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ABSTRACT 

Sadrpour, Parisa. M.S., Department of Biochemistry and Molecular Biology, Wright State 

University, 2022. The role of PI4KB in cellular localization of small GTPases 

Constitutively active oncogenic mutant K-Ras is one the principal contributors to human 

cancers including 90% of pancreatic, 50% of colorectal and 32% of non-small cell lung cancers. 

However, except for K-Ras G12C oncogenic mutant, which only presents in about 13% of non-

small cell lung cancer patients, there is no anti-K-Ras therapy for a considerable subset of K-Ras 

mutations in human tumors, reflecting challenges for targeting oncogenic K-Ras activity.  

K-Ras is a membrane-bound small GTPase; when active, it triggers multiple signaling 

pathways regulating a variety of key cellular functions such as cell growth, proliferation and 

survival. To initiate these signaling cascades, K-Ras must localize to the plasma membrane (PM), 

where gets activated by guanine-nucleotide exchange factors and interact with its downstream 

effectors.   Based on this dependency of K-Ras localization to the PM for its biological activity, 

removing K-Ras from the PM has been suggested as an anti-K-Ras approach. The exact 

mechanism of K-Ras interaction with the PM is not fully elucidated. Extensive studies have shown 

a specific preference of K-Ras for interacting with phosphatidylserine (PS), an acidic phospholipid 

in the inner PM leaflet, and decrease in the PS contents dissociates K-Ras from the PM and blocks 

K-Ras signaling.  

Towards our goal of targeting the PM/K-Ras interaction, our recent study has indicated 

that phosphatidylinositol 4-kinase III (PI4KB), which converts PI to PI 4-phosphate at the Golgi 

complex, is involved in the PM enrichment of PS and K-Ras. We found that upon PI4KB 

inhibition, K-Ras and PS redistribute from the PM to mitochondria and other endomembranes, 

respectively. The aims of this dissertation are to 1) characterize PI4KB as an anti-K-Ras target in 

human pancreatic cancer cell lines expressing oncogenic mutant K-Ras, and 2) assess the 

mechanism of K-Ras translocation to mitochondria upon PI4KB inhibition. Our proliferation assay 

data demonstrate that chemical inhibitors for PI4KB reduced the growth of human pancreatic 
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cancer cells harboring oncogenic mutant K-Ras, but not wild-type K-Ras. These data suggest that 

PI4KB could be a target for treating human pancreatic cancers.  

In the second aim of the study, we sought to elucidate whether the polybasic domain (PBD) 

of K-Ras is involved in mitochondrial translocation of K-Ras in PI4KB inhibited cells. K-Ras is 

distinct from the other Ras isoforms, H-Ras and N-Ras, for its PM targeting signal. While H- and 

N-Ras bind the PM via the C-terminal prenyl and palmitoyl lipid moieties, K-Ras binds the PM 

through the C-terminal prenyl lipid moiety and PBD made of hexa-Lys residues. Also, the PBD 

electrostatically interacts with the PM PS, and depleting PM PS content dissociates K-Ras from 

the PM. Our data show that PI4KB inhibition translocates K-Ras, but not H -Ras, to mitochondria. 

Thus, we propose that K-Ras PBD is involved in translocation to mitochondria upon PI4KB 

inhibition. To test this, we examined the mitochondrial localization of four small GTPases 

containing PBD in PI4KB-inhibited cells: Rac1, RalA, Arl4a and Arl4c. Our data demonstrate that 

PI4KB inhibition promotes mitochondrial translocation of RalA, which has a closer sequence and 

structure to K-Ras compared to the other three small GTPase, even though K-Ras and RalA use 

different prenyl groups for the PM anchoring.   

Taken together, here we identified PI4KB as a possible therapeutic candidate for treating 

human pancreatic cancers harboring oncogenic mutant K-Ras. Moreover, different observations 

made for the effect of PI4KB inhibition on the localization of four small GTPases containing PBD 

indicate that PBD-mediated PM anchoring is not a deceptively simple electrostatic interaction, 

which only is based on positive charges provided by PBD. Although further studies are needed to 

explore the exact mechanism of this interaction, we propose that in addition to positive charges, 

primary sequences of PBD, and intramolecular interactions (non-covalent bonds) also play roles. 

Moreover, it is feasible to consider the possibility that the membrane localization of small GTPase 

is also regulated by their effector proteins, where they recruit to and/or stabilize the membrane 

localization of small GTPases. 
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I. Introduction 

 

1.1  Ras superfamily of small GTPases 

The Ras superfamily of small GTPases including over 150 family members, which are 

divided into 5 subfamilies: Ras, Rho, Rab, Arf, and Ran. This classification is based on their 

sequences, structural similarities and cellular functions (Gerwert, Mann, & Kotting, 2017; Gray, 

von Delft, & Brennan, 2020; Matos, 2021).  

 

1.2  Small GTPases structure and function 

Small GTPases regulate a wide range of cellular processes such as gene expression, cell 

proliferation, differentiation, actin cytoskeleton remodeling, vesicular trafficking, and nuclear 

transport (Arrazola Sastre et al., 2020; Gray et al., 2020; Qu et al., 2019; Takai, Sasaki, & 

Matozaki, 2001).  Small GTPases, as defined by their name, can bind to a guanosine triphosphate 

(GTP) and intrinsically hydrolyze it to guanosine diphosphate (GDP) (Qu et al., 2019; Rojas, 

Fuentes, Rausell, & Valencia, 2012) through the N-terminal G-domain made of about 170 amino 

acid residues (Reiner & Lundquist, 2018). In the G-domain, as shown in Figure 1, there are five 

conserved sequences of polypeptide loops (G-Box; G1-G5) responsible for GTP binding, and the 

major conformational changes occur in Switch I and Switch II regions required for the effector 

binding and GTP hydrolysis (Cherfils & Zeghouf, 2013; Toma-Fukai & Shimizu, 2019). 
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Small GTPases switch between active GTP-bound and inactive GDP-bound states. For this 

nucleotide exchange and cycling between active/inactive forms, small GTPases need to directly 

interact with three group of molecules: first, guanine nucleotide exchange factors (GEFs), which 

induce conformational changes of guanine nucleotide-bound small GTPases, resulting in 

dissociating the guanine nucleotide and stimulating GTP binding. Second, GTPase-activating 

proteins (GAPs), which catalyze the intrinsic GTP hydrolysis activity of small GTPases, instantly 

converting to the GDP-bound inactive state. Third, GDP-dissociation inhibitors (GDIs), which 

keep GDP-bound small GTPases in inactive form in cytosol and away from the plasma membrane 

for their activation (Arrazola Sastre et al., 2020; Cherfils & Zeghouf, 2013; Phuyal & Farhan, 

2019; Toma-Fukai & Shimizu, 2019).  

All GTPases share highly conserved regions in their G-domain which contains multiple 

nucleotide binding motifs (G1-G5). In contrast, they are distinguished by variable region in 

membrane targeting motif (MT) located at the C-terminal of the protein except for Arf subfamily 

that their N-terminus is also involved in membrane targeting. Figure adapted from (Neely & Hidalgo, 

2014). 

Figure 1- Schematic representation of the general structure of Ras superfamily of small 

GTPases. 
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1.3 Ras small GTPases  

Ras proteins belong to Ras subfamily of small GTPases; in mammalian, there are three Ras 

isoforms: K-Ras (Kirsten rat sarcoma), H-Ras (Harvey rat sarcoma), N-Ras (Neuroblastoma RAS 

viral oncogene homology); where for K-Ras there are two splicing variants arise from alternative 

RNA splicing at the fourth exon (K-RAS4A and K-RAS4B) (K. Chen, Zhang, Qian, & Wang, 

2021; Hobbs, Der, & Rossman, 2016). Since K-Ras4B is the splice variant predominantly 

expressed in many tissues (Hancock, 2003; Hobbs et al., 2016; Spencer-Smith & O'Bryan, 2019), 

K-Ras4B, referred to K-Ras hereafter, has been studied extensively. 

H-Ras was the first human oncogene discovered in 1982 (Cox & Der, 2010); soon after, 

other Ras isoforms (N-Ras and K-Ras), were identified. To date, Ras proteins are considered as 

one of major cancer drivers with the rate of about 19% for all human cancers. Among Ras proteins, 

K-Ras is the most frequently mutated isoforms (K. Chen et al., 2021), found in almost 90% of 

pancreatic ductal adenocarcinoma (PDAC), 32% non-small cell lung adenocarcinoma (NSCLC) 

and 50% of colorectal adenocarcinoma (CRC) (Prior, Hood, & Hartley, 2020). 

 

1.4  Ras signaling  

Under basal physiological conditions, cell surface receptors that are stimulated by 

extracellular signaling activates Ras at the PM, resulting in stimulation if a wide range of Ras 

signaling pathways (Figure 2). The Ras-RAF-MEK-ERK is the first recognized Ras signaling 

pathway and it is a central regulator of cell growth, differentiation and apoptosis (Castellano & 
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Downward, 2011); activation of RAF (a protein serin/threonine kinase) by activated Ras results in 

activation of MEK 1 and 2, which are mitogen-activated protein kinase (MAPK) kinases. MEK, 

in turn activates MAPKs, such as extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2) 

(Bhattacharjee & Gurung, 2015). Another well-studied Ras signaling pathway is PI3K/AKT, 

which has a role in cell cycle progression and survival (Castellano & Downward, 2011). Another 

Ras downstream effector is RAL guanine nucleotide dissociation stimulator (RALGDS), which is 

implicated in cell differentiation, apoptosis(Moghadam et al., 2017) and endosomal trafficking(J. 

K. M. Lim & Leprivier, 2019). Lastly, phospholipase Cε (PLCε) is involved in protein kinase C 

(PKC) activation which has a role in cell motility. The other effect of PLCε is  stimulation of Ca2+    

signaling (J. K. M. Lim & Leprivier, 2019). 

 

 

 

 

 

 

  

Figure 2- Activation of RAS at the plasma membrane leads to trigger multiple 

signaling pathways, through interactions with different downstream effectors. 

 
Upon stimulation of receptors tyrosine kinase (RTK), Src homology 2 domain 

containing transforming protein (SHC) and growth factor receptor-bound protein 2 

(GRB2) recruit GEF to the PM where facilitate nucleotide exchanges and activation 

of Ras. This leads to initiation of signaling cascades through activation of downstream 

effectors. Figure adapted from (J. K. M. Lim & Leprivier, 2019). 
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1.5 Activating point mutation of Ras and hotspots in human cancers 

Point mutations at amino acid residues G12, G13, and Q61 have been shown as well-

characterized hotspots for Ras in cancers. These residues are located near the nucleotide-binding 

site and switch regions involved in conformational changes upon GTP binding, and thereby 

selective interactions with effectors (Figure 1) (Neely & Hidalgo, 2014). The amino acid 

substitution at aforementioned residues interferes the stable interaction of Ras with GAPs, which 

causes prolonged Ras GTP binding, resulting in enhanced Ras/effector interaction and ultimately 

upregulation of Ras downstream signaling pathways and oncogenic transformations in cells (Eser, 

Schnieke, Schneider, & Saur, 2014; Munoz-Maldonado, Zimmer, & Medova, 2019).   

 

1.6  Ras isoform structures and trafficking  

Similar to other small GTPases, all three Ras isoforms (H-, N- and K-Ras) are almost 

identical in their G-domain, which is responsible for the catalytic activity of the protein. In contrast, 

these isoforms differ in the C-terminal hypervariable region (HVR), which plays a role in 

membrane targeting (Figure 3). In HVR, there is a tetrapeptide motif called CAAX (C, cysteine; 

A, aliphatic amino acid; X, any amino acid). The CAAX motif undergoes a number of post-

translational modifications including prenylation, proteolysis and methylation(Cox et al., 2015). 

After the synthesis in the cytosol, the Cys residue of CAAX motif undergoes an obligatory and 

irreversible step of farnesylation, an attachment of a 15C farnesyl lipid moiety by 

farnesyltransferase (FTase). This event allows the association of Ras proteins with endoplasmic 

reticulum (ER), where the next step of modification occurs; in the ER, RAS-converting enzyme 1 
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(RCE1), a farnesylcysteine-directed endoprotease, cleaves the AAX motif.  Lastly, the 

farnesylated Cys gets methylesterified by isoprenylcysteine carboxyl methyltransferase (ICMT) 

(Cox et al., 2015; Prior & Hancock, 2012). After the post-translational modifications, H-Ras, N-

Ras, and K-Ras4A traffic from ER to Golgi and then to the PM. However, the mechanism through 

which K-Ras4B translocates from the ER to the PM is not fully understood (Apolloni, Prior, 

Lindsay, Parton, & Hancock, 2000; Magee & Marshall, 1999). 

Since farnesylation was identified as the first required step for Ras PM localization and 

activity, FTase inhibitors were developed as anti-Ras drugs. However, despite promising results 

in pre-clinical study phases of H-Ras-driven cancers, these inhibitors failed to inhibit K-Ras 

activity in cancer patients in clinical trials. This unexpected failure was led to discovering another 

feature of K-Ras; it turned out that upon FTase inhibition, N-Ras and K-Ras4B (in contrast to H-

Ras and K-Ras4A) alternatively get geranylgeranylated by geranylgeranyltransferase I (GGTase 

I) and the 20C geranylgeranyl lipid moiety is sufficient for the PM localization of K-Ras4B in the 

absence of FTase (Cox et al., 2015). 

Ras protein contains two PM targeting signals: the first signal, which is common in all Ras 

isoforms is the farnesyl lipid moiety at the Cys in CAAX motif. The second signal, which is distinct 

for each Ras isoform, involves the palmitoylated Cys 181 and 184 in H-Ras and Cys 181 for N-

Ras, while K-Ras4B contains polybasic domain (PBD) made of a series of Lys residue as the 

second signal (Kattan et al., 2019; Zhou & Hancock, 2018) .   
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K-RAS4B is distinguished from other isoforms, due to the presence of PBD, which confers 

an additional affinity towards negatively charged plasma membrane (PM) via electrostatic 

interactions.  

Figure 3- Hypervariable region of Ras isoforms.  

 
Unlike high levels of similarities in G-domain, Ras isoforms are highly divergent 

in their membrane targeting motif, known as hypervariable region or HVR, in the C-

termina. In HVR, CAAX motif (shown in pink box) undergoes different post-translational 

modifications, including prenylation of Cys residues which provides the first signal for 

the membrane targeting; the second signal is isoform-specific for H-/N-Ras and K-Ras4A 

splice variant includes additional palmitoylation of Cys residues (shown in green). 

However, for K-Ras unlike other isoforms, there is no palmitoylation in this region, 

instead PBD of K-Ras4B composed of six Lys residue, account as second signal. Figure 

adapted from (Cox, Der, & Philips, 2015).   
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Among all Ras isoforms, the PM anchoring of K-Ras4B is a matter of utmost importance 

in different aspects; first, it is the most frequently mutated cancer-related Ras isoform, and 

secondly, K-Ras4B as the only non-palmitoylated PBD-containing isoform uses a complex 

combinational membrane anchor compromised of PBD and prenyl group (can be either farnesyl 

or geranylgeranyl) (Abdelkarim et al., 2019; Prior & Hancock, 2001; Zhou & Hancock, 2018). 

 

1.7 Perturbing K-Ras localization to the PM as an approach for blocking 

K-Ras activity  

There are different strategies reported to prevent K-Ras activity; one of them is to prevent 

Ras-GTP formation by inhibiting Ras interaction with GEFs. Another approach is to inhibit Ras 

downstream effectors; for example, inhibiting the MAPK and PI3K/AKT signaling pathways. 

Another approach is to lock K-Ras in the GDP-bound inactive conformation. Lumakras 

(sotorasib), which recently approved by FDA, directly binds to the GDP-bound inactive K-Ras 

G12C mutant and form a covalent bond to the mutant Cys, resulting in blocking its oncogenic 

signaling (Canon et al., 2019; Ostrem, Peters, Sos, Wells, & Shokat, 2013). However, only about 

13% of NSCLC patients harboring oncogenic mutant K-Ras have the G12C point mutation and 

still a vast majority of K-Ras mutations are remained undruggable (K. Chen et al., 2021). Lastly, 

since Ras signaling is highly dependent to the PM localization, impairment of Ras localization to 

the PM disrupts K-Ras signal transduction (Cox et al., 2015; Hobbs et al., 2016; Kattan et al., 

2019; Spiegel, Cromm, Zimmermann, Grossmann, & Waldmann, 2014).  
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1.8  K-Ras/PM interaction  

Extensive studies have reported that Ras localization to the PM is a critical requirement for 

Ras activation and its interaction with downstream effectors for conducting signal transduction 

(Abankwa, Gorfe, & Hancock, 2008; Abdelkarim et al., 2019; Adhikari et al., 2021; Goswami et 

al., 2020; Spiegel et al., 2014).  Moreover, studies have shown that about 5 to 6 Ras molecules are 

laterally segregated into distinct nanoscale domains in the PM, termed nanoclusters, which are 

pivotal platform for Ras signal transduction by providing proper orientation for effectors 

interactions (Abankwa & Gorfe, 2020; Abankwa et al., 2008; Barcelo et al., 2013; Parker & 

Mattos, 2015; Zhou et al., 2017). These nanoclusters are isoform-specific and nucleotide-

dependent, where active GTP-bound nanoclusters of an isoform is distinct and nonoverlapping not 

only with another isoform clusters, but also with nanoclusters of the same isoform in the inactive 

GDP-bound state (Zhou & Hancock, 2018).  

Altogether, with respect to high flexibility of the isoform-specific HVR, in contrast to 

highly conserved sequences of G-domain, the differences in HVR, in addition to playing roles in 

membrane targeting, may explain the distinct isoform-specific functionality of K-Ras as the only 

non-palmitoylated containing PBD Ras isoform. For instance, palmitoylation of Ras isoforms in 

the Golgi facilitates their vesicular trafficking to the PM, while K-Ras by deviation from the 

ordinary ER-Golgi-PM trafficking rout, proceeds from the ER to PM via unknown mechanism 

(Apolloni et al., 2000). Moreover, K-Ras and H-Ras have shown different preferences for 

interaction with specific lipid species at the PM  (Abdelkarim et al., 2019; Prior & Hancock, 2012; 

Zhou, Gorfe, & Hancock, 2021).  
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1.9 Phosphatidylserine (PS) 

PS is a negatively charged phospholipid and asymmetrically concentrated in the inner 

leaflet of the PM (Yang, Lee, & Fairn, 2018).  K-Ras selectively interacts with the PM PS over 

other PM phospholipids via the farnesyl moiety and PBD (Zhou & Hancock, 2020; Zhou et al., 

2017; Zhou, Prakash, Liang, Gorfe, & Hancock, 2021). Reducing the PM PS content has shown 

to dissociate K-Ras from the PM, and due to the PM localization dependency for signal 

transduction of K-Ras, reducing the PM PS enrichment can block K-Ras signaling (Kattan et al., 

2019; van der Hoeven et al., 2013; Zhou et al., 2017; Zhou et al., 2015).  

PS is synthesized in mitochondria-associated membranes (MAMs) of the ER (Kay & Fairn, 

2019), and lipid transfer proteins (LTPs), ORP5 and 8, exchange the newly synthesized  PS from 

the ER with phosphatidylinositol 4-phosphate (PI4P) from the PM at ER-PM membrane-

contacting site (MCS). PI4P, another negatively charged phospholipid in the PM, is synthesized 

by phosphatidylinositol 4-kinase IIIα (PI4KIIIA) (Chung et al., 2015). At the ER, Sac1 

phosphatase, converts PI4P to PI to maintain the PI4P gradient between the PM and ER (Figure 4) 

(Chung et al., 2015; Moser von Filseck, Vanni, Mesmin, Antonny, & Drin, 2015). 

 It is worth emphasizing that the PS trafficking mediated by OR5/8 occurs at the expense 

of constant degradation of PI4P at the ER by Sac1 and concurrent PI4P production at the PM by 

PI4KA. This results in stablishing high and low concentrations of PI4P at the PM and ER, 

respectively, which is required for continuous transport of PS from the ER to the PM at the ER-

PM MCS.  
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Perturbation of any components in this process fails to transport PS from the ER to PM. 

This in turn, can result in K-Ras dissociation from the PM and consequently inhibition of K-Ras 

signaling (Adhikari et al., 2021; Kattan et al., 2019). 

  

Figure 4- The PM and Golgi PI4P contents are involved in the PM enrichment of 

phosphatidylserine and subsequently K-Ras.  

phosphatidylserine after being synthesized in the ER, exchanges with PI4P from 

the PM, by lipid transfer proteins ORP5/8. The required PI4P gradient between the PM 

and the ER, for PS transport to the PM, is provided by together activity of two enzymes 

at the ER and PM; Sac1 phosphatase by using up PI4P as substrate, prevent the increasing 

of PI4P in the ER, whereas PI4KA, on the other side, at the PM produce PI4P from PI. 

The Golgi PI4P, synthesized by PI4KB, also contributes in the PM PS. Interruption in 

this process lead to decrease in the level of the PM PS and therefore dissociation of K-

Ras from the PM. Figure adapted from (Henkels, Rehl, & Cho, 2021).  
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1.10 PI4P at the Golgi complex regulates the PM localization of PS and K-Ras 

While the PM PI4P is a primary precursor for PM PI (4,5) P2, an important signaling lipid 

in the PM, PI4P is also synthesized at the Golgi complex by PI-4K III (PI4KB). Golgi PI4P 

content is involved in the membrane biogenesis and cellular vesicular trafficking at the trans-Golgi 

network (Graham & Burd, 2011). The synthesis of Golgi PI4P is regulated by PI4KB recruitment 

to the Golgi, where it is further phosphorylated by protein kinase D as an additional regulatory 

layer (Boura & Nencka, 2015). Although some studies have suggested that active GTP-bound Arf1 

small GTPase recruits PI4KB to the Golgi membranes (D'Angelo, Vicinanza, Di Campli, & De 

Matteis, 2008), other studies have shown that this PI4KB requitement by Arf1 might be through 

an indirect mechanism and it has been suggested that ACBD3 (acyl-CoA binding domain 

containing 3), also called PAP7, GCP60, GOCAP1 or GOLPH1, is more likely to be the major 

PI4KB recruiter to the Golgi (Boura & Nencka, 2015). It has been further shown that glucose 

starvation dissociates PI4KB from the Golgi and promotes its nuclear accumulation (Graham & 

Burd, 2011; Venditti, Masone, Wilson, & De Matteis, 2016). However, the exact mechanism of 

this translocation is not fully understood. 

In our recent study, we found that chemical inhibition or genetic depletion of PI4KB 

reduces the PM enrichment of both PS and K-Ras. We showed that upon PI4KB inhibition, 

LactC2, a well-characterized PS marker, redistributes from the PM to endomembrane and 

mitochondria. This reduction in the PM PS content results in K-Ras dissociation from the PM. We 

observed an enhanced colocalization of K-Ras with mitochondrial marker in cells after PI4KB 

inhibition, indicative of K-Ras translocation to mitochondria. 
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 Studies have provided evidence that Golgi PI4P content supports a fraction of PM PI4P 

pool (Dickson, Jensen, & Hille, 2014) and depletion of Golgi PI4P content by blocking PI4KB 

activity dissociates PS and K-Ras from the PM (Miller et al., 2019). However, there is not much 

known about the details of the mechanism, by which the Golgi PI4P transport to the PM is 

regulated and how this Golgi-to-PM PI4P cargo plays a role in the PM PS content alterations, and 

as a consequence the PM K-Ras localization. To the best of our knowledge, the simplest 

explanation is that the Golgi PI4P depletion by PI4KB inhibition causes interference in PI4P 

transport from the Golgi to the PM, resulting in reduced PM PI4P pool. This in turn, perturbs the 

high concentration of the PM PI4P content required for the ORP5/8-mediated PM-PI4P/ER-PS 

exchange, and ultimately a decline in the PM enrichment of PS and K-Ras.  
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1.11 Lipid trafficking in the PM-Golgi- ER circuit 

Lipid transport across cellular membranes occurs by vesicular secretory and non-vesicular 

trafficking pathways (Figure 5). Vesicular secretory pathways involve the intra/extra-cellular 

transport of lipids and proteins, which often contributes to the bulk lipid transport in a non-selective 

manner with access to both leaflet of bilayer membranes. In contrast, highly selective non-

vesicular lipid trafficking, which is mediated by LTPs at MCSs, often distributes lipid species 

asymmetrically in one leaflet of the double-layer membrane of a cellular compartment at the MCS, 

using a steep gradient provided by a second lipid species (Agliarulo & Parashuraman, 2022; 

Lenoir, D'Ambrosio, Dieudonne, & Copic, 2021; Yang et al., 2018). 

PI (phosphatidylinositol) is synthesized in the ER, and is transported to the PM and Golgi, 

where it is further phosphorylated by PI4 kinases to PI4P. While the PM, Golgi and secretory 

vesicles are three main components with high PI4P contents, the Golgi is known as a canonical 

source of PI4P in cell. A recent study has shown that disruption of Golgi trafficking, similar to 

Golgi PI4P depletion by translocating of Sac1 to the Golgi, leads to reduction in the PM PI(4,5)P2 

levels (Dickson et al., 2014). Although, PM PI4P depletion showed a higher degree of reduction 

in PI(4,5)P2, this reduction further increased when Golgi PI4P was also simultaneously depleted. 

These data suggest that vesicular transport of the Golgi PI4P to the PM partially contributes to the 

PM PI4P contents needed for maintaining PI(4,5)P2 levels at the PM (Dickson et al., 2014). Golgi 

PI4P plays a major role in Golgi vesicular trafficking by recruitment of PI4P-binding proteins 

required vesicle formation and exit from the trans-Golgi network (TGN). A number of effectors 

involved in transport of Golgi-membrane derived vesicles destinated to the PM has been identified: 

four-phosphate-adaptor protein (FAPP) (De Matteis, Di Campli, & Godi, 2005) and Golgi 
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phosphoprotein 3 (GOLPH3) (De Tito, Hervas, van Vliet, & Tooze, 2020). GOLPH3 is identified 

as a membrane curving protein which needs to interact with PI4P and MYO18A to form a complex 

along with F-actin for sufficient Golgi-to-PM trafficking (Rahajeng et al., 2019) . 

The intertwined PI4P and PS metabolisms have been shown in yeast and mammalian cells, 

where they are regulated by PI4-kinases and PI4P-phosphatase (Lenoir et al., 2021). As described 

previously, PI4P/PS counter-lipid transport at the ER-PM MCS is mediated by ORP5/8, while this 

transport highly relies on PI4P gradient provided by ER-localized PI4P phosphatase, Sac1, and 

PI4KA at the PM.  

A similar LTP-mediated lipid transport mechanism has been suggested for exchanges of 

Golgi PI4P with the ER sterol by another LTP, oxysterol-binding protein (OSBP). This lipid 

transport mechanism also relies on the PI4P gradient across the Golgi-EM MSC, where provided 

by phosphatase activity of the ER-localized Sac1, and Golgi PI-4 kinases (Balla, 2020; David, 

Castro, & Schuldiner, 2021). In addition to ceramide and cholesterol, LTPs mediated trafficking  

has been shown for PS transport from the ER to the Golgi (Agliarulo & Parashuraman, 2022). 

Particularly, ORP10 and ORP11 transport PS from the ER to the Golgi (Lenoir et al., 2021), where 

consequently upon reaching to the TGN, PS traffics to the PM via vesicular secretory pathway 

(Leventis & Grinstein, 2010). 
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Figure 5- lipid traffics intracellularly through vesicular and non-vesicular 

pathways. 

 

Vesicular transport pathway, in addition to lipid transport, is also involved 

in endocytosis (by vesicle formation at the PM), and protein trafficking (mainly 

from the ER and Golgi) to the PM or endomembranes. Alternatively, LTPs 

selectively shuttle lipid species between organelles at membrane contact sites. 

Figure adapted from  (Yang, Lee, & Fairn, 2018).  
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1.12 Hypothesis and Specific Aims 

Our previous study has shown that Golgi PI4P synthesized by PI4KB is involved with PM 

enrichment of PS and K-Ras (Miller et al., 2019). We found that upon PI4KB inhibition, PS 

redistribute to endomembrane and mitochondria while K-Ras is mainly translocated to 

mitochondria. However, since a similar observation was not made for intracellular localization 

changes of H-Ras (Ras isoform lacks PBD) in PI4KB-inhibited cells, we assumed that this 

different result is due to the involvement of PBD of K-Ras in this interaction. 

Studies have demonstrated that the PM mislocalization of K-Ras blocks its signal 

transduction (Adhikari et al., 2021; Kattan et al., 2019). Also, it has been shown that K-Ras 

signaling is required for the growth of K-Ras-driven pancreatic cancer cells (Hayes et al., 2016). 

In addition, the observation of mitochondrial localization of K-Ras, but not H-Ras, in PI4KB-

inhibited cells suggests a possible role of K-Ras PBD in this mitochondrial translocation. Based 

on these findings, we hypothesize that K-Ras redistribution from the PM to mitochondria, upon 

PI4KB inhibition is in a PBD-dependent manner, and the PM mislocalization can inhibit the 

growth of pancreatic cancer lines as a consequence of blocking K-Ras signaling. Therefore, we 

will test our hypothesis through two specific aims:  

1) Identifying the effect of PI4KB inhibition on the growth of pancreatic cancer cell lines harboring 

oncogenic mutant K-Ras.  

2) Elucidate the role of PBD of K-Ras as a factor involved in mitochondrial translocation in 

PI4KB-inhibited cells.  
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II. Materials and Methods 

2.1  Maintaining mammalian cell lines  

Human pancreatic ductal adenocarcinoma cells (PDACs) including BxPC-3, AsPC-1 and 

Panc 10.05 were grown in RPMI-1640 (Cat# 302001; ATCC), MIA PaCa-2 and PANC-1 were 

grown in DMEM (Cat# 10569010; Gibco) and HPAF-II were maintained in EMEM (Cat#20-200; 

ATCC). All cancer cell lines were grown in media supplemented with 10% fetal bovine serum 

(FBS) (Cat#: 16000-044; Gibco), and 2 mM L-glutamine (Cat# CA009-010; GenDEPOT). Madin-

Darby canine kidney (MDCK) were grown in DMEM, supplemented with 10% FBS and 2mM L-

glutamine. MDCK cells stably expressing GFP-tagged small GTPases (Rac1, RalA, Arl4 and Arl7) 

were grown in complete DMEM (supplemented with 10% FBS and 2 mM L-glutamine) containing 

blasticidin (4 μg/mL) as a selective marker. Cells were routinely tested for mycoplasma using 

MycoAlert PLUS Mycoplasma Detection Kit (Cat# LT07-710; Lonza). All cell lines were grown 

in 37°C incubator with 5% CO2 injection. 

 

2.2 Antibodies 

Primary antibody:  TOM20, mouse monoclonal antibody (Cat# SC-136211 SANTA CRUZ 

BIOTECHNOLOGY, INC). Secondary antibody: Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ 555 (Invitrogen, Cat# A-21422), were used for IF staining. 
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2.3  Expression of GFP-tagged small GTPases in MDCK cells 

2.3.1 GFP-small GTPases constructs  

The full-length cDNA of RalA was cloned into cloning sites of pEGFP-C1 vectors. As the first 

step, cleavage sites of restriction enzymes (complementary to the vectors’ RE sites at the multiple 

cloning site) were created by forward (F-SalI-RalA: AAGTCGACGCTGCAAACAAGC) and 

reverse (R-KpnI-RalA: CCGGTACCTTATAAAATGCAGCATCT) primers in PCR reaction 

using Phusion DNA polymerase and Phusion high-fidelity master mix (Thermo Scientifics, Cat# 

F530L). 

 After agarose gel electrophoresis of PCR products, the amplicons were extracted from 

agarose gel using GeneJET PCR Gel Extraction Kit (Thermo Scientific, Cat# K0692). The 

amplicon and pEGFP-C1 were then incubated with SalI and KpnI in Fast Digest Green (10 X) 

Buffer (Thermo Scientific, Cat# B72). The digested amplicon and vector were gel extracted 

followed by ligation using Quick Ligation Kit (New England Biolabs, Cat# M2200). Thereafter, 

ligated constructs were transformed into E. coli strain DH5α competent bacterial cells using heat 

shock method, followed by plating bacteria on LB-agar plates containing selective marker 

(kanamycin). After overnight incubation at 37 °C, colonies were picked up and after confirming 

by colony PCR (amfiSure PCR ONE PCR Master Mix (2X), Cat# P7000-005), selected 

corresponded bacterial suspensions were inoculated into 5 mL LB broth for growing for an 

overnight at 37 °C, in a shaker incubator. The day after, after preparation glycerol stocks, 

recombinant plasmids, GFP-RalA, were extracted from bacteria using QIAprep Spin miniprep kit 

(Qiagen, Cat# 27106).  
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2.3.2 Mammalian expression plasmid constructs  

In order to generate MDCK cells stably express GFP-tagged proteins, the constructs were 

cloned into a vector with pEF6 promoter; this vector contains blasticidin and ampicillin resistance 

gene markers for mammalian and bacterial expression, respectively. As previously discussed, 

restriction enzyme cleavage sites (BamHI, EcoRI) were added into the constructs using primer 

listed in Table 1 in PCR (Phusion DNA pol. and 5X Phusion buffer).   

 

Table 1- Sequence of primers used in Phusion PCR. 

Construct Forward primer Revers Primer 

GFP-

RalA 

5’CGGTCTCGACGAATTCCACCATGG

TGAGCAAG G 3’ 

5’GGAGAGGGGCGGATCCTTATAAAA

TGCAGCATCT TTC TCTG 3’ 

Arl4-

GFP 

5’CGGTCTCGACGAATTCCACCATGG

GGAATGGGCTGT 3’ 

5’GGAGAGGGGCGGATCCTTACTTGT

ACAGCTC GTC CAT G 3’ 

Arl7-

GFP 

5’CGGTCTCGACGAATTCCACCATGG

GCAACATCTCCT 3’ 

5’GGAGAGGGGCGGATCCTTACTTGT

ACAGCTCG TCCATG 3’ 

 

The cloning process and transformation was performed as described above and extracted plasmid 

was prepared for transfection into MDCK cells.  

 



 

21 

2.3.3 Transfection 

MDCK cells were seeded on a 6-well plate containing 2 mL complete DMEM, on Day 2, when 

the cell confluency reached about 90%, cells were transfected using Lipofectamine 3000 

transfection kit (Invitrogen, Cat# L300015). In two separate tubes we prepared diluted 

lipofectamine and DNA plasmid master mix, respectively. In the first tube, 5 L of Lipofectamine 

3000 were diluted with 125 L Opti-MEM (Gibco, Cat# 31985070), and mixed by gentle finger 

flick. In the second tube, DNA master mix was made in by adding 4.0 g DNA into pre-mixed 

solution of 125 L Opti-MEM and 5 L P3000 reagent. Then 130  L of tube 1 solution (diluted 

lipofectamine) were added into tube 2 (containing DNA master mix), mixed well by gentle finger 

flick 5-6 times, incubated for 10-15 min at room temperature.  

Cells were washed with PBS, 1850 μL of complete DMEM was added cell. Then the mixture of 

DNA-lipofectamine was added dropwise onto the cells; followed by incubation at 37 °C, for 24 

hr. Then a day after, the blasticidin treatment (10 μg/mL) started and continued for 7 days. 

Thereafter, 4 μg/mL blasticidin in DMEM was used for maintaining cells.  

 

2.4  Study subcellular localization of small GTPases using confocal 

microscopy 

In order to quantitively measure the mitochondrial translocation of small GTPase upon 

PI4KB inhibition, we used Manders’ coefficient as a tool to quantify colocalization of 

immunofluorescent stained mitochondrial marker and GFP-tagged small GTPase. 
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The principal of Mander’s coefficient is based on the assessment of overlapping fractions 

of one protein colocalized with the second protein in the same subcellular site in a dual-channel 

confocal microscopy image (Dunn, Kamocka, & McDonald, 2011; MANDERS, VERBEEK, & 

ATEN, 1993). Each of these two proteins are fluorescently labeled with different fluorophores. 

Here, we have MDCK cells expressing GFP- fused with either Rac1, RalA, Arl4 and Arl7, also to 

visualized mitochondria, we did immunofluorescence staining for the mitochondrial marker, 

TOM20 (Galmes et al., 2016) which is a mitochondrial outer membrane protein.   

After collecting images, we used Manders’ coefficient plugin in ImageJ software to 

calculated the number of red pixels (from mitochondrial marker) colocalized with green pixels 

(from GFP-tagged proteins) divided by total number of red pixels.  The higher values of Manders 

coefficient shows the higher fraction of mitochondrial marker are colocalized with GFP-tagged 

proteins, or in other words, higher percentage of GFP-tagged localized to mitochondria  (Miller et 

al., 2019). Therefore, any increases in Manders coefficient numbers after each PI4KB inhibition 

treatment, comparing to control, demonstrate the mitochondrial translocation of the small GTPase 

in PI4KB inhibited cells.  

 

2.4.1 Seeding cells and drug treatment 

In order to evaluate mitochondrial translocation of small GTPases upon PI4KB inhibition, 

MDCK cells stably expressing GFP-tagged small GTPases were seeded on a glass coverslip with 

a density of 2X 105 for GFP-Rac1, 1.5X105 for GFP-RalA, 1x105 for GFP-Arl4, and 2x105 for 

GFP-Arl7 per well in a 12-well plate. 24h later, we started a 48h drug treatment; aliquot of each 
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PI4KB inhibitors in 2 mL of complete DMEM was prepared with the concentration of 1 μM for 

BF738735 or BQR-695 and 0.1 μM for IN-10 compound. As control, we used 1:1000 dilution of 

DMSO in 2 mL complete DMEM.  

 

2.4.2 Fixing cells and Immunofluorescence staining 

On Day 4, after 48h drug treatment cells were fixed followed by immunofluorescence staining 

against TOM20 for visualizing mitochondria. Cells were washed twice with ice-cold 1X phosphate 

buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) in PBS for 30 min in the dark. 

Then cells were permeabilize with 0.2% (W/V) Tx-100 (freshly made in PBS) for 10 min, in dark, 

followed by quenching with 50mM NH4Cl for 10min at RT, dark. Cells were blocked with 

blocking buffer containing 2.5% BSA (10%) and 2.5% Fish gelatin (10%) in PBS for 30min at 

RT, in dark. After blocking, cells were incubated with TOM20 primary antibody diluted (1:100) 

in blocking buffer for 1 to 1.5 hr. Cells were washed with PBS (4 times) and incubated in dark for 

30 min with secondary antibody (Goat anti-Mouse IgG, Alexa Fluor™ 555), diluted 1:500 ratio in 

blocking buffer. At the end, coverslips were washed with PBS, and then MilliQ water, and 

mounted in mowoil as a mounting medium on slides. Slides kept an overnight in dark at 4 °C until 

imaging. 
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2.4.3 Confocal imaging and analysis 

Images were collected using an Olympus Fluoview FV1000 confocal laser scanning biological 

microscope. Images were analyzed for co-localization quantifications of mitochondrial marker 

with GFP-proteins using Manders’ coefficient plugin in ImageJ software. For each reported 

Manders’ coefficient values, at least three representative images from each coverslip were 

collected. From three independently experiment for each treatment, the mean value and standard 

error of the mean was calculated for Manders’ coefficient value (Mean ± SEM).  Then to evaluate 

mitochondrial translocation, statistical significance of differences between Manders’ coefficient 

values of PI4KB inhibitors and DMSO treatments were analyzed by One-way ANOVA (p-value 

< 0.05) using Prism statistical software. 

 

2.5 Cell Proliferation assay 

2.5.1 Cell seeding and drug treatment 

Human pancreatic cancer cell lines were seeded in 100 μL complete growth medium on a 

96-well plate; a day after, when the confluency was about 40%-50%, drug treatment was started 

for 72h with various serially diluted drug concentrations in 100 μL complete growth medium: 

BF738735: 1 nM, 50 nM, 100 nM, 500 nM, 1 μM, 5 μM, 10 μM, 50 μM. 

BQR-695: 50 nm, 100 nm, 500 nM, 1 μM, 5 μM, 10 μM, 20 μM, 30 μM, 40 μM. 
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IN-10: 1 nM, 50 nM, 100 nM, 500 nM, 1 μM, 5 μM, 10 μM, 50 μM. 

In each experiment DMSO (as control), and drug concentrations were applied onto 3 wells 

(triplicate). Every 24 h, 100 μL complete growth medium containing corresponded drug 

concentration was replaced for each treatment. 

 

2.5.2 Measurement of Cell proliferation rate 

On day five, media was aspirated and after twice washing with cold PBS, 100μL of 1X dye 

solution CyQUANT NF dye reagent in 1X  HBSS buffer (CyQUANT NF Cell Proliferation Assay 

Kit; Cat#C35006; Invitrogen) were applied into each well.  

Then, after dark incubation at 37°C, for 30 min and 1h, fluorescence intensity was 

measured using BioTek Synergy H1 microplate reader with excitation λ: 480 nm and, emission λ: 

530 nm. 
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III. Results 

3.1 Specific Aim 1. Identifying the effect of PI4KB inhibition on the growth 

of pancreatic cancer cell lines harboring oncogenic mutant K-Ras.  

3.1.1 PI4KB inhibition redistributes K-Ras and PS from the PM to mitochondria and 

endomembranes, respectively. 

In our preliminary data, we found that PI4KB inhibition translocates K-Ras from the PM 

to mitochondria. To look at K-Ras mislocalization, we co-expressed GFP-K-Ras and RFP-PDHA1 

(as a mitochondrial marker) in Madin-Darby canine kidney (MDCK) cells.  Then we knocked out 

PI4KB using CRISPR/Cas9 system (Figure 6A). As it is shown in Figure 6C, in the control MDCK 

cells which were transfected with an empty vector, GFP-K-Ras is mainly localized to the PM; 

Manders’ coefficient, which calculates the fraction of GFP-K-Ras co-localized with RFP-PDHA1, 

an indication of K-Ras localization to mitochondria, shows that only about 20% of PDHA1 is 

colocalized with K-Ras. In other words, a small fraction of K-Ras is localized to mitochondria. In 

PI4KB knockout (KO) cells, however, GFP-K-Ras noticeably co-localizes with RFP-PDHA1, and 

Manders’ coefficient suggests that about 50% of mitochondrial marker is colocalize with K-Ras, 

suggesting an enhanced K-Ras translocation to mitochondria.  

Furthermore, we looked at PS distribution in PI4KB KO MDCK cells co-expressing GFP-

LactC2, a well-studied PS marker, and RFP-PDHA1 (Figure 6B and D). In control cells, LactC2 

was localized to the PM, while In PI4KB KO cells, LactC2 is extensively redistributed. The 

increased Manders’ coefficient also suggest that PS is translocated to mitochondria. Interestingly, 

LactC2 was found at regions where there is no PDHA1. This suggests that PS is redistributed to 

mitochondria and endomembranes after PI4KB KO. 



 

27 

To further examine the PM localization of K-Ras and PS after PI4KB KO, we performed 

quantitative electron microscopy (EM) (unpublished data, Cho’s lab). Briefly, we prepared intact 

basal PM sheets from PI4KB KO MDCK cells expressing GFP-K-RasG12V or -LactC2 and 

labeled with anti-GFP antibody conjugated with 4.5 nm gold particles. We imaged them by EM 

and counted the gold particles, which represent the level of K-Ras or PS at the inner PM leaflet 

(Figure 6E and F). Our data showed that in PI4KB KO cells, there were about a 30%-reduction in 

the level of GFP-K-Ras while the content of LactC2 which represents PS showed almost 40% 

decrease in the inner PM leaflet. Together with confocal microscopy, our data suggest that PI4KB 

knockout translocates K-Ras and PS from the PM to mitochondria and endomembrane, 

respectively.  
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Figure 6- PI4KB knocked out redistribute K-Ras and PS from the PM.   

Immunoblot data representing PI4KB knocked out in cells expressing oncogenic GFP-K-Ras 

(A.) and GFP-LactC2 (B.). RFP-PDHA1 was expressed in the MDCK cells expressing GFP-K-Ras 

(panel C.) or GFP-LactC2 (panel D.) and these cells were imaged by confocal microscopy. The 

increased Manders coefficient (mean values ± SEM, from 3 independent experiments) after PI4KB KO 

indicates an increase in the colocalization of mitochondrial marker with GFP-K-Ras or GFP-LactC2. 

Quantification of the PM mislocalization of GFP-K-Ras (E.), and GFP-LactC2 (F.) after PI4KB KO in 

aforementioned cells.  
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3.1.2 PI4KB mRNA expression is higher in human pancreatic adenocarcinoma. 

As the first step of conceptual framework, we assessed the PI4KB mRNA expression level 

in human PDAC samples from The Cancer Genome Atlas (TCGA) database, since ~90% of PDAC 

are driven by oncogenic K-Ras. We took 354 pancreatic RNA-sequencing data from TCGA 

TARGET GTEx study containing expression profiles of TCGA solid-PDAC samples and GTEx 

samples from normal pancreatic tissues of healthy individuals. First, we compared the PI4KB 

mRNA level in the normal pancreatic tissue versus primary PDAC. As illustrated in Figure 7A, 

the PI4KB mRNA level was significantly higher in primary PDAC tissues than normal tissues.  

Furthermore, we sought to identify whether there is a correlation between the mRNA expression 

levels of PI4KB and K-Ras in these data set. For this reason, we plotted the PI4KB mRNA level 

against that of K-Ras for normal and PDAC tissues. As demonstrated in Figure 7B, Pearson’s 

correlation shows a strong positive correlation, suggesting that samples with high PI4KB mRNA 

levels are likely to have high K-Ras mRNA levels and that PDAC tissues express higher mRNA 

levels of PI4KB and K-Ras than normal pancreatic tissues. These data suggest that mRNA levels 

of PI4KB and K-Ras in both normal and PDAC tissues can be targeted for oncogenic mutant K-

Ras activity.  

We further took more tissue sample data to explore whether the PI4KB expression levels 

is associated with prognosis of survival rate in cancer patients harboring wild-type (WT) or 

oncogenic mutant K-Ras. As it is shown in the graph Figure 7C, which is for cancer patients 

harboring WT K-Ras, there was no difference of survival rate between samples with low and high 

PI4KB mRNA levels. However, the data in the graph for cancer patients harboring oncogenic 

mutant K-Ras demonstrated that patients with low PI4KB level survived significantly longer than 
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patients with high PI4KB level (Figure 7D). Altogether, these data suggest that PI4KB may be a 

target for oncogenic mutant K-Ras signaling implicated in pancreatic cancer cells.  

Violon plot representing the level of PI4KB mRNA expression levels in normal pancreatic 

tissues versus primary pancreatic tumor samples from TCGA TARGET GTEx-PANCAN database 

(panel A). The correlation of K-Ras mRNA expression level in samples with low and high PI4KB 

mRNA expression level; based on the mean value (11.72) samples were divided into two groups:  blue 

and red dots represent samples with low and high level of PI4KB mRNA expression levels, respectively 

(panel B).  Overall survival rate analysis of cancer patients harboring WT K-Ras (panel C), and 

oncogenic mutant K-Ras (panel D) based on the PI4KB mRNA expression  
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3.1.3 The effect of PI4KB inhibition on K-Ras signaling in pancreatic cell lines 

Since the PM localization of K-Ras is essential for the biological activity and signal 

transduction (Chavan et al., 2015; Henkels, Rehl, & Cho, 2021; Schmick et al., 2014), dissociation 

of K-Ras from the PM can block its signaling. Moreover, it has been shown that knockdown of 

endogenous K-Ras in pancreatic cancer cell lines harboring oncogenic mutant K-Ras, but not WT 

K-Ras reduce their viability and clonogenic growth (Hayes et al., 2016).  Taken together, since 

PI4KB inhibition dissociates K-Ras from the PM, we hypothesize that PI4KB inhibition may block 

the growth of human pancreatic cancer cell lines expressing oncogenic mutant K-Ras. To address 

our hypothesis, we chose a panel of pancreatic cancer cell lines; including BxPC-3, a control cell 

line that harbors WT K-Ras, and cell lines (AsPC-1, Panc 10.05, HPAF-II, HPAC, MIA PaCa-2, 

and Panc-1) that express oncogenic mutant K-Ras with different point activating mutations. These 

cells were treated with three different PI4KB inhibitors for 72h, and cell proliferation was 

measured by using a fluorescent dye that stains cellular DNA contents.  

As it is shown in Figure 8, BF738735 compound significantly inhibited all cell growth, 

except MIA PaCa-2, compared to BxPC-3 cell line. For IN-10, all cell lines showed significantly 

lower cell growth compared to BxPC-3 cell line. BQR-695 compound significantly reduced the 

growth of Panc10.05 and HPAC cells, whereas other cells were not affected by this PI4KB 

inhibitor. These data show that PI4KB inhibition tends to show greater inhibition in the growth of 

pancreatic cancer cell lines harboring oncogenic mutant K-Ras over that of WT K-Ras, suggesting 

that PI4KB could be a drug target for treating pancreatic cancer cells harboring different oncogenic 

mutant K-Ras. 
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Figure 8- Proliferation assay study for PI4KB inhibitors.   

Pancreatic cancer cells expressing oncogenic mutant K-Ras (black bars) or Wild type K-Ras 

(white bars) were seeded on a 96-well plate, and after 72h treatment with PI4KB inhibitors (BF738735, 

IN-10 and BQR-695), the cell proliferation rates was measured. Each cell line was tested in three 

independent experiments and the mean values of drug treated cells were compared to control (DMSO) 

by unpaired t test. Then the data sets of each cell line compared to BxPC-3 using ordinary one-way 

ANOVA test. (N.S.-not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).  
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3.2 Specific Aim 2. Determine the effect of PI4KB inhibition on 

mitochondrial translocation of small GTPases containing PBD. 

Membrane-bound Small GTPase containing PBD 

Our previous published and unpublished confocal and EM data show that upon PI4KB 

inhibition, K-Ras dissociated from the PM and translocated to mitochondria (Miller et al., 2019). 

Moreover, PI4KB inhibition redistributes PS from the PM to mitochondria and other 

endomembrane. However, PI4KB inhibition did not alter cellular localization of H-Ras, a Ras 

isoform does not contain PBD (Miller et al., 2019). It has been extensively reported that K-Ras 

interacts with the PM PS via its C-terminal farnesyl lipid chain and PBD, and reducing the PM PS 

content dissociates K-Ras from the PM (Cho et al., 2016; Kattan et al., 2019; Zhou & Hancock, 

2020). H-Ras however, binds the PM via a farnesyl chain and two palmitoyl lipid moieties, and 

does not require PM PS content for the PM binding (Chavan et al., 2015; Zhou & Hancock, 2015). 

Based on these observations, we hypothesize that K-Ras translocation to mitochondria upon 

PI4KB inhibition is through the PBD. To test this hypothesis, we examined the cellular localization 

of four PM small GTPases containing a PBD after PI4KB inhibition by confocal microscopy 

(Table 2).  

As listed in Table 2, these small GTPases localize to the PM and have different types of 

PBD and lipid moieties; K-Ras contains a series of Lys residues and the C-terminal 15C farnesyl 

lipid tail, whereas Rac1 and RalA have a PBD made of Lys and Arg residues with the C-terminal 

20C geranylgeranyl lipid tail. For Arl4 and Arl7, they have a PBD made of Lys and Arg residues 

with the N-terminal 14C myristoyl lipid chain. 
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3.2.1 PI4KB inhibition does not promote the mitochondrial localization of Ras-

related C3 botulinum toxin substrate 1 (Rac1). 

Rac1 is a member of Rho subfamily of small GTPases, cycling between GTP-bound active 

and GDP-bound inactive forms (Jou & Nelson, 1998). As an RhoGTPase, its signaling pathways 

is a master regulator for cell polarization and migration (Remorino et al., 2017), cytoskeleton 

remodeling, cellular adhesion, proliferation, apoptosis, and reactive oxygen species production 

(Marei & Malliri, 2017). Deregulated Rac1 at the protein level and activity have shown in different 

cancers including breast cancer, melanoma, non-small cell lung cancer (NSCLC), and colorectal 

cancer (CRC), suggesting the role of Rac1 in different stages of tumor initiation and progression 

(Marei & Malliri, 2017).  

 

 

Table 2 - Small GTPases containing PBD tested in the study. Amino acid residues in red represent 

a polybasic domain. G (shown in green) and C represent a myristoylated Gly and a prenylated Cys, 

respectively. 
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 To examine whether PI4KB inhibition promotes translocation of Rac1 to mitochondria, we 

generated MDCK cells stably expressing GFP-Rac1 and treated these cells with DMSO or 

different PI4KB inhibitors; BF738735 and IN-10. After 48h treatment, cells were fixed with 4% 

paraformaldehyde (PFA) followed by immunofluorescence staining for Translocase of the outer 

mitochondrial membrane complex subunit 20 (TOM20) as a mitochondrial marker. Then, cells 

were imaged using confocal microscopy and Manders’ coefficient was calculated for each 

treatment to quantitate the fraction of TOM20 co-localized with Rac1. Our data show that Rac1 is 

extensively distributed throughout cells presumably to the PM, nucleus and endomembranes 

(Phuyal & Farhan, 2019) in control cells. When cells were treated with PI4KB inhibitors, Manders’ 

coefficient compared to DMSO-treated cells was not changed, suggesting that, unlike K-Ras, 

PI4KB inhibition does not promote the mitochondrial localization of Rac1.   
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3.2.2 PI4KB inhibition promotes the mitochondrial localization of Ras-like (Ral) A.  

 Ral GTPases belong to the Ras subfamily and as defined by their name, they share a lot of 

structural similarities (about 50%) with Ras isoforms (Yan, Jones, & Theodorescu, 2015). Ral 

GTPase is known as a key effector for promoting Ras-dependent cancer cell growth (Gentry et al., 

2015; K. H. Lim et al., 2005; Neel et al., 2011), where its signal transduction is mainly involved 

with vesicle trafficking, migration, autophagy (Zago, Biondini, Camonis, & Parrini, 2019), and 

regulation of mitochondrial functions (Gentry et al., 2015). Of the two Ral isoforms (RalA and 

RalB), RalA signaling has shown to play a critical role in the anchorage-independent growth of 

Figure 9- PI4KB inhibition does not enhance mitochondrial localization of Rac1.  

 

MDCK cells stably expressing GFP-Rac1 were treated with DMSO (control) or PI4KB 

inhibitors for 48h. Cells were fixed with 4% PFA and after immunofluorescence staining for TOM20, 

were imaged using a confocal microscope. Manders coefficient from three independent studies was 

calculated using ImageJ software.  

IN-10 100 nM EnlargedDMSO Enlarged

GFP-Rac1

Cy3-TOM20

Merged 0.77 ± 0.03

BF 738735 0.5 μM Enlarged

0.68 ± 0.05 0.72 ± 0.04
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pancreatic cancer (Martin & Der, 2012) and CRC (Gentry et al., 2015). It has been shown that 

activated Ras recruits RalGDS (a GEF for Ral) from the cytosol to PM, which consequently leads 

to nucleotide exchanges and Ral activation at the PM. In other words, the PM localization of Ras 

dictates the stimulatory effect of Ral by recruiting RalGDS to the PM (Matsubara et al., 1999). 

Targeting RalA in cancer therapy has attracted more attention in recent years (Yan et al., 2015).  

To examine whether PI4KB inhibition promotes the mitochondrial localization of RalA 

upon PI4KB inhibition, MDCK cells stably expressing GFP-RalA were treated with PI4KB 

inhibitors and prepared for confocal microscopy as described in Section 3.2.1. In DMSO-treated 

control cells, RalA is localized to the PM and other endomembranes likely to be recycling 

endosomes, mitochondria, exocyst complex and perinuclear compartment (Gentry et al., 2015; K. 

H. Lim et al., 2005; Pollock, Schinlever, Rohani, Kashatus, & Kashatus, 2019; Shipitsin & Feig, 

2004). Manders’ coefficient shows that about 50% of TOM20 is co-localized with RalA. After 

treatment with PI4KB inhibitors, Manders’ coefficient is increased indicating that a higher fraction 

of RalA is translocated to mitochondria when PI4KB was inhibited. Therefore, our data suggest 

that PI4KB inhibition promotes RalA translocation to mitochondria.  

We further evaluated the PM localization of RalA upon PI4KB inhibition using 

quantitative EM. We seeded MDCK cell expressing GFP-RalA on gold EM grid and after drug 

treatment for 48h with PI4KB inhibitors, we prepared intact basal PM sheets. As it was described 

in Section 3.1.1, we immunolabeled basal PM sheets with anti-GFP antibody conjugated with 4.5 

nm gold particles and imaged them by EM. As it is indicated in Figure 11, we found that in PI4KB 

inhibited cells, there was about 30% reduction in the level of GFP-RalA in the inner leaflet PM. 
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Together with confocal microscopy, our data suggest that PI4KB inhibition translocates RalA from 

the PM to mitochondria.  

   

Figure 10- PI4KB inhibition translocates RalA to mitochondria.  

 

 

MDCK cells stably expressing GFP-RalA were treated with DMSO (control) or PI4KB 

inhibitors for 48h. Cells were fixed with 4% PFA and after immunofluorescence staining for TOM20, 

were imaged using a confocal microscope. Manders coefficient from three independent studies was 

calculated using ImageJ software.  
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Figure 11- PI4KB inhibition reduced the level of RalA localized 

to the inner leaflet of the PM. 

MDCK cells stably express GFP-RalA were seeded on 

EM grid, after 48 h treatment with BF738735 (1 μM), IN-10 (0.1 

μM), and BQR-695 (1 μM), basal plasma membrane was 

prepared. Cells were labeled with GFP antibody conjugated to 

nanogold particles, and imaged by EM. Significant differences 

between GFP-RalA localized to the PM in drug-treated and 

DMSO controls were evaluated by one-way ANOVA 

(**p<0.01, **** p<0.0001).  



 

40 

3.2.3 PI4KB inhibition does not promote the mitochondrial localization of ADP-

ribosylation factor (Arf) 4a and c. 

 Arf-like (Arl) GTPases belong to a subgroup of Arf subfamily, based on structural 

similarities (Hofmann, Thompson, Sanderson, & Munro, 2007; Jacobs et al., 1999). Arls are the 

only members of Arf subfamily distinguished by the PBD in their C-terminus, which has been 

suggested for the distinct contribution in the PM interaction of the protein with negatively charged 

membrane phospholipids, specifically PtdIns(4,5)P2 (PIP2)  for Arl4C (Hofmann et al., 2007) . 

Arl4 subfamily includes three isoforms: Arl4a (called Arl4), Arl4c (also called Arl7), and Arl4d 

(Jacobs et al., 1999). In addition to the PM anchoring, studies have suggested that the PBD act as 

nuclear localization signal (Hofmann et al., 2007; Jacobs et al., 1999). Moreover, the PBD has a 

role in recruitment of cytohesin (act as a GEF for Arl) through interaction with their PH domains, 

even though cytohesin potentially might not able to  interact with the PM with high affinity 

(Hofmann et al., 2007). For instance, recruitment of cytohesin-2  (act as a GEF for Arf6) to the 

membrane by the three Arl4 isoforms (Hofmann et al., 2007) leads to further recruitment of Arf6 

to the PM and initiation of Arf6-Rac-Rho signaling pathway involved in actin remodeling 

(Casalou, Faustino, & Barral, 2016; Donaldson & Jackson, 2011; Harada et al., 2021; Hofmann et 

al., 2007). 

Arl4c, through Wnt-β-catenin and EGFR-Ras signaling pathways, contributes in epithelial 

morphogenesis. Upregulated expression of Arl4c has shown in different cancers such as colon, 

lung, liver, and in particular invasion of pancreatic cancer samples (Harada et al., 2021). In addition 

to structural similarities, Arl isoforms also share different common functionalities with Arf 

subfamily; for example, Arl4a and Arl4c are involved with vesicle biogenesis and cellular 

trafficking (Pasqualato, Renault, & Cherfils, 2002). Specifically, Arl4a has a role in the Golgi 
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integrity and endosome-to-Golgi trafficking, regulating actin cytoskeleton rearrangement (Sztul et 

al., 2019; Zhang et al., 2020), and cell motility (Casalou et al., 2016). Arl4c, has also shown its 

implication in actin remodeling, cell migration (Sztul et al., 2019), proliferation, and cell cycle 

progression (Zhang et al., 2020); Arl4c inhibition has shown to block Rac1 activity, resulting in 

lower cell migration, proliferation and invasion in colorectal and lung cancer cells (Casalou et al., 

2016).  

 

3.2.3.1 PI4KB inhibition does not promote the mitochondrial localization of Arl4a.  

We generated MDCK cells stably expressing GFP-Arl4a and treated with PI4KB 

inhibitors. Cells were prepared for confocal microscopy as described in Section 3.2.1. In DMSO-

treated control cells, GFP-Arl4a localized to the PM and endomembranes likely to be the Golgi 

complex and endosomes (K. J. Chen, Chiang, Yu, & Lee, 2020; Lin et al., 2011). Manders’ 

coefficient suggests that GFP-Arl4a localized to mitochondria.  

In PI4KB-inhibited cells, Manders’ coefficient was not changed, suggesting that PI4KB inhibition 

doesn’t the mitochondrial localization of Arl4a.  
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Figure 12- PI4KB inhibition does not enhance mitochondrial localization of Arl4a. 

 
MDCK cells stably expressing GFP-Arl4a were treated with DMSO (control) or PI4KB 

inhibitors for 48h. Cells were fixed with 4% PFA and after immunofluorescence staining for 

TOM20, were imaged using a confocal microscope. Manders coefficient from three independent 

studies was calculated using ImageJ software.  
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3.2.3.2 PI4KB inhibition does not promote the mitochondrial localization of Arl4c. 

In control cells, GFP-Arl4c was localized to the PM as well as endomembranes including 

mitochondria. However, when cells were treated with PI4KB inhibitors, we did not see an obvious 

changes in Arl4c localization. Moreover, Manders’ coefficient was not changed significantly 

compare to control cells. Therefore, our confocal microscopy data suggest that PI4KB inhibition 

does not promote mitochondrial of Arl4c in cells.  

   

DMSO BQR-695 (1 μM)

C
y3

-T
O

M
2

0

BF 738735 (0.5 μM) IN-10 (0.1 μM)

G
FP

-A
rl

4
c

M
e

rg
e

d

0.61 ± 0.05 0.57 ± 0.05 0.58 ± 0.05 0.63 ± 0.06

Figure 13- PI4KB inhibition does not enhance mitochondrial localization of Arl4c.  

 MDCK cells stably expressing GFP-Arl4c were treated with DMSO (control) or PI4KB 

inhibitors for 48h. Cells were fixed with 4% PFA and after immunofluorescence staining for 

TOM20, were imaged using a confocal microscope. Manders coefficient from three independent 

studies was calculated using ImageJ software. 
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IV. Discussion 

Although the recent FDA-approved drug against K-Ras G12C-driven cancers has been 

considered as a breakthrough, after all unsuccessful efforts for finding anti-Ras therapy, only about 

13% of NSCLC patients can benefit from this treatment. Since this selective inhibitor only targets 

K-Ras G12C, the majority subsets of K-Ras mutations in PDAC, CRC, and NSCLC patients are 

still needed to be addressed. One strategy for blocking activity of K-Ras with any activating point 

mutations is to dissociate K-Ras from the PM, since K-Ras activity heavily relies on the PM 

binding. Studies have suggested that PS content in the PM plays a critical role for the interaction 

of K-Ras with the PM, and thereby K-Ras activity (Cho et al., 2016; Zhou, Gorfe, et al., 2021; 

Zhou et al., 2014). To this end, our lab has recently identified PI4KB, the Golgi-resident PI kinase, 

as a potential target for regulating hyperactivity of oncogenic mutant K-Ras (Miller et al., 2019).  

We have shown that inhibition of PI4KB led to redistribution of K-Ras and PS from the 

PM to mitochondria and other endomembranes, respectively (Miller et al., 2019). Although the 

mechanism of the PS and subsequent K-Ras redistribution from the PM in PI4KB-inhibited cells 

is still under investigation, we have explored the capability of PI4KB as an anti-K-Ras target for 

practical applications. First, using the TCGA database, we found that the mRNA expression level 

of PI4KB in the samples from pancreatic cancer is significantly higher than normal pancreatic 

tissue from healthy individuals (Figure 7A). Moreover, cancer patients with oncogenic mutant K-

Ras showed a poor prognosis when the PI4KB mRNA expression level is high (Figure 7C).  

 Implementation of Golgi apparatus and PI4KB has been shown across multiple cancer 

types (Tan et al., 2020; Tokuda et al., 2014; M. G. Waugh, 2014; Mark G. Waugh, 2019); a 
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comprehensive study has shown that the upregulation of PI4KB is correlated with accelerated 

progression of lung adenocarcinoma harboring mutant K-Ras (Tan et al., 2020). Here, we further 

showed that PI4KB inhibitors tend to reduce the growth of pancreatic cancer cell lines expressing 

oncogenic mutant K-Ras, which is, in part, by K-Ras dissociation from the PM, and thereby 

blocking K-Ras signaling transduction. 

 Using three chemical PI4KB inhibitors, we found a level of inconsistency in terms of cell 

lines response to drug treatments (Figure 8). These observed differences perhaps are due to the 

non-specific activity of these PI4KB inhibitors towards other PI4-kinase isoforms or even other 

kinases. Since this is an inherent problem for all chemical inhibitors, to mitigate this issue, we 

further consider to evaluate and confirm our proliferation assay data for the same cell lines after 

genetically silencing PI4KB by shRNA-induced  knockdown or CRISPR/Cas9-induced knockout. 

Altogether, our data suggest that PI4KB could be a target for treating pancreatic cancers harboring 

oncogenic mutant K-Ras. 

Upon PI4KB inhibition, K-Ras translocates from the PM to mitochondria while the cellular 

localization of H-Ras is not altered. Thus, we presume that the presence of PBD in K-Ras is 

implicated in different observations were made for K-Ras and H-Ras. To explore whether the 

PBD-mediated interactions of K-Ras drives the mitochondrial translocation, we investigated the 

effect of PI4KB on mitochondrial translocation of other small GTPases containing PBD including 

Rac1, RalA, Arl4a and Arl7c. Among the four small GTPases tested, only RalA showed an 

increased level of mitochondrial localization in presence of PI4KB inhibitors. Compared to other 

small GTPases tested, Ral GTPases have shown a higher level of sequence and structural 

similarities with Ras (Guin & Theodorescu, 2015; Yan & Theodorescu, 2018), suggesting that 
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these similarities provide a PM anchor closer to that of K-Ras, which results in the same 

observations for these two proteins. Moreover, perhaps this PBD-dependent anchoring is more 

complex rather than presence/absence of a PBD in HVR. 

As previously described, all GTPases share certain levels of conservative regions in their 

G-domain. For instance, for K-Ras and Rho (Rac1 belongs to Rho family), there are four conserved 

regions scattered across the G-domain which made up a 30% similarity between these two families 

(Chardin & Tavitian, 1986). However, Ral and K-Ras, in addition to sharing these four 

aforementioned regions, have five additional highly conserved regions corresponding to the K-Ras 

amino acid residues at 28-49, 64-73, 75-84, 97-104 and 152-164.  Among them, residues between 

positions 28 and 49 of K-Ras are involved in the interaction with its downstream effectors for the 

transformation activity (Chardin & Tavitian, 1986). 

 Rac1, which does not translocate to mitochondria upon PI4KB inhibition (Figure 9), 

interacts with the PM through the C-terminal anchor which comprised of PBD, geranylgeranyl 

lipid tail as well as palmitoyl chain on Cys178 (Marei & Malliri, 2017; Michaelson et al., 2008; 

Navarro-Lerida et al., 2012). Although the PM is known for Rac1 activation and signaling 

initiation, different studies have reported that nuclear localization of Rac1 is also in a PBD-

dependent manner, where PBD functions as an NLS (nuclear localization signal) (Phuyal & 

Farhan, 2019); such a nuclear translocation promotes Rac1 nuclear signaling involved in cell cycle 

progression, actin dynamic in the nucleus (Marei & Malliri, 2017). In aggressive tumors, higher 

levels of nuclear Rac1 has shown to be implicated in cancer cell invasion (De, Rozeboom, Aske, 

& Dey, 2020; Navarro-Lerida et al., 2015; Phuyal & Farhan, 2019) . Moreover, unlike K-Ras, the 

PM interaction of Rac1 is identified to be highly dependent on PIP3 and PIP2 (Remorino et al., 
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2017), but not PS  (Das et al., 2015; Maxwell, Zhou, & Hancock, 2018). Also, Rac1 palmitoylation 

at the Cys in immediate adjacent to the PBD is reversable and regulates its localization and lipid 

sorting (Maxwell et al., 2018). Taken together, it is plausible that the PBD and lipid anchors of 

Rac1 provide a unique Rac1/membrane binding characteristic that is different from K-Ras. This 

in turn, provides a stable membrane binding of Rac1 after PI4KB inhibition.  

We further showed that the mitochondrial localizations of Arl4a and Arl4c were not 

enhanced upon PI4KB inhibition.  For all three Arl4 isoforms, both N-terminal myristoyl lipid 

moiety and PBD are required for the PM localization, and deletion of the last eight or nine residues 

that include PBD of Arl4c leads to dissociation from the PM (Hofmann et al., 2007). Hofmann et 

al.  showed that PM PIP2 depletion can dissociate  Arl4c from the PM (Hofmann et al., 2007) while 

in another study by Heo et al., it was found that PM PIP2 depletion alone had a minimal effect on 

Arl4c PM localization, but concurrent PIP2 and PIP3 depletion resulted in remarkably reduction in 

the PM enrichment of Arl4c (Heo et al., 2006). Similar observations were made for Rit, another 

PM small GTPase containing a PBD with prenyl lipid moiety, while there weren’t any changes for 

H-Ras cellular localization (Heo et al., 2006). Taken together, our data suggest that the PM 

localization of Arl4a and 4c is dependent on PIP2 and PIP3, but not PS, in the PM. Consequently, 

PM PS depletion by PI4KB inhibition does not alter the PM localization of Arl4a and 4c.  
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It is important to identify that there are levels of uncertainty about metabolism of lipid 

species, including those which are involved in the membrane interactions of small GTPases; here, 

we point out some of them: 

1- PI4P and PS turnovers across cell membranes, although they are important membrane lipid 

species due to their (direct/indirect) role in mediating signal transduction;  

2-  The mechanism by which their levels are strictly maintained at certain levels; this includes 

recognizing involved enzymes at each cellular compartment.  

3- Functional purposes of the tightly regulated levels of PI derivatives and PS, including their 

regulatory effects on the other lipid species trafficking to/from different subcellular parts.   

In this regard, we need to have more in depth understanding about how different PI4 kinase 

isoforms in different subcellular sites work together and along with phosphatases to stablish 

equilibrium needed for PS transport to the PM (from the ER or (if there is) possibly other 

subcellular sites). Furthermore, despite the proven central role of Golgi in processing and 

transporting cargoes, as well as endocytosis and exocytosis, there are not much known in details 

about effectors implicated in direction and promotion of Golgi vesicular trafficking particularly, 

cargo molecules destinated for the PM.  

Indeed, having better understanding of spatial distribution of PS and PI derivatives along 

with mechanisms and enzymes by which their subcellular levels and trafficking are regulated will 

shed light on different cellular functions driven by these lipid species across cells which in turn 

lead us to find accurate therapeutic targets for uncontrolled activity of membrane bound small 

GTPases in future investigations. 
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Therefore, considering current gaps of knowledge, any future study which evolve our 

understanding regarding any of these described aspects will remarkably improve insights into the 

findings in our current study. This will get us closer to explore the answer of our fundamental 

question which is “how the Golgi PI4P content regulates the PS content at the PM”.  

To further elucidate the role of PI4KB in the crosstalk between Golgi, ER, mitochondria 

and the PM circuit implicated in lipid trafficking across endomembranes and the PM, and 

subsequently localization of small GTPases, we have multiple unanswered questions needed to be 

addressed: 

What are the direct Golgi-related effects of PI4KB KO on:  

• Golgi PI4P levels; whether other PI4 kinases (IIα, β) at Golgi restore a fraction of PI4P 

depletion resulted in PI4KB KO? 

• Golgi morphology? 

• Forward vesicular trafficking pathway from Golgi to the PM, since PI4P is required 

in vesicular formation of PI4P-GOLPH3-MAYO18A and F-actin complex (Rahajeng 

et al., 2019)?  

• Lipid transport between Golgi and ER? 

We further would like to identify changes in the PS/PI4P counter-transport between the ER 

and PM affected by PI4KB inhibition at Golgi; since the Golgi PI4P partially contributes to the 

PM PI4P pool (Dickson et al., 2014) required for stablishing the PI4P gradient within the PM-ER 
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MCS by continually PI4P transport to the ER and subsequent degradation by Sac1. The resultant 

PI4P gradient, then allows the PS transport against its gradient from the ER to the PM. 

 It has been shown that PI4P at the PM is increased following inhibition of Sac1 at the ER (Dickson 

et al., 2014). Moreover, while it is controversial, some studies have suggested the possibility of 

Sac1 translocation to the Golgi under certain conditions (such as glucose deprivation) (Dickson et 

al., 2014). Since we have observed an increased glucose consumption in PI4KB inhibited cells 

(Miller et al., 2019), we presume the elevated mitochondrial glucose consumption may possibly 

mimics a (false) glucose starvation condition for the rest of the cell which may lead to Sac1 

translocation from the ER to the Golgi. However, along with this escalated level of glucose 

consumption, we did not find any changes in the amount of ATP synthesis or cellular respiration 

(Miller et al., 2019). Therefore, morphological and other functional criteria in mitochondria worth 

investigating which may further provide us more accurate explanations and reasons for the 

observed elevated glucose consumption and unchanged ATP production. 

In sum, evaluating 5 small GTPases containing a lipid anchor and PBD for the PM 

interaction, we found that membrane interactions of small GTPases includes a complex of different 

factors work in concert with each other to define a complicated combinational PM anchor. 

Although the presence of PBD may play a role, there are also many other determinants involved 

in this interaction; for instance, as it is shown, prenyl lipid moieties including number of carbons 

and saturation state of the lipid chain. Moreover, as it is shown for K-Ras, the G-domain interaction 

with the PM PS and HVR can also add even more complexity to the membrane anchors. For PBD, 

itself, it seems different PBDs (primary sequences including the type and number of the basic 

residues) confer various characteristics for the interaction; for example, it has been shown that 
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when K-Ras hexa-Lys PBD substitutes with hexa-Arg, even though with equal positive charges, 

this affects the lipid sorting for membrane interaction. Also, preference of PBD in K-Ras for 

interaction with PS rather than PIP2 (with higher negative charges) suggests that the PBD/PM 

anchoring is beyond a simple electrostatic interaction (Abdelkarim et al., 2019; Kattan et al., 2019; 

Zhou & Hancock, 2018; Zhou et al., 2017).  
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Conclusion and Future directions  

This project set out to investigate the effect of PI4KB inhibition in the PM mislocalization 

of oncogenic mutant K-Ras and subsequently blocking K-Ras signaling transduction, implicated 

in K-Ras driven cancers. Based on the TCGA samples data analysis, we found the higher 

expression levels of PI4KB mRNA in primary pancreatic tumor tissues, and strong correlation 

between elevated mRNA levels of PI4KB K-Ras. Moreover, this higher PI4KB mRNA level seems 

to be a poor prognostic marker for the survival rate in patients harboring oncogenic mutant K-Ras. 

In addition, our data suggest that PI4KB inhibitors tend to block the growth of pancreatic cancer 

cell lines harboring oncogenic mutant K-Ras, but not WT K-Ras. Taken together, our data suggest 

that PI4KB may be a target for treating pancreatic cancer patients harboring oncogenic mutant K-

Ras. To further evaluate our hypothesis, we will perform anchorage-dependent cell growth assay 

(soft-agar assay) on pancreatic cancer cell lines in the presence of PI4KB inhibitors, since inhibited 

cell growth in soft agar is one of the phenotypes for blocking K-Ras signaling in K-Ras-driven 

cancer cells. To eliminate any non-specific effects chemical inhibitors, we will also knock down 

PI4KB in these human pancreatic cancer cells by shRNA and perform proliferation and soft-agar 

assays. Our ultimate goal for the first aim of project is to perform in vivo study, where we will 

inject these PI4KB knockdown human pancreatic cancer cells to immunosuppressed mice and 

harvest the tumors after 6-8 weeks to measure their size. If PI4KB is indeed a target for blocking 

K-Ras activity, we anticipate to see slower tumor growth in PI4KB knockdown tumors in 

comparison to control tumors where the PI4KB is not knockdown. 
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As well as possible future therapeutic outcomes described above, our study unrevealed 

some aspects of complicated PM anchoring of small GTPases containing PBD. Extensive studies 

have reported that K-Ras binds to the PM via electrostatic interactions between K-Ras PBD and 

PS in the inner PM leaflet, and the PM PS reduction dissociates K-Ras from the PM. We showed 

that PI4KB inhibition translocates PS and K-Ras to mitochondria. Thus, we hypothesized that 

upon PI4KB inhibition, K-Ras translocation to mitochondria is due to PS redistribution to 

mitochondria, and K-Ras binds mitochondrial membranes via electrostatic interactions between 

K-Ras PBD and mitochondrial PS. To test this hypothesis, we tested four other small GTPases, 

which contain a PBD for their PM localization, and we observed an enhanced mitochondrial 

localization only for RalA after PI4KB inhibition. Our data suggest a more complicated role of 

PBD, beyond simple electrostatic interactions in the PM anchoring. For this purpose, we aim to 

identify whether this PBD-mediated interaction is based on the positively charged amino acids 

within the PBD for electrostatic interactions, or the cryptic primary sequence of the PBD matters. 

We will address this question by introducing mutations in hexa-Lys PBD of K-Ras and study the 

PM mislocalization of K-Ras in PI4KB-inhibited cell. We will replace the Lys in K-Ras PBD with 

either Arg (the other positively charged amino acid) or Ala (uncharged amino acid), and study 

cellular localization of K-Ras by confocal and electron microscopy. 

 Moreover, aside from lipid species, we cannot rule out the possibility of contributions of 

proteins to the small GTPases localization to membranes, where proteins can recruit, directly bind 

or affect the ability or affinity of small GTPases interactions with membrane components. 

Furthermore, seeking for any protein-mediating interactions perhaps may provide rationales for 

the mitochondrial translocation preferences by K-Ras and RalA observed in PI4KB-inhibited cells, 

while PS was redistributed to other endomembranes in addition to mitochondria. In this regard, to 
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identify protein or lipid targets interacting with small GTPases at the PM and/or mitochondrial 

membrane, we can benefit from mass spectrometry techniques, after purification of membrane 

components isolated by subcellular fractionation from PI4KB inhibited and control cells. 

Based on our observation for K-Ras and RalA mitochondrial translocation, another future 

research area is to consider mitochondrial dynamic changes in PI4KB inhibited cells. Our previous 

study indicted a higher glucose consumption and inhibited glycolysis while ATP synthesis 

remained unchanged (Miller et al., 2019). Therefore, it would be beneficial to investigate other 

parameters reflecting dysfunctionality of mitochondria such as production levels of reactive 

oxygen species (ROS), or mitochondrial fusion and fission.    
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