, targeted negative regulation of RNPS1 by miR-6893-3p occurs via 

enhanced mRNA degradation, resulting in a suppression of RNPS1. 

 
Figure 4.7: miR-6893-3p targets the RNPS1 3’UTR. (A) Generation of luciferase reporter vector with RNPS1 
3’UTR. Positive colony was validated through restriction digestion in lane 2, empty vector in lane 3 served 
as negative control. Lane 1 contains undigested RNPS1 3’UTR luciferase reporter plasmid. (B) Schematic 
diagram of pMirglo empty vector. (C) Prediction of binding sites of miR-6893-3p in 3’UTR of RNPS1 using 
Targetscan and site-directed mutagenesis of predicted seed region. (D) HeLa cells were co-transfected 
with luciferase empty vector or luciferase 3′UTR reporter construct or luciferase mutated 3’UTR reporter 
and miR-6893-3p (green bars) or control pSuper empty vector (black bars). Luciferase activity was 
normalized to renilla luciferase. The values represent mean±SD (n=3). **P<0.01. 
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Figure 4.8: Secondary structure analysis of wildtype and mutated RNPS1 3’UTR. Changes in the free 
energy of hybridization of miR-6893-3p with RNPS1 3’UTR following site-directed mutagenesis of the seed 
sequence. Black arrow represents the binding site of miR-6893-3p. 
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Figure 4.9: miR-6893-3p reduces the stability of RNPS1 mRNA. HeLa cells were transfected with pSuper 
empty (miR-NC) or pSuper-miR-6893-3p. Actinomycin D was added and endogenous RNPS1 mRNA decay 
was analysed by qPCR using β-actin for normalization. 

 

4.3.7 RNPS1 reverses the migration inhibiting effect of miR-6893-3p 

Recent studies have shown that elevated expression of miR-6893 inhibits the migratory 

ability of HeLa cells. Moreover, in the previous chapter, I have determined that RNPS1 

promotes the migration potential of cervical cancer cells. To further evaluate the 

functional interaction between miR-6893-3p and RNPS1 in HeLa cells, a rescue 

experiment was carried out by co-transfection of miR-6893-3p and RNPS1 plasmids. 

Interestingly, the result revealed that ectopic expression of miR-6893-3p attenuated the 

migration ability of HeLa cells. On the other hand, co-transfection of miR-6893-3p and 

RNPS1 appeared to reverse the inhibitory role of miR-6893-3p on the migration of HeLa 

cells (Figure 4.10). These results suggest that overexpression of RNPS1 restored the miR-

6893-3p mediated tumor-suppressive effects, as represented by enhanced cell 

migration of HeLa cells.  

 

Figure 4.10: RNPS1 reverses the migration inhibiting effect of miR-6893-3p. Overexpression of miR-6893-
3p decreases migration of HeLa cells and overexpression of RNPS1 could reverse the inhibitory effect of 
miR-6893-3p. HeLa cell migration abilities were determined by transwell assays after transfection with the 
indicated vectors.  

 

4.4 Discussion 

Despite the fact that roughly 70% of the human genome is actively transcribed, only 1- 

2% of genomic sequences encode proteins, whereas a major portion of the sequences 

possibly expresses non-coding RNA [193]. MicroRNA is one of the extensively studied 
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non-coding RNAs. Numerous genes are known to be regulated by miRNAs at the post-

transcriptional level, and the abnormal expressions of miRNAs contribute to cancer 

initiation and development. In the present study, I show downregulation of miR-6893-

3p expression in cervical cancer cells and miR-6893-3p expression was inversely 

correlated with RNPS1 level. The data establish miR-6893-3p as a novel negative 

regulator of RNPS1. 

 
miR-6893 is a known negative regulator of S100A1 [194]. S100A1 is a calcium binding 

protein and is generally upregulated in malignant tumors. Overexpression of miR-6893 

has been shown to reduce S100A1 level, whereas loss of miR-6893 caused upregulation 

of S100A1. Additionally, increased expression of miR-6893 or knockdown of S100A1 

markedly reduced the migration and invasive abilities of HeLa cells compared to the 

control cells. Furthermore, miR-6893 overexpressing HeLa cells were found to be 

sensitive to cisplatin treatment compared to the control transfected HeLa cells. The 

viability of miR-6893-overexpressed cancer cells substantially reduced when treated 

with cisplatin. Moreover, increased expression of miR-6893 enhanced the apoptotic rate 

of HeLa cells upon treatment with cisplatin, thus miR-6893 is involved in the suppression 

of chemoresistance of HeLa cells [194].  

 
In the present study, quantitative RT-PCR assay confirmed the downregulation of miR-

6893-3p in cervical cancer cells compared to a normal cell. This is consistent with the 

results of the TCGA dataset analyses by Chen et al., 2019 [194]. In the previous chapter, 

I have found overexpression of RNPS1 in cervical cancer cells. The negative correlation 

of expression between miR-6893-3p and RNPS1 levels suggests a regulatory role for 

miR-6893-3p in RNPS1 expression. In this regard, miR-6893-3p plasmid was transfected 

into the HeLa cells to evaluate the effect of overexpression of miR-6893-3p on RNPS1 

expression in HeLa cervical cancer cells. The results showed direct evidence that miR-

6893-3p regulates RNPS1 expression both at the mRNA and protein level. In order to 

further validate that miR-6893-3p directly targets the 3’ UTR of RNPS1 mRNA, I 

generated luciferase expression plasmids containing the putative miR-6893-3p binding 
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region or mutated seed sequences in the 3’ UTR of RNPS1 mRNA. The results 

demonstrated that the 3’ UTR of RNPS1 is a target of miR-6893-3p due to the presence 

of 7 mer binding site. 

 
Furthermore, transfection of miR-6893-3p decreased the migration ability of the HeLa 

cell line, while cotransfection of miR-6893-3p and plasmid overexpressing RNPS1 

increased the migration potential of HeLa cells. Given that RNPS1 expression and 

migration are regulated by miR-6893-3p, it may be inferred that the migration potential 

of HeLa cells modulated by the expression of miR-6893-3p may be partially mediated by 

RNPS1. In summary, the study revealed a novel mechanism of how RNPS1 is aberrantly 

expressed in cervical cancer cells. It would be interesting to further examine whether 

miR-6893-3p-RNPS1 dysregulation represents a factor for malignant transformation.  

 

 

 

 

 

 

 

 

 

 

 

*Note: Ayushi Rehman helped in performing the study in Figure 4.4 and 4.6.  

TH-3015_156106047



Chapter 4 
 

98 
 

 

TH-3015_156106047



Chapter 5 
 

99 
 

 

 

 

 

Chapter 5:  

Identification of candidate RNA 

binding proteins associated with 

RNPS1 mRNA 

 

 

 

 

 

The work embodied in this chapter is accepted for publication.  

Deka B, Singh KK. Identification of candidate RNA binding proteins associated with 
RNPS1 3’UTR. (Book Chapter) Healthcare Research and Related Technologies - 
Proceedings of NERC 2022 (Springer Nature). 
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Abstract 

The course of the journey of RNA-from RNA biogenesis to RNA degradation- is dictated 

by a vast number of proteins that interact with RNA to regulate its fate. The interaction 

between RNA and protein can be direct via RNA-binding proteins (RBPs) or other 

proteins, which function cooperatively within multisubunit ribonucleoprotein (RNP) 

complexes. As a result, identifying the RBP-RNA interaction is crucial for understanding 

how genes are regulated. The commonly used strategy is to isolate RNAs bound to 

known RBPs; however, recently, pull-down methods have been developed for the direct 

precipitation of specific RNA of interest and its associated proteins. In the previous 

chapter, I have shown that RNPS1 is subjected to post-transcriptional gene regulation 

via miRNAs. Herein, I performed a systematic approach for identifying the regulatory 

RBPs associated with RNPS1 3’UTR in the physiological context. The method is based on 

the RNA aptamer MS2 tag followed by affinity purification. The RNPS1 3’UTR is tagged 

with MS2 RNA hairpins and the chimeric RNA is then pulled-down by the simultaneous 

expression of a fusion protein MS2-Flag. Subsequent evaluation of the pulled down 

ribonucleoprotein (RNP) complex by mass-spectrometry led to the identification of a list 

of proteins that interact with RNPS1 3’UTR. These proteins plausibly regulate the fate of 

RNPS1 mRNA, including transcription, splicing, nuclear export, localization, translation 

and decay.  
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5.1 Introduction 

The coordinated, multi-layered process of gene expression involves a large number of 

trans-acting factors. While most genomic studies have focused on transcriptional 

regulation, post-transcriptional regulation has only lately been studied. RNA-binding 

proteins (RBPs) and non-coding RNAs are two main players in post-transcriptional 

regulation that act in a combinatorial or cooperative manner to control the spatio-

temporal expression of target proteins. Computational, genetic, and biochemical 

strategies have been employed to identify and confirm RBP-binding sites on mRNAs and 

their corresponding RBPs. However, traditional approaches identify only a limited 

number of RNA-protein interactions. Therefore, exploring the binding characteristics of 

RBPs at a systems level is essential to comprehensively understand the regulatory 

mechanisms mediated by RBPs and determine the “RNP code” of an mRNA.  

 
RNP immunoprecipitation (RIP-chip) was the first developed high-throughput method to 

detect in vivo targets of a given RBP using cDNA arrays [195]. RIP is performed under 

endogenous conditions that preserve RNA-protein interactions. RIP studies have 

unraveled several putative regulatory elements and RNP components in response to 

different stimuli. Further, this method provided evidence for the operon/regulon model, 

in which RBPs synchronize the expression of functionally related proteins [196, 197].  

 
Subsequent high-throughput methods employed cross-linking followed by 

immunoprecipitation to precisely identify the position of the binding sites of RBPs within 

mRNA. One of these techniques is PAR-CLIP (photoactivatable ribonucleoside cross-

linking and immunoprecipitation). PAR-CLIP employs a long UV wave (365 nm) to cross-

link photoactive thiouridine incorporated into RNA [198]. This cross-linking does not 

induce extensive photo damage to nucleic acid and protein compared to a short UV 

wave (254 nm). These techniques have been developed to isolate RNAs from particular 

RNA binding proteins in vivo. However, developing appropriate strategies to identify and 

explore proteins that bind to a specific RNA is challenging.  
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In previous studies, RNA of interest is chemically modified during in vitro transcription to 

study the interactome of a specific RNA. One of the widely used labels in in-vitro studies 

is the incorporation of biotin within the desired RNA. The tagged RNA is then incubated 

with cell lysates to allow RBPs to bind RNA, followed by RNA pulldown using 

streptavidin-coated beads and detection of bound proteins [199]. In order to study RNA-

protein interactions within cells or under endogenous conditions, chemically labeled 

RNAs are expressed in cells. Subsequently, the labeled RNA is isolated from the RNA 

pool using specific antibodies or affinity compounds such as bromouride. However, the 

challenges of these approaches are ensuring proper localization of chemically altered 

transcripts and avoiding nonspecific association with proteins. To this end, alternate 

strategies have been developed that contain tagging and pulldown of exogenously 

expressed transcripts. Various small RNA tags, also known as aptamers, are tagged to 

the RNA of interest and pulldown using molecules that recognize the aptamer.  For 

instance, RNA aptamers S1 and D8 have an affinity for Sephadex and streptavidin, 

respectively [200-202]. The S1 aptamer was employed to analyze the bound proteins of 

RNase P by tagging RPR1 RNA, the large subunit of RNase P. The aptamer tag showed 

that RNaseP occurs as a monomer and is loosely associated with RNase MRP [200]. 

 
Although RNPS1 plays an important role in splicing activity, there are no reports on 

regulatory proteins controlling the expression of RNPS1. To study the RBP-mediated 

regulation of RNPS1 expression, I developed a method to characterize the interaction 

between RNPS1 3’UTR and proteins. The method utilizes the RNA aptamer, MS2 tag, 

one of the most widely used tags. It is a viral RNA sequence of 19 nt length that folds 

into a hairpin loop structure. This loop structure is recognized by the MS2 bacteriophage 

coat RNA-binding protein with very high specificity and affinity. The MS2 is added to 

RNPS1 3’UTR, followed by co-expression of the MS2-tagged RNPS1 RNA along with the 

MS2 coat protein fused to a Flag tag. The MS2 RNP complex is purified using an antibody 

against Flag, and finally, the proteins bound to RNPS1 3’UTR were analyzed via mass 

spectrometry. Intriguingly, RNPS1 3’UTR was found to interact with several RBPs, 
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including heterogeneous nuclear ribonucleoprotein C (HNRNPC), interleukin enhancer-

binding factor 2 (ILF2) and ILF3. 

 

5.2 Materials and methods 

5.2.1 Construction of plasmids 

The plasmid vector pcDNA5-FRT-TO was a kind gift from Prof. Niels Gehring, University 

of Cologne, Germany. First, dtTomato was cloned in pcDNA5-FRT-TO using NheI and 

XhoI restriction sites. Second, 6X MS2 aptamer sequence were cloned in pcDNA5-FRT-

TO-dtTomato using XhoI and SalI restriction sites. Finally, RNPS1 3’UTR was cloned 

downstream of MS2 aptamer in pcDNA5-FRT-TO-dtTomato-MS2 using SalI and NotI 

restriction sites. Cloned gene sequences were further validated by Sanger sequencing. 

The plasmid vector PB-Cuo-MCS-IRES-GFP-EF1α-CymR-Puro-Flag-MS2 was a kind gift 

from Prof. Niels Gehring, University of Cologne, Germany.  

 

5.2.2 Transformation of recombinant vector 

For transformtion, please refer to Chapter 4, section 4.2.2. 

 

5.2.3 Cell culture 

For cell culture, please refer to Chapter 3, section 3.2.1. 

 

5.2.4 Generation of stable cells 

Flp-In T-REx-293 cells were seeded in 6-well plates. 24 hours after seeding, the cells 

were transfected with pcDNA5-FRT-TO-dtTomato-MS2-RNPS1 3’UTR and pOG44 (FLP 

recombinase). 48 hours after transfection, the cells were splitted 1:3 into new 6-well 

plates containing fresh medium supplemented with 150 μg/ml hygromycin B. Selection 

in hygromycin-containing medium was continued for approximately 3 weeks until single 

colonies were obtained. Single colonies were picked and expanded. These single stable 

cells were again seeded in 6-well plates. 24 hours after seeding, the cells were 

transfected with PB-Cuo-MCS-IRES-GFP-EF1α-CymR-Puro-FLAG-MS2 and Piggybac 
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transposase vector. 72hrs after transfection, the cells were splitted 1:3 into new 6-well 

plates containing fresh medium supplemented with 2μg/ml puromycin. Selection in 

puromycin-containing medium was continued for approximately 2 weeks until single 

resistant colonies became visible. Single colonies were picked and expanded to get 

double stable cell lines. 

 

5.2.5 RNA isolation  

Please refer to section Chapter 3, section 3.2.3. 

 
5.2.6 cDNA synthesis 

For cDNA synthesis of mRNA, please refer to Chapter 3, section 3.2.5. 

 
5.2.7 Quantitative real-time PCR 

For mRNA-specific qPCR, please refer to Chapter 3, section 3.2.7. 

I calculated fold enrichment of each RIP reaction from qPCR data.  

ΔCt [Normalized RIP] = Ct [IP] − Ct [Input]  

ΔΔCt [RIP/Control] = ΔCt [Normalized RIP] − ΔCt [Normalized control]  

Fold enrichment = 2(−ΔΔCt [RIP/Control]) 

 

5.2.8 Preparation of cell lysates 

Double stable Flp-In T-REx-293 cells were at first induced with tetracycline (final conc. 

1ug/ul) and next day, the cells were induced with cumate (final conc. 300ug/ml) and 

tetracycline. After 48 hours, the cells were washed twice with DPBS (Dulbecco's 

phosphate-buffered saline) and scraped from the cell culture dish in EJC buffer (20 mM 

HEPES-KOH (pH 7.9), 200 mM NaCl, 2 mM MgCl2, 0.2% Triton X-100, 0.1% Nonidet P40, 

0.05% Na-deoxycholic acid). Lysed cells were transferred to 1.5 ml eppendorf tubes on 

ice followed by sonication (15 cycles at 25% amplitude; 1 second ON, 4 seconds OFF). 
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The lysate was centrifuged at 13000 rpm for 10 min at 4°C and the supernatant was 

transferred to a new tube. 

 

5.2.9 RNP Immunoprecipitation 

The RNP immunoprecipitation was performed by incubating cell lysate with anti-FLAG-

M2 magnetic beads (Sigma-Aldrich) and incubated 5 hours in an overhead shaker at 4°C. 

After incubation, beads were washed four times with EJC buffer. After the last washing 

step, FLAG peptides were used to elute the bound protein.  

 

 5.2.10 Silver staining 

The SDS-PAGE gel was prepared using BIO-RAD mini gel cast system. The input and RNP 

IP samples were resolved on 10% SDS-PAGE gel in a vertical electrophoresis tank. After 

SDS-PAGE, the gel was shortly rinsed in water. Fixation solution (30% ethanol, 10% 

acetic acid, H2O) was added on the gel and incubated for 2 h with gentle shaking. The 

gel was then washed with gentle shaking with 30% ethanol 3x 10 min followed by 

washing gel with dest. water 2x 10 min. The gel was incubated with sensitizer solution 

(Sodium dithionite 25 mg/100 ml) for 1 min followed by washing gel with dest. water 2x 

1min. The staining solution (0.2% AgNO3, 3 μl/40 ml formaldehyde solution (36-38%)) 

was added on the gel and incubated for 25 min. The gel was washed with dest. water for 

1 min and developer solution (6% sodium carbonate, 4 μg/ml sodium thiosulfate, 

formaldehyde) was added and incubated for 2-3 min with gentle mixing. Finally stop 

solution (4% (w/v) Tris and 2% (v/v) acetic acid) was added before the protein bands get 

dark stained. 

 

5.2.11 Mass spectrometry 

Please refer to section Chapter 2, section 2.2.8. 
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5.3 Results 

5.3.1 Construction of double stable cells for interactome capture of RNPS1 

3’UTR 

Besides miRNAs, RBPs are other essential regulators of post-transcriptional gene 

regulation. Therefore, to isolate RBPs associated with RNPS1 3’UTR double stable cell 

lines were generated. The stable cell expresses both MS2-RNPS1 3’UTR and FLAG-

tagged MS2 coat protein. Double stable cells were generated using two types of 

systems: Flp-In T-REx system and PiggyBac transposon system. The Flp-In TREx system is 

designed to generate cell lines that stably express the gene of interest in an isogenic and 

inducible manner. As a result, this eliminates any variation in expression levels caused 

by the integration of the gene of interest into various sites of the chromosome. It also 

allows cells to be cultured without expressing the gene of interest, thereby averting 

probable harmful effects on cell growth. Furthermore, the expression level can be 

regulated to ensure expression of the desired gene at the near-physiological level, thus 

avoiding false RNA-protein associations resulting from over-expression. The PiggyBac 

transposon system is an efficient non-viral vector system for stable expression of the 

gene of interest. This system utilizes the transposon-mediated integration mechanism to 

“cut and paste” the desired gene into the genome of mammalian cells. It takes 

advantage of cabbage looper moth-derived PiggyBac transposon and is one of the most 

efficient transposons for modifying the mammalian genome. Moreover, the expression 

of proteins can be switched on or induced by adding small molecule cumate to the cells.  

 
A schematic outline of the generation of the double stable cell procedure used in this 

study is shown in Fig. 5.1. In order to construct MS2-RNPS1 3’UTR expression plasmid, I 

have used the vector pcDNA5/FRT/TO. It is a 5.1 kb expression plasmid designed for use 

with the Flp-In T-REx system. It contains FRT (Flp Recombination Target) site linked to 

the hygromycin resistance gene for Flp recombinase-mediated integration into the 

mammalian cells. Flp-In T-REx-293 cells were cotransfected with a vector expressing 
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tdTomato-MS2-RNPS1 3’UTR and pOG44 plasmid (Figure 5.1). Upon cotransfection, the 

Flp recombinase enzyme produced by pOG44 initiates a homologous recombination 

event between the FRT sites integrated into the genome and pcDNA5/FRT/TO such that 

the gene of interest and hygromycin resistance gene are inserted at the FRT site. The 

stable cells were selected using hygromycin and the expression of chimeric RNA, 

tdTomato-MS2-RNPS1 3’UTR, was validated via RT-PCR (Figure 5.2). These stable cells 

were further cotransfected with PiggyBac transposon vector containing FLAG-tagged 

MS2 coat protein and PiggyBac transposase (Figure 5.1). Upon transfection, transposase 

 

Figure 5.1: Schematic representation of generation of double stable cells. Flp-In T-REx-293 cells expressing 
simultaneously tdTomato-MS2bs-RNPS1 3’UTR and FLAG-MS2cp. MS2bs stands for MS2 binding site. Flp-
In T-REx-293 cells were cotransfected with a plasmid expressing tdTomato-MS2-RNPS1 3’UTR and pOG44 
plasmid. The stable cells were selected using hygromycin. These stable cells were further cotransfected 
with PiggyBac transposon vector containing FLAG-tagged MS2 coat protein and PiggyBac transposase. The 
stable cells were selected via puromycin resistance.  
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Identifies the inverted terminal repeat sequences (ITRs) on the transposon vector and 

successfully transfers the gene of interest from the vector into the TTAA chromosomal 

locations. The stable cells were selected via puromycin resistance and finally, the double 

stable cells express both tdTomato-RNPS1 3’UTR MS2 and FLAG-tagged MS2 coat 

protein. The negative control stable cells express tdTomato-MS2 and FLAG-tagged MS2 

coat protein. 

 

Figure 5.2: Validation of stable cells. Stable Flp-In T-REx-293 cells were induced with 1ug/ml of 
tetracycline. Stable cells were validated via RT-PCR using td tomato forward primer and RNPS1 3’UTR 
reverse primer (Lane 4). Lane 2 and 5 are non-RT control. UI stands for uninduced stable cells.  

 

5.3.2 MS2 tagged RNA affinity capture of RBPs 

Double stable cells were induced with doxycycline and cumate to express tdTomato-

RNPS1 3’UTR-MS2 and FLAG-tagged MS2 coat protein, respectively. A schematic outline 

of the immunoprecipitation–mass spectrometry procedure used in this study is shown 

in Fig 5.3. Next, lysates were prepared from the double stable cells for RNP-IP and the 

RBPs that associate with RNPS1 3’UTR in vivo were then captured by affinity purification 

using magnetic beads coated anti-FLAG antibody. A part of the IP complexes was used 

to isolate total mRNA transcripts pulled down, followed by qRT-PCR to determine the 

amount of RNPS1 3’UTR enriched in the RNP-IP assay. The other part of the IP was 

analyzed on an SDS-PAGE gel and bands were excised for mass spectrometry analysis. A 
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negative control RNP-IP was performed on stable cells expressing chimeric RNA 

tdTomato-MS2 without RNPS1 3’UTR. The qRT-PCR result revealed that RNPS1 3’UTR 

was dramatically enriched in the pulldown of stable cells expressing tdTomato-MS2bs-

RNPS1 3’UTR- compared to negative control stable cells (Figure 5.4B). Silver staining of 

the gel loaded with RNPS1 3’UTR-IP identified several bands (Figure 5.4A). These data 

demonstrate that chimeric RNPS1 3’UTR can be efficiently and specifically 

immunoprecipitated from cell extracts.  

 

Figure 5.3: Schematic representation of MS2 tagged RNA affinity capture of proteins bound to RNPS1 
3’UTR. RNPS1 3’UTR stable cells express tdTomato-MS2-RNPS1 3’UTR and FLAG-MS2cp, whereas control 
cells express tdTomato-MS2 and FLAG-MS2cp. Lysates were prepared from the double stable cells for 
RNP-IP and the RBPs that associate with RNPS1 3’UTR in vivo were then captured by affinity purification 
using magnetic beads coated anti-FLAG antibody. The IP was analyzed on an SDS-PAGE gel and bands 
were excised for mass spectrometry analysis. 
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Figure 5.4: Identification of RNPS1 3’UTR binding proteins by MS2-tagged RNA affinity purification. (A) 
Immunoprecipitation complexes from control and RNPS1 3’UTR stable cells were separated on 10% SDS-
PAGE and the PAGE gel was stained with silver staining. Control cells express tdTomato-MS2 and FLAG-
MS2cp, whereas RNPS1 3’UTR stable cells express tdTomato-MS2-RNPS1 3’UTR and FLAG-MS2cp (B) The 
enrichment of RNPS1 3’UTR in samples obtained after FLAG RNP IP was measured by qRT-PCR. The values 
represent mean±SEM (n=3). **P<0.01. 

 

5.3.3 Analysis of candidate RNPS1 3’UTR binding proteins 

Mass spectrometry analysis identified 148 unique proteins with a protein False 

Discovery Rate lower than 1% and log2 fold change ≥ 0.5 (Table 5.1). To determine the 

potential biological pathways associated with RNPS1 3’UTR interacting proteins, I 

performed enrichment analysis in the Gene Ontology (GO) domain “Biological Pathway” 

using FunRich tool. The study unraveled that RNPS1 3’UTR binding proteins were most 

significantly enriched in “Gene expression” processes (Figure 5.5). Further, “3’ UTR-

mediated translational regulation” is also one of the predominant processes in the GO 

analysis. These findings suggest that RNPS1 expression is probably regulated by many 

key regulators via its 3’UTR. Interestingly, proteins associated with RNPS1 3’UTR are also 

involved in “Influenza viral RNA transcription and elongation” processes (Figure 5.5). 

Along the same line, a previous meta-analysis of genome-wide studies has identified 

RNPS1 as one of the host cell factors essential for influenza virus infection [203].  
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Figure 5.5: Biological pathway category of RNPS1 binding proteins in Gene Ontology analysis by FunRich. 
The RNPS1 binding proteins were most highly enriched in gene expression (35.6%) followed by translation 
(18.8%) and 3'UTR-mediated translational regulation (17.8%). A significant number of proteins were also 
enriched in Influenza Viral RNA Transcription and Replication (17.8%).  

 

Figure 5.6: Cellular component category of RNPS1 binding proteins in Gene Ontology analysis by FunRich. 
The RNPS1 binding proteins were most highly enriched in cytoplasm (72.2%), followed by exosome 
(62.1%) and nucleus (59%). A significant number of proteins were also enriched in centrosome (46.2%) 
and nucleolus (46.9%).  
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Additionally, I performed enrichment analysis in the Gene Ontology (GO) domain 

“Cellular component”. RNPS1 mRNA binding proteins were mainly distributed in the 

cytoplasm, exosome and nucleus (Figure 5.6). Moreover, GO analysis unraveled that 

candidate RNPS1 binding proteins were significantly enriched in the centrosome, 

lysosome and mitochondrion compartments. These analyses suggest RNPS1 transcript 

binding proteins comprise key transport regulators and indicate possible cellular 

compartments in which RNPS1 transcript localizes.  

 

5.3.4 HNRNPC interacts with RNPS1 mRNA 

Among all candidate binding proteins, a few proteins were selected based on their 

functions in RNA metabolism. One of the candidate proteins is HNRNPC, albeit the log2 

fold change of HNRNPC was below 0.5. HNRNPC is a well-known RBP with functions in 

RNA splicing, RNA export, RNA stability, 3’end processing and translation. To confirm 

whether HNRNPC is indeed an RNPS1 binding factor, I immunoprecipitated FLAG-tagged 

HNRNPC from HEK 293 cell lysates and analyzed its interaction with RNPS1 mRNA. Flag-

HNRNPC was overexpressed in HEK293 cells and RNA-IP was performed from whole-cell 

lysates using anti-FLAG magnetic beads. qRT-PCR result shows that endogenous RNPS1 

mRNA was significantly enriched in FLAG-HNRNPC IP, thereby implying that HNRNPC 

associates with RNPS1 mRNA (Figure 5.7). It was previously demonstrated through RNA-

IP that HNRNPC associates with APP mRNA (Amyloid precursor protein). As expected, 

the APP mRNA was also detected in HNRNPC RNA IP in the current study (Figure 5.7). I 

also found many putative HNRNPC binding sites in the RNPS1 3’UTR by ‘RBPmap’, this 

suggests a possible direct interaction between RNPS1 mRNA and HNRNPC (Figure 5.8). It 

is intriguing to speculate that the binding of HNRNPC to RNPS1 mRNA probably 

modulates the stability, splicing or translation of RNPS1 mRNA. Taken together, these 

data show the reliability of the IP-MS strategy and confirm association of HNRNPC with 

RNPS1 mRNA. The analysis provides proof of concept that MS2-mediated pulldown of 

RNPS1 3’UTR could be used to screen proteins interacting with RNPS1 transcript in a 

physiological setting.  
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Figure 5.7: Verification of candidate RNPS1 3’UTR binding protein. RNA immunoprecipitation was 
performed with HEK293 cell lysates transfected with pCI-FLAG or pCI-FLAG-HNRNPC using FLAG antibody 
to enrich RNA bound to HNRNPC. The presence of APP and RNPS1 was detected by qPCR. APP mRNA 
served as positive control. *P<0.05, **P<0.01. 
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Figure 5.8: Putative binding sites of HNRNPC within RNPS1 3’UTR predicted via RBPmap. Position refers to 
the starting position of the HNRNPC binding site in the input sequence (RNPS1 3’UTR). The motif refers to 
the motif that is mapped to the query sequence (RNPS1 3’UTR). Occurrence displays the presence of the 
motif in the query sequence.   
 
Table 5.1: List of candidate RNPS1 3’UTR binding proteins from MS analysis. 

Gene Name Description Score Log2 

FC 

Queries 

Matched 

GPI Glucose-6-phosphate isomerase 207.36 3.2192 15 

KLHL41 Kelch-like protein 41 70.799 3.0059 11 

CSTA Cystatin-A 27.527 2.7133 2 

PGK1 Phosphoglycerate kinase 1 106.21 2.6164 12 

RPL13A 60S ribosomal protein L13a 46.911 1.8461 5 

CKB Creatine kinase B-type 323.31 1.8057 16 

RPL4 60S ribosomal protein L4 33.437 1.7826 8 

FKBP4 Peptidyl-prolyl cis-trans isomerase 92.897 1.7727 17 

PGAM1 Phosphoglycerate mutase 1 162.54 1.6863 9 

RPL22 60S ribosomal protein L22 6.4384 1.6826 2 

BAG5 BAG family molecular chaperone regulator 5 17.259 1.6508 5 

GDI2 Rab GDP dissociation inhibitor beta 73.143 1.635 14 

ALDH9A1 4-trimethylaminobutyraldehyde dehydrogenase 6.6876 1.5634 4 

RPL27 60S ribosomal protein L27 8.4243 1.5345 4 

CALR Calreticulin 264.02 1.5323 13 

ENO1 Alpha-enolase 211.21 1.5011 14 

U2AF1 Splicing factor U2AF 35 kDa subunit 32.904 1.4892 3 

ILF2 Interleukin enhancer-binding factor 2 55.794 1.4484 8 

PGD 6-phosphogluconate dehydrogenase 136.11 1.4297 12 

PDIA4 Protein disulfide-isomerase A4 111.48 1.4063 14 
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ADSS Adenylosuccinate synthetase isozyme 2 12.991 1.3858 4 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 312.96 1.3849 14 

LDHA L-lactate dehydrogenase A chain 59.569 1.3834 10 

MTHFD1 C-1-tetrahydrofolate synthase 105.12 1.3396 24 

TARS Threonine--tRNA ligase 60.083 1.3336 15 

EIF4A3 Eukaryotic initiation factor 4A-III 24.186 1.3172 11 

AGPAT1 1-acyl-sn-glycerol-3-phosphate acyltransferase alpha 28.586 1.2838 1 

TKT Transketolase 124.95 1.2805 16 

PPP1CC Serine/threonine-protein phosphatase 52.844 1.28 7 

LDHB L-lactate dehydrogenase B chain 129.09 1.2766 9 

EIF4A1 Eukaryotic initiation factor 4A-I 57.255 1.2588 15 

GANAB Neutral alpha-glucosidase AB 102.1 1.2567 18 

ST13 Hsc70-interacting protein 27.435 1.2559 5 

ETFA Electron transfer flavoprotein subunit alpha 22.525 1.1714 5 

RPL5 60S ribosomal protein L5 42.995 1.1521 5 

LCP1 Plastin-2 28.172 1.1463 11 

DLD Dihydrolipoyl dehydrogenase 13.544 1.1433 5 

VDAC1 Voltage-dependent anion-selective channel protein 1 116.19 1.1354 6 

API5 Apoptosis inhibitor 5 14.26 1.1313 5 

S100A9 Protein S100-A9 47.29 1.1223 3 

TPI1 Triosephosphate isomerase 149.9 1.1057 12 

RPL23A 60S ribosomal protein L23a 21.525 1.0753 3 

HSP90B1 Endoplasmin 238.74 1.0687 23 

PKM Pyruvate kinase PKM 323.31 1.0601 24 

IGF2BP1 Insulin-like growth factor 2 mRNA-binding protein 1 26.15 1.0554 9 

ALDOA Fructose-bisphosphate aldolase 110.38 1.0439 11 

NCL Nucleolin 123.84 1.0381 16 

SND1 Staphylococcal nuclease domain-containing protein 1 41.573 1.0336 11 

ACTN4 Alpha-actinin-4 168.56 1.02 26 

NSUN2 tRNA (cytosine(34)-C(5))-methyltransferase 44.164 1.0196 10 

JUP Junction plakoglobin 24.405 1.0052 9 

DDX39B Spliceosome RNA helicase DDX39B 75.249 0.9998 10 

CACYBP Calcyclin-binding protein 111.81 0.9959 9 

PFKP ATP-dependent 6-phosphofructokinase 114.28 0.9941 13 

RPLP0 60S acidic ribosomal protein P0 34.394 0.9924 7 
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RPL26 60S ribosomal protein L26 8.4212 0.9839 4 

ANXA6 Annexin A6 64.566 0.9746 10 

TRAP1 Heat shock protein 75 kDa 73.977 0.9735 15 

APEX1 DNA-(apurinic or apyrimidinic site) lyase 80.274 0.9715 7 

HNRNPL Heterogeneous nuclear ribonucleoprotein L 136.33 0.9623 11 

YWHAZ 14-3-3 protein zeta/delta 197.64 0.9549 11 

RPL27A 60S ribosomal protein L27a 17.498 0.9431 3 

TUFM Elongation factor Tu 52.299 0.9407 10 

HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3 34.951 0.9402 9 

FSCN1 Fascin 41.679 0.9394 8 

RPL15 60S ribosomal protein L15;Ribosomal protein L15 26.188 0.9363 9 

HSP90AB2P Putative heat shock protein HSP 90-beta 2 50.684 0.9149 8 

YWHAB 14-3-3 protein beta/alpha 242.06 0.9081 9 

RPL11 60S ribosomal protein L11 16.493 0.893 3 

RAB1A Ras-related protein Rab-1A 8.2647 0.8849 5 

CCDC97 Coiled-coil domain-containing protein 97 14.59 0.8801 4 

U2AF2 Splicing factor U2AF 65 kDa subunit 42.127 0.8624 6 

BSG Basigin 6.3922 0.8565 2 

YWHAH 14-3-3 protein eta 30.372 0.8555 5 

ACACA Acetyl-CoA carboxylase 1 23.434 0.8544 5 

MDH2 Malate dehydrogenase 58.18 0.8508 10 

HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 145.23 0.8335 12 

PSAT1 Phosphoserine aminotransferase 28.531 0.8327 9 

BAT3;BAG6 Large proline-rich protein BAG6 18.689 0.8292 5 

PTBP1 Polypyrimidine tract-binding protein 1 77.442 0.8234 6 

MAGED2 Melanoma-associated antigen D2 22.616 0.8204 2 

HNRNPH1 Heterogeneous nuclear ribonucleoprotein H 230.37 0.811 14 

KIAA1033 WASH complex subunit 7 6.1897 0.8087 3 

RPL3 60S ribosomal protein L3 61.735 0.808 11 

EIF2S3 Eukaryotic translation initiation factor 2 subunit 3 77.706 0.8073 8 

PRKCSH Glucosidase 2 subunit beta 168.56 0.8037 10 

DHX9 ATP-dependent RNA helicase A 180.95 0.8032 24 

DDX6 Probable ATP-dependent RNA helicase DDX6 20.613 0.7988 5 

AHSA1 Activator of 90 kDa heat shock protein ATPase homolog 1 32.245 0.7958 6 

G3BP1 Ras GTPase-activating protein-binding protein 1 56.906 0.7668 8 
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DLAT Dihydrolipoyllysine-residue acetyltransferase  14.174 0.7421 7 

AHCY Adenosylhomocysteinase 85.067 0.7397 13 

RPL35A 60S ribosomal protein L35a 4.768 0.7314 4 

RUVBL1 RuvB-like 1 230.86 0.7299 14 

CSE1L Exportin-2 154.71 0.7283 19 

HSP90AA1 Heat shock protein HSP 90-alpha 323.31 0.7162 31 

RAB11A Ras-related protein Rab-11A 15.335 0.7158 4 

ANP32A Acidic leucine-rich nuclear phosphoprotein 32 A 79.613 0.7103 8 

CTPS1 CTP synthase 1 92.619 0.7015 9 

ARHGEF10 Rho guanine nucleotide exchange factor 10 107.87 0.6874 17 

HNRNPR Heterogeneous nuclear ribonucleoprotein R 91.483 0.682 14 

POLR2A DNA-directed RNA polymerase II subunit RPB1 21.389 0.6716 7 

MYBBP1A Myb-binding protein 1A 34.009 0.666 12 

RPL23 60S ribosomal protein L23 28.332 0.664 6 

STIP1 Stress-induced-phosphoprotein 1 63.365 0.6618 16 

ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 85.469 0.6572 16 

SET Protein SET 323.31 0.6479 7 

DSP Desmoplakin 78.121 0.646 27 

PLS3 Plastin-3 51.822 0.6427 15 

TMPO Lamina-associated polypeptide 2 69.45 0.636 6 

ATP6V1B2 V-type proton ATPase subunit B, brain isoform 40.983 0.6311 6 

SRSF7 Serine/arginine-rich splicing factor 7 20.995 0.6287 4 

RPL18 60S ribosomal protein L18 47.041 0.6283 6 

YWHAE 14-3-3 protein epsilon 158.28 0.626 16 

RPL13 60S ribosomal protein L13 39.28 0.6137 5 

BLMH Bleomycin hydrolase 10.12 0.6073 4 

PDHB Pyruvate dehydrogenase E1 component subunit beta 22.666 0.6037 5 

DDOST Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase  

21.779 0.6007 7 

RPS17 40S ribosomal protein S17 9.9434 0.58 4 

EEF2 Elongation factor 2 323.31 0.5741 29 

DDX17 Probable ATP-dependent RNA helicase DDX17 91.108 0.5733 16 

RPS23 40S ribosomal protein S23 10.907 0.5687 4 

CAND1 Cullin-associated NEDD8-dissociated protein 1 71.342 0.5685 13 

HNRNPF Heterogeneous nuclear ribonucleoprotein F 124.62 0.5672 8 
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SAE1 SUMO-activating enzyme subunit 1 75.896 0.5663 5 

UBA1 Ubiquitin-like modifier-activating enzyme 1 135.09 0.5629 17 

POLR3C DNA-directed RNA polymerase III subunit RPC3 23.367 0.5621 4 

PAICS Multifunctional protein ADE2 68.055 0.5611 9 

HNRNPA2B

1 

Heterogeneous nuclear ribonucleoproteins A2/B1 211.19 0.561 16 

ANXA2 Annexin 26.244 0.555 8 

RDX Radixin 30.389 0.5541 12 

SSB Lupus La protein 74.392 0.5489 12 

EIF5A Eukaryotic translation initiation factor 5A-1 42.535 0.5461 6 

ILF3 Interleukin enhancer-binding factor 3 116.77 0.5411 14 

SFPQ Splicing factor, proline- and glutamine-rich 127.02 0.5405 16 

DSG1 Desmoglein-1 32.702 0.5366 8 

XPO1 Exportin-1 67.824 0.5357 14 

SUPT5H Transcription elongation factor SPT5 17.567 0.5326 5 

HNRNPM Heterogeneous nuclear ribonucleoprotein M 67.433 0.5323 22 

PA2G4 Proliferation-associated protein 2G4 183.71 0.5313 11 

PRMT1 Protein arginine N-methyltransferase 1 39.372 0.5277 9 

RPS7 40S ribosomal protein S7 156.5 0.5251 8 

EIF2S1 Eukaryotic translation initiation factor 2 subunit 1 16.709 0.5245 6 

DCD Dermcidin 4.2344 0.5082 2 

SRSF1 Serine/arginine-rich splicing factor 1 26.9 0.5057 7 

WDR61 WD repeat-containing protein 61 45.46 0.5006 5 

EEF1A2 Elongation factor 1-alpha 2 34.964 0.5001 12 

 

5.4 Discussion 

RNA-binding proteins play a crucial role in the complex regulation of genes and 

therefore, there is a growing interest in determining these proteins and how they affect 

gene expression. Several studies were conducted to identify RBPs by utilizing affinity 

purification. For instance, the Schroeder laboratory has used the streptomycin aptamer 

tag to validate many predicted sRNA-protein interactions, including 6S RNA/RNAP, 

CsrB/CsrA, or OxyS/Hfq [204]. Likewise, the aptamer tag approach was employed to 
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identify RBPs associated with the U1 small nuclear ribonucleoprotein particles (snRNP) 

[205, 206].  

 
In this chapter, I have used the interaction between MS2 RNA aptamer tagged RNPS1 

3’UTR and MS2 coat protein to screen proteins associated with RNPS1 mRNA in the cell. 

The MS2 aptamer interacts with high affinity with MS2cp with K values of 1-3 nM. This 

technique has the advantage of identifying protein-RNA interactions in cells. In 

comparison to in-vitro-based techniques, the expression of aptamer-tagged RNA inside 

the cell may have advantages. For example, transcription of RNA in the cell might be a 

prerequisite for the assembly of those RBPs that get deposited co-transcriptionally. 

Second, reversible formaldehyde cross-linking may be performed to trap transient RBPs 

that associate weakly or temporally with the tagged RNA. Additionally, the expression of 

aptamer-tagged RNAs can be used to visualize the spatial expression pattern of the RNA.  

 
The MS2 RNA aptamer was used successfully as an RNA affinity tag to isolate RBPs 

associated with RNPS1 3’UTR. A total of 148 candidate binding proteins were pulled 

down by affinity purification from HEK 293 cells. Our mass spectrometry results show 

that RNPS1 3’UTR can bind to a variety of proteins, including ILF2, ILF3, HNRNPC, and 

PTBP1. ILF2, also known as nuclear factor 45 (NF45), forms a stable heterodimer with 

ILF3 (also called NF90) and acts as a crucial regulatory factor in cellular processes, 

including transcription, splicing, mRNA stability, translation, cell proliferation, and 

apoptosis [207-210]. Intriguingly, recent studies report ILF2 as a key host protein that is 

required in the replication of viruses, including human immunodeficiency virus type 1 

(HIV-1) and hepatitis virus [211-213]. In the same line, our gene ontology analysis 

showed that RBPs bound to RNPS1 3’UTR play a role in influenza virus infection. 

Previous studies determined that RNPS1 interacts with nucleoprotein of Influenza A 

Virus (H7N9) and RNPS1 is plausibly involved in the replication process of influenza virus 

[214, 215].  

 

TH-3015_156106047



Chapter 5 
 

121 
 

Conclusively, this approach captured the protein interactome profile of RNPS1 mRNA. 

Gene ontology analysis demonstrated that the identified proteins have diverse functions 

inside the cell. The association of RNPS1 3’UTR with regulatory proteins identified in this 

study provides a new direction for future studies on the regulation of RNPS1.  
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Summary and Future Perspective 

Since the discovery of split genes in eukaryotes, it has been known that a single gene 

can generate many mRNA and protein isoforms via the process of alternative splicing. 

This explains how the human genome can encode more than 100,000 proteins while 

only having about 24,000 protein-coding genes. Mapping alternate exons onto protein 

structures unraveled that they encode surface regions or loop regions crucial for 

protein-protein interactions. As a result, alternative splicing is a critical mechanism 

during cellular signaling and regulation of cell-type-specific functions. 

 
Several studies have indicated that perturbations in alternative splicing contribute to 

tumor progression. Cancer cells exploit the process of alternative splicing to generate 

advantageous protein isoforms that drive oncogenesis. To this end, dysregulation in 

splicing contributes to all the hallmarks of cancer, including sustained proliferation, 

migration, invasion, angiogenesis, and evasion of apoptosis. In recent years, we have 

begun to understand that most tumor-related splicing modifications are due to changes 

in particular components of the splicing machinery.  

 
In my first piece of work, I identified for the first time that RNPS1, a global guardian of 

splicing fidelity, is involved in the survival, migration, and invasion of cervical cancer 

cells. RNPS1 is a well-known constitutive and alternative splicing activator. Importantly, 

recent studies revealed the critical role of RNPS1 in maintaining transcriptome integrity 

by masking the usage of pseudo-splice sites. However, the pathophysiological 

significance of RNPS1 is poorly studied. In silico analysis of publicly available TCGA 

dataset unveiled interesting finding. The expression of RNPS1 was higher in cervical 

carcinoma samples compared to normal tissue. Consistently, the level of RNPS1 was 

significantly higher in cervical cancer cells compared to the normal cell line. This 

alteration in the expression of RNPS1 in cervical cancer provided a rationale to 

investigate the possible role of RNPS1 in cancer. 
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Interestingly, knockdown of RNPS1 in cervical cancer cells, HeLa and SiHa, reduced the 

migration and invasion of cervical cancer cells. I wondered if RNPS1 exerts its effect by 

modulating the splicing of cancer-associated genes. Using RNA-Sequencing analysis, I 

identified that RNPS1 facilitates the generation of cancer-specific splice isoforms of 

genes involved in cell migration and invasion events. Our results showed that RNPS1 is 

involved in the alternative splicing of components of Rho GTPases, including Rac1 and 

RhoA. Rho GTPases play a central role in cancer cell migration, invasion and cell polarity 

by modulating the cytoskeletal dynamics and cell adhesion. RhoA expression levels in 

tumors have been found to be drastically higher than the surrounding normal tissue; 

particularly high level of RhoA expression was found in the metastatic region. 

Overexpression of RhoA in cervical cancer is associated with increased migration and 

proliferation. It is well known that the expression of RhoA is transcriptionally regulated; 

however, so far, there is no evidence that RhoA overexpression in cancer cells is 

mediated by alternative splicing. In this study, I have found that RNPS1 switches 

alternative splicing of the RhoA transcript from a non-coding isoform to the major, 

translatable isoform, thus resulting in an increase in RhoA protein levels in cervical 

cancer cells.  

 
Additionally, I have shown that RNPS1 regulates the splicing switch of Rac1 and favors 

the formation of pro-tumorigenic isoform Rac1b. Rac1b differs from Rac1 by harboring 

an extra exon 3b, rendering it constitutively active. The inclusion of exon 3b leads to an 

in-frame insertion of 19 amino acid residues in the proximity of the switch II domain, a 

regulatory region of GTPase. Consequently, Rac1b is mainly present in the active GTP-

bound state due to its inability to interact with Rho-GDI. Furthermore, previous studies 

showed that Rac1b is overexpressed in multiple cancers and promotes cell survival and 

cell proliferation via NFκB signaling. In accordance with this, our data also showed that 

RNPS1 provides growth and survival advantage to cervical cancer cells plausibly by 

regulating the expression of Rac1b, RhoA, and other essential genes. Further, I have 

determined that RNPS1 is also involved in the alternative splicing of WDR1, a protein 

associated with migration and metastasis. RNPS1 controls the switch between the full-
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length isoform of WDR1 and the truncated isoform termed WDRΔ35 that lacks exons 

three, four and five. Finally, I also show that RNPS1 confers chemoresistance against the 

drug doxorubicin in cervical cancer cells. This is the first study to provide detailed 

molecular insights into the role of RNPS1 in cancer, particularly cervical cancer. 

 
In the second piece of work, I elucidated the mechanism of how RNPS1 is dysregulated 

in cervical cancer cells and discovered that RNPS1 is subjected to post-transcriptional 

gene regulation via miR-6893-3p. I found that miR-6893-3p expression is downregulated 

in cervical cancer cells and an inverse correlation was observed between miR-6893-3p 

and RNPS1 expression in cervical cancer cells. I hypothesized that the negative 

correlation of expression between miR-6893-3p and RNPS1 levels might suggest a 

regulatory role for miR-6893-3p in RNPS1 expression. The results showed that miR-

6893-3p negatively regulates RNPS1 by binding to the microRNA response element in 

the 3’UTR of RNPS1. Further, the targeted negative regulation of RNPS1 by miR-6893-3p 

occurs via enhanced mRNA decay.  

 
In the third project, MS2 tagged RNA affinity purification was performed to pull down 

the protein interactome profile of RNPS1 3’UTR. This approach identified several novel 

regulatory proteins, including ILF2, ILF3, HNRNPC, and PTBP1. Developing an atlas of all 

the protein interactome within RNPS1 mRNA would help us identify the “central 

protein” that can be critical for regulating RNPS1. However, the functional role of the 

interaction between these regulatory proteins and the RNPS1 transcript was not 

explored in this study due to the time limitation. Further work would enable the 

characterization of this functional interaction in cells, which may unveil an additional or 

complementary mechanism for the regulation of RNPS1 by regulatory proteins.  
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Appendix I 

List of primers used in this study. 

Oligo Sequence (5' --3') Purpose 

ANAPC5 FP GCCCAGTTATGGATGCTATGT qPCR 

ANAPC5 RP GCTATTGAGAGCTGTGATTCCT qPCR 

ANAPC7 FP TGACCCAAAGGCCAGATTAC qPCR 

ANAPC7 RP CGTTCCTCAGCAAAGCAATTC qPCR 

APP FP GCCAAAGAGACATGCAGTGA qPCR 

APP RP AGTCATCCTCCTCCGCATC qPCR 

beta-actin FP CTGTACGCCAACACAGTGCT qPCR 

beta-actin RP GCTCAGGAGGAGCAATGATC qPCR 

Caspase 1 FP CTGCTCTTCCACACCAGATAAT qPCR 

Caspase 1 RP TTTCCTCCACATCACAGGAAC qPCR 

Caspase 4 FP AAGAGAAGCAACGTATGGCAGGAC qPCR 

Caspase 4 RP GGACAAAGCTTGAGGGCATCTGTA qPCR 

Cathepsin V FP TGGAAGGCAACACACAGAAG qPCR 

Cathepsin V RP GAAGCCATGTTTCCCTTGG qPCR 

CDKN2B FP GAATGCGCGAGGAGAACAA qPCR 

CDKN2B RP CATCATCATGACCTGGATCGC qPCR 

FGF2 FP GCGACCCACACGTCAAACTA qPCR 

FGF2 RP CTTAGAAGCCAGCAGCCG qPCR 

JAK3 FP GAATCCCTCTCGGACAACATC qPCR 

JAK3 RP TTTGTCGCAGTAGGTGAAGAG qPCR 

MAPK8 FP GACGCCTTATGTAGTGACTCGC qPCR 

MAPK8 RP TCCTGGAAAGAGGATTTTGTGG qPCR 

MDM4_FL FP GATGCTGCTCAGACTCTCGC qPCR 
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MDM4_FL RP TGCACTTTGCTTCAGTTGGTC qPCR 

MDM4_S FP GCCACTGCTACTACAGCAAAG qPCR 

MDM4_S RP TCTGAGGTAGGCAGTGTGGG qPCR 

miR-6893-3p FP CCTGCTGCCTTCACCT qPCR 

miR-6893-3p RP GGTCCAGTTTTTTTTTTTTTTTCTGGC qPCR 

NOTCH1 FP GACCTCCCCAACACCTACAA qPCR 

NOTCH1 RP TGACATCCCCCTCACAGC qPCR 

RAC1 FP TGATGCAGGCCATCAAGTGT qPCR 

RAC1 RP AGAACACATCTGTTTGCGGAT qPCR 

RAC1B FP AAGACAAGCCGATTGCCGAT qPCR 

RAC1B RP GACCCTGCGGATAGGTGATG qPCR 

RHOA FP CATCGACAGCCCTGATAGTTTAG qPCR 

RHOA RP TCTTATTCCCAACCAGGATGATG qPCR 

RNPS1 3'UTR FP ACCCATGGTAGTTGCTGCTC qPCR 

RNPS1 3'UTR RP AGCTGGCTCTCCACTCACTC qPCR 

RNPS1 FP TCCCGCTCCAAATCCAAACC qPCR 

RNPS1 RP CGGGTGAGTCTCCCAATGTG qPCR 

TIMP3 FP CTGACAGGTCGCGTCTATGA qPCR 

TIMP3 RP GGCGTAGTGTTTGGACTGGT qPCR 

Total MDM4 FP AGGTGCGCAAGGTGAAATGT qPCR 

Total MDM4 RP CCATATGCTGCTCCTGCTGAT qPCR 

WDR1 FP TGCTTGGACTGAAGACAGTAAG qPCR 

WDR1 RP GTAATCTCGCCCACAGAAGAG qPCR 

WDR-del35 FP AAGGAACATCGACGACCACA qPCR 

WDR-del35 RP GATGTATATCTGGCCGTCAGC qPCR 

MDM4 SPLICE VARIANT 

FP 

TGTGGTGGAGATCTTTTGGG RT-PCR 

MDM4 SPLICE VARIANT GCAGTGTGGGGATATCGT RT-PCR 
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RP 

RAC1 SPLICE VARIANT FP TGCCAATGTTATGGTAGATGG RT-PCR 

RAC1 SPLICE VARIANT RP TGGGAGTCAGCTTCTTCTCC RT-PCR 

tdTomato FP CCAAGCTGAAGGTGACCAAG RT-PCR 

tdTomato RP CGCGCATCTTCACCTTGTAG RT-PCR 

pMirGlo mir-6893 

mutant FP 

ATTTGCAGGCGATAGGCAGCACCC Site-directed 

Mutagenesis 

pMirGlo mir-6893 

mutant RP 

CCTGCCAGAGTCAAGGGT Site-directed 

Mutagenesis 
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Appendix II 

List of antibodies used in this study. 

Antibodies Company Identifier 

Caspase 4 Santa cruz sc-56056 

GAPDH CST 3683S 

MMP9 CST 3852 

N-Cadherin CST  CST-13116T  

P-STAT3 Invitrogen 44-384G 

Rac1b Sigma 09-271 

RhoA CST  CST-2117T 

STAT3 CST 9132 

Tubulin Sigma T6074 
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Appendix III 

List of proteins identified by mass spectrometry from induced Rosetta lysate 

transformed with empty pHis_TEV parent vector. 

Gene 

Name 

Description Score Queries 

Matched 

Rho Transcription termination factor Rho OS=Escherichia 

coli 

429.98 42 

ENO Enolase OS=Escherichia coli 375.78 34 

SHMT Serine hydroxymethyltransferase OS=Escherichia coli 364.15 31 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase A 

OS=Escherichia coli 

306.4 30 

TALDO1 Transaldolase B OS=Escherichia coli 237.9 28 

IscS Cysteine desulfurase IscS OS=Escherichia coli 92.44 15 

RpoA DNA-directed RNA polymerase subunit alpha 

OS=Escherichia coli 

227.69 19 
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List of proteins identified by mass spectrometry from induced Rosetta lysate 

transformed with pHis_TEV_RNPS1 vector. 

Gene 

Name 

Description Score Queries 

Matched 

Rho Transcription termination factor Rho 

OS=Escherichia coli 

403.96 34 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase A 

OS=Escherichia coli 

285.22 34 

RNPS1 RNA-binding protein with serine-rich domain 1 

OS=Homo sapiens 

246.77 27 

ENO Enolase OS=Escherichia coli 213.2 23 

IscS Cysteine desulfurase IscS OS=Escherichia coli 84.08 23 

SHMT Serine hydroxymethyltransferase OS=Escherichia 

coli 

163.78 22 

RpoA DNA-directed RNA polymerase subunit alpha 

OS=Escherichia coli 

200.31 20 

TALDO1 Transaldolase B OS=Escherichia coli 119.35 20 
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Appendix IV 
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Figure A4.1. RNA-Seq data analysis and statistics. (A) The graph shows the mean quality score of RNA-Seq 
data. In high quality sequence data this is expected to be above 30. This shows the quality of the data is 
good. (B) The graph shows the distribution of average read quality score of RNA-Seq data. (C) The graph 
shows the percentage of base calls at each position for which an indistinguishable base was called in RNA-
Seq data. In high quality sequence data this is expected to be close to zero. (D) Principal-component 
analysis showing distinct overall gene expression profiles between wild type and RNPS1 knockdown 
samples.   
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List of Publications 
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Conferences and Workshops attended 

Presentations (poster and oral) in conferences 

1. Deka B, Singh KK. Elucidating the role of microRNA and RBP-mediated modulation of 

RNPS1 gene expression. Research Conclave’19, Indian Institute of Technology 

Guwahati. (Poster presentation). 

2. Deka B, Singh KK. Understanding the Role of RNA-binding proteins in the Post-

transcriptional regulation of RNPS1 gene. 1st Departmental Retreat (Biotech 

Express) organized by Department of Biosciences and Bioengineering, Indian 

Institute of Technology Guwahati, 2019 (Oral presentation). 

3. Deka B, Chandra P, Singh KK. RNPS1 functions as an oncogenic splicing factor in 

cervical carcinoma. 41st Annual conference of the Indian Association for Cancer 

Research 2022, Amity University. (Poster presentation). 

4. Deka B, Rehman A, Singh KK. Understanding the Role of microRNAs in the Post-

Transcriptional Regulation of RNPS1 gene. Cold Spring Harbor meeting: Regulatory & 

Non-Coding RNAs 2022. (Poster presentation). 

5. Deka B, Rehman A, Singh KK. Understanding the Role of microRNAs in the Post-

Transcriptional Regulation of RNPS1 gene. North-East Research Conclave, IIT 

Guwahati 2022. (Poster presentation). 

6. Deka B, Chandra P, Singh KK. RNPS1 functions as an oncogenic splicing factor in 

cervical cancer cells. 11th RNA Group Meeting 2022, NCCS Pune. (Poster 

presentation). 

 

Workshops attended 

1. Deka B. Participated in three-day Flow Cytometry workshop on “Flow Applications in 

Basics, Applied and Clinical Biology”, organized by Indian Institute of Technology 

Guwahati and Dr. B. Borooah Cancer Institute, Guwahati. 2016. 
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2. Deka B. Participated in three-day workshop on “Genome/Transcriptome Sequence 

Analysis”, organized by ADBS and IBAB, Bangalore, 2019. 
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