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Abstrakt 

 

Proteínová fosforylácia predstavuje jednu z najdôležitejších posttranslačných modifikácií 
v signálnom prenose a zohráva kľúčovú úlohu v regulácii väčšiny bunkových procesov, vrátane 
bunkového cyklu, komunikácie s extracelulárnym prostredím, bunkovej migrácie, alebo 
apoptózy. Fosforylácia je sprostredkovaná kinázami, deregulácia ktorých často negatívne 
ovplyvňuje vývoj a celkovú homeostázu a vedie k vzniku viacerých druhov ochorení, vrátane 
rakoviny. V tejto práci sme sa zamerali na identifikáciu nových substrátov kinázy PKN3, ktorá 
je známym regulátorom organizácie cytoskeletu a pro-malígneho rastu nádorov. Za použitia 
analóg-senzitívnej mutácie PKN3 sme urobili fosfoproteomický screen a identifikovali sme 
281 proteínov, ktoré by potenciálne mohli byť fosforylované kinázou PKN3. Spomedzi týchto 
proteínov sme pre ďalší výskum vybrali ARHGAP18 z rodiny Rho GAP proteínov. Potvrdili 
sme, že PKN3 je schopná fosforylovať ARHGAP18 na Thr154, Ser156 a Thr158, a že tieto 
proteíny sú schopné vzájomnej interakcie v závislosti na izoforme ARHGAP18. Ďalej sme 
ukázali, že zámena týchto troch miest za fosfomimikujúci aspartát viedla k aktivácii GAP 
domény ARHGAP18, výsledkom čoho došlo k zníženiu hladiny aktívneho RhoA naznačujúc 
možnú existenciu negatívnej spätnej väzby v regulácii RhoA signalizácie. V druhej štúdii sme 
popísali intramolekulárne regulačné mechanizmy ďalšieho Rho GAP proteínu, ARHGAP42, 
a charakterizovali sme funkciu jeho jednotlivých proteínových domén. Ukázali sme, že 
fosforylácia Tyr376 kinázou Src bola dostačujúca k rozrušeniu autoinhibičnej konformácie 
ARHGAP42 a k aktivácii jeho GAP domény. Aktivácia ARHGAP42 viedla k zníženiu 
celkového množstva aktívneho RhoA, výsledkom čoho došlo k zvýšeniu dynamiky fokálnych 
spojov a lamelipodiálnych výbežkov a k zvýšeniu bunkovej migrácie.  

Táto práca prináša nové fosfoproteomické dáta, ktoré by mohli byť cenným zdrojom pre 
budúce štúdium signalizácie kinázy PKN3, a zdôrazňuje dôležitosť proteínovej fosforylácie 
ako jedného z kľúčových regulátorov aktivity proteínov.    
 

 

Kľúčové slová: fosforylácia, PKN3, Rho GTPázy, ARHGAP18, ARHGAP42 

 

 

 

 

 

  



Abstract 

 

Protein phosphorylation represents one of the most important posttranslational 
modifications in signal transduction and plays a crucial role in regulation of most of the cellular 
processes including cell cycle, communication with extracellular environment, cell migration 
or apoptosis. Phosphorylation is mediated by protein kinases, deregulation of which often 
negatively affects development and overall homeostasis and leads to development of several 
diseases, including cancer. In the first part of this work we focused on identification of new 
substrates of PKN3 kinase, which is a known player in regulation of cytoskeletal organization 
and pro-malignant tumor growth. Using an analog-sensitive mutant of PKN3 we performed 
a phosphoproteomic screen and identified 281 proteins that could potentially be phosphorylated 
by PKN3. Among these, we selected ARHGAP18, a protein from Rho GAP family, for further 
study. We confirmed PKN3 is able to phosphorylate ARHGAP18 on Thr154, Ser156 and 
Thr158 and that the two proteins are able to interact with one another in an ARHGAP18 
isoform-specific manner. We further showed that substitution of the three candidate sites for 
phosphomimicking aspartate led to the activation of ARHGAP18 GAP domain which resulted 
in decreased levels of active RhoA, suggesting the existence of a negative feedback loop in 
regulation of RhoA signaling. In the second study we described the intramolecular regulatory 
mechanism of another Rho GAP protein, ARHGAP42, and characterized the function of 
individual ARHGAP42 domains. We showed that phosphorylation of Tyr376 by Src kinase 
was sufficient to disrupt the autoinhibitory conformation of ARHGAP42 and to activate its 
GAP domain. Activation of ARHGAP42 led to a decrease in the levels of active RhoA resulting 
in increased focal adhesion dynamics, lamellipodial protrusion velocity and cell migration.  

Taken together, this work presents novel phosphoproteomic data that could be valuable for 
the future studies of PKN3 signaling and highlights the importance of protein phosphorylation 
as one of the key regulators of protein activity.       
 

 

Key words: phosphorylation, PKN3, Rho GTPases, ARHGAP18, ARHGAP42 
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1. Introduction 
 

Posttranslational modifications (PTMs) represent one of the most important regulatory 
mechanisms in signal transduction. They are mediated by specialized enzymes catalyzing the 
attachment of specific chemical groups or small proteins to target amino acids of their 
substrates. One of the most important PTMs is protein phosphorylation which is regulated 
mainly by the opposing action of two groups of proteins. One of them are protein kinases that 
catalyze the transfer of the phosphate group from the molecule of ATP to the phosphoacceptor 
site, and the second group is represented by protein phosphatases which are catalyzing the 
removal of phosphate moieties from phosphorylated proteins. Together, kinases, phosphatases 
and their substrates form a dynamic phosphorylation network which must be tightly regulated 
on several levels to specifically transmit the response to stimuli emerging form the cellular 
microenvironment. To date, however, the corresponding kinase was identified for only about 
5 % of the known phosphosites with almost insignificant functional assignments (Needham et 
al., 2019). The identification of protein kinase substrates thus represents one of the essential 
tools to characterize the complex phosphorylation network and to understand its regulation and 
function.   

In this work we aimed to identify new substrates of a largely understudied serine/threonine 
kinase PKN3 which is strongly implicated in cancer progression and has been characterized as 
a promising therapeutic target. Among various phosphoproteomic approaches currently used to 
screen for the kinase substrates we decided to use an analog-sensitive mutant of PKN3. The 
phosphoproteomic methods based on the analog-sensitive kinases represent an important 
chemical genetic tool to identify direct substrates of the studied kinase. Indeed, we identified 
218 new putative substrates of PKN3 in our screen, which will hopefully serve as a valuable 
resource for future study of PKN3 signaling.   

We further studied the effect of phosphorylation on the regulation of two Rho GAP proteins, 
ARHGAP18 and ARHGAP42. We identified ARHGAP18 as one of the PKN3 substrates in 
our phosphoproteomic data and showed that its phosphorylation by PKN3 led to activation of 
its GAP domain, resulting in decrease of the cellular levels of active RhoA. Similarly, we 
characterized the effect of ARHGAP42 phosphorylation by tyrosine kinase Src on the 
regulation of its conformation and activity. Our results highlight the importance of 
phosphorylation in regulation of signaling and uncover add a new knowledge into the complex 
phosphorylation network.        

In the following chapters of literature review, the most commonly used phosphoproteomic 
approaches will be described, followed by a brief description of the structure, function and 
regulation of small Rho GTPases and Rho GAP proteins ARHGAP18 and ARHGAP42. 
Finally, a brief review on PKN kinases focused mainly on signaling of PKN3 will be presented.    
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2. Literature review 

2.1. Kinases and phosphorylation 
 

There are 518 kinases encoded in human genome and, as such, kinases form one of the 
largest groups of proteins in eukaryotes constituting about 1,7 % of all human genes (Manning 
et al., 2002). The vast majority of the kinases are catalytically active and catalyze the transfer 
of the γ-phosphate from ATP (adenosine triphosphate) to the hydroxyl group of serine, 
threonine or tyrosine residues, however, phosphorylation of other residues such as histidine, 
arginine or lysine has also been getting attention recently (Adam and Hunter, 2018; Fu et al., 
2020). Based on the kinase domain evolutionary relationships and sequence similarity, the 
human kinases are clustered into eight main groups (Figure 1.): TK (tyrosine kinases), TKL 
(tyrosine kinase-like), STE (kinases related to STE20, STE11 and STE7), CK1 (casein kinase 
1), AGC (protein kinase A, protein kinase G and protein kinase C related), CAMK 
(Ca2+/calmodulin-dependent kinases), CMGC (Cdk, MAPK, GSK and Cdk-like related) and 
other kinases (Duong-Ly and Peterson, 2013).  

The early autoradiographic experiments showed that the ratio of serine, threonine and 
tyrosine phosphorylation in cells is far from being balanced (Hunter and Sefton, 1980). Indeed, 
the substantial part of phosphorylation events occurs on serine residues, about 10-15 % on 
threonines and only about less than 1 % of all phosphosites are tyrosines (Hunter and Sefton, 
1980; Sharma et al., 2014). The main reasons for this are, that unlike Ser/Thr phosphorylation, 
phosphorylation of tyrosine residues in the proteins plays rather regulatory than a structural role 
and is characterized by a fast turnover unless protected by phospho-tyrosine binding domains. 
Moreover, most of the tyrosine kinases are tightly regulated and activated only under specific 
circumstances (Hunter, 2009; Hunter and Sefton, 1980). Also, from an evolutionary point of 
view, tyrosine phosphorylation is considered relatively modern and it became essential mainly 
in the metazoan evolution (Lim and Pawson, 2010).  

It was estimated that more than 90% of expressed proteome would exhibit detectable 
phosphorylation when using ultra-deep identification methods with sufficient coverage 
(Sharma et al., 2014). There is a vast number of possible functional outcomes of 
phosphorylation, such as induction of conformational changes leading to enzyme activation or 
inhibition, regulation of protein-protein interactions, stability, etc. Thus, it is not surprising that 
phosphorylation is involved in the majority of the signal transduction events and plays a role in 
regulation of processes such as development, cell cycle, cell migration and reorganization of 
cytoskeleton, apoptosis, and others (Jurcik et al., 2020; Manning et al., 2002).   
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Figure 1. The dendrogram tree of human kinome depicting the individual kinases and their 
respective kinase families. Number of substrates recorded for each kinase corresponds to the area of 
the circle. The color of individual circles indicates the number of kinase substrates with annotated 
function. TK (tyrosine kinases), TKL (tyrosine kinase-like), STE (kinases related to STE20, STE11 
and STE7), CK1 (casein kinase 1), AGC (protein kinase A, protein kinase G and protein kinase C 
related), CAMK (Ca2+/calmodulin-dependent kinases), CMGC (Cdk, MAPK, GSK and Cdk-like 
related). The red arrow marks the PKN family of kinases present in the AGC branch. Figure edited 
from Needham et al., 2019.  
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2.2. Phosphoproteomic approaches in kinase research 
 

Mass spectrometry-based (liquid chromatography-coupled tandem mass spectrometry, 
LC-MS/MS) phosphoproteomic approaches represent one of the essential tools to study kinase 
signaling. Most of the approaches follow a similar workflow based on protein extraction and 
denaturation, followed by enzymatic digestion, enrichment of the phosphopeptides, 
LC-MS/MS with or without prior fractionation and, finally, bioinformatic analysis (Figure 2.).  

Given the low stoichiometry of phosphorylation events, enrichment steps are usually 
essential prior to LC-MS/MS analysis and are performed either at the protein or at the peptide 
level. At the protein level, the most common enrichment method is the affinity purification 
using either a phosphospecific antibody targeting a specific motif (Rikova et al., 2007), or, 
alternatively, using full-length proteins or protein domains that are known to bind 
phosphorylated motifs, such as 14-3-3 proteins for serine/threonine phosphorylation (Nishioka 
et al., 2012) or SH2 (Src-homology 2) domains for phosphorylated tyrosines (Ke et al., 2017). 
Much better and consistent results, however, are obtained using enrichment at the 
phosphopeptide level, mainly when interested in serine and threonine phosphorylation. For 
phosphopeptide enrichment, IMAC (immobilized metal affinity chromatography) and MOAC 
(metal oxide affinity chromatography) based on interaction of the phosphopeptides with 
chelated metal ions (e.g. Fe3+) or covalent metal oxides (e.g. TiO2), respectively, are the most 
specific and widely used (Leitner, 2016).     

In general, LC-MS/MS-based methods currently used to study the kinase signaling can be 
classified as indirect or direct (Jurcik et al., 2020), the main differences will be discussed in the 
following chapters. 

 
Figure 2. Basic phosphoproteomic workflows are usually based on protein extraction from the 
samples followed protein digestion using proteases, such as trypsin, or chymotrypsin. Subsequently, 
phosphopeptides are usually enriched using IMAC or MOAC approaches and subjected to 
LC-MS/MS analysis. The figure was created using BioRender.com. 

 



13 
 

2.2.1. Indirect LC-MS/MS methods 

Indirect LC-MS/MS methods are generally based on quantitative large-scale 
phosphoproteomics and rely on identification of several thousands of phosphosites with 
a subsequent quantitative comparison of phosphorylation levels between the control and treated 
samples. Most often, a selective kinase inhibitor in combination with phosphatase inhibitors is 
used to inhibit downstream signaling of the studied kinase providing a general picture of 
phosphorylation changes upon the kinase inhibition as a result, however, to discern the direct 
substrates from phosphorylation changes induced further downstream may be rather 
challenging. Moreover, when using kinase inhibitors, the specificity might always represent an 
issue and inhibition of possible off-targets should be taken into account when analyzing the 
data (Browne et al., 2019; Byrne et al., 2020; Polat et al., 2015; Rimel et al., 2020). 

In order to compare the changes between two or more studied samples, especially when 
using indirect LC-MS/MS phosphoproteomic approaches, several labeling strategies are 
currently used. One of the most common and most used labeling methods is SILAC (stable 
isotope labeling with amino acids in cell culture). SILAC is based on metabolic labeling of the 
whole proteome using stable isotope labeled amino acids, such as 13C or 15N-labeled arginine 
or lysine. As a result, intensities of the “heavy” and “light” peptides analyzed by LC-MS/MS 
allow for comparison of their relative abundance in the sample (Chen et al., 2015). As an 
alternative to SILAC, several tagging systems for chemical labeling of peptides are widely used, 
such as iTRAQ (isobaric tags for relative and absolute quantitation)(Ross et al., 2004) or TMT 
(isobaric tandem mass tags)(Thompson et al., 2003). The known mass difference between 
labeled and unlabeled peptides is used to distinguish the individual studied conditions when 
analyzing the LC-MS/MS data. In addition to SILAC and isobaric tags, label free quantification 
methods based on measuring ion intensity changes or spectrum counting provide an efficient 
and less expensive alternative to labeling methods (Cox et al., 2014; Neilson et al., 2011).  
 
 

2.2.2. Direct LC-MS/MS methods 

Direct LC-MS/MS methods focused on kinase signaling are generally based either on direct 
interaction of the studied kinase with its substrates or on phosphorylation with ATP analogs 
that allow for specific identification of the phosphorylated substrates.  

The kinase-substrate interaction screens are based on the notion that the kinases have to be 
in the direct interaction with their substrates to phosphorylate them. However, several issues in 
specificity and effectiveness of this approach are raised. First of all, interaction of the kinase 
with its substrate is transient and, normally, when the substrate is phosphorylated the interaction 
is lost. Moreover, a number of false positives can be identified in case the kinase interacts with 
scaffold proteins or acts as an adaptor protein itself (Jurcik et al., 2020; Miller and Turk, 2018).  
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Recently, a new method for direct substrate identification was described using radiolabeled 
ATP in an in vitro kinase reaction coupled with quantitative mass spectrometry (HAKA-MS). 
The approach combines irreversible inhibition of all endogenous kinases by FSBA 
(5′ -[p-(fluorosulfonyl)benzoyl]adenosine) and the use of stable γ-18O2-labelled version of ATP 
which allows for specific detection of phosphorylated substrates (Müller et al., 2016).  

Another direct LC-MS/MS approach used to identify kinase substrates is based on the use 
of analog-sensitive kinases and will be discussed in detail in the following chapter.  

2.2.2.1. Analog-sensitive kinases 

The concept of analog-sensitive (AS) kinases emerged as a chemical-genetic tool to 
specifically target engineered kinases with small molecular inhibitors and, therefore, study the 
precise role of individual kinases in cellular signaling (Bishop et al., 2000). The initial studies 
were performed on v-Src kinase and showed, that mutation of Ile338, a gatekeeper residue 
located in the ATP-binding pocket of the kinase, affected the ability of the small molecular 
inhibitor PP1 to inhibit the activity of Src. The substitution of Ile338 for a larger amino acid, 
such as phenylalanine or methionine, decreased the potency of PP1, and, conversely, when a 
smaller residue, glycine or alanine, was used to substitute Ile338, inhibition of Src by PP1 was 
increased. Importantly, mutation of this gatekeeper residue for a smaller amino acid resulted in 
the opening of the ATP-binding pocket and the mutated kinase could use synthetic ATP analogs 
with a bulky group added to the N6 position as a cofactor in phosphorylation, while the WT 
kinase could not (Figure 3.). Similarly, bulky analogs of PP1 inhibitor exhibited increase in 
both potency and specificity when used with AS kinase, providing an important tool to study 
Src-mediated signaling (Bishop et al., 1999; Liu et al., 1998, 1999; Shah and Shokat, 2002). 
Interestingly, mutation of the gatekeeper residue was demonstrated to result in increased 
activity of several kinases which was reflected also in their increased transforming ability. 
A spontaneous gatekeeper mutation was shown to confer resistance of BCR-ABL fusion kinase 
to Imatinib (STI-571, Gleevec), an inhibitor used for the treatment of patients with chronic 
myeloid leukemia (CML), underlining the importance of this residue in phosphorylation 
catalysis and kinase targeting (Azam et al., 2008; Gorre et al., 2001). Moreover, by using AS 
variant of BCR-ABL and a specific NaPP1 small molecular inhibitor it was shown, that 
inhibition of BCR-ABL alone is not sufficient to eliminate all the cell populations with 
myeloproliferative disorder suggesting that the off-target effects of Imatinib are required for 
effective CML treatment (Wong et al., 2004). 

Since the first studies, more than 20 AS kinases were engineered. Use of these kinases in 
different cellular and organismal contexts, ranging from yeasts (Alonso-Rodríguez et al., 2016; 
Cipak et al., 2012, 2014; Floor et al., 2016; Gregan et al., 2007), plants (Harashima et al., 2016), 
zebrafish (Cibrián Uhalte et al., 2012), to mice (Maas et al., 2014; Michowski et al., 2020) and 
human cells (Banko et al., 2011; Bartkowiak et al., 2015; Decker et al., 2019), highlights the  
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Figure 3. Structural comparison of WT and AS kinase domain of DAPK kinase. The upper 
panel shows the cartoon structures of WT (left) and AS (Leu93Gly, right) catalytic domain of DAPK 
(death-associated protein kinase) kinase with the gatekeeper residues highlighted in red (displayed 
in sticks). Dashed squares mark the approximate areas corresponding to ATP-binding sites of 
individual kinase domain enlarged in the lower panel. Catalytic domain of DAPK WT is complexed 
with ADP (adenosine diphosphate, orange) while the catalytic domain of DAPK AS is in complex 
with N6-cyclopentyladenosine (orange). Substitution of the gatekeeper residue Leu93 for glycine 
leads to enlargement of the ATP binding region which allows the entry of N6-substituted bulky 
analogs of ATP and their use in phosphorylation. PDB 3F5G (DAPK WT, resolution 1,85Å) and 
3GU8 (DAPK AS, resolution 1,6Å). Visualized and rendered in PyMOL.  
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versatility of the AS kinase approach in the study of the kinase signaling. Moreover, 
endogenous AS alleles have been recently generated by CRISPR/Cas9-mediated knock-in and 
successfully used to study signaling of several cyclin-dependent kinases (Gressel et al., 2017; 
Michowski et al., 2020), providing an interesting tool to study kinase signaling in endogenous 
context. 

A lot of different protocols have been used when performing phosphoproteomic screens 
using AS kinases (Allen et al., 2007; Carlson and White, 2012; Cipak et al., 2014; Gregan et 
al., 2007; Hertz et al., 2010) all of them sharing the principal idea which is the use of bulky, 
N6-substituted analogs of ATPγS. Use of these analogs provides both specificity and selectivity 
to the screen – N6 bulky group ensures that only the AS kinase will be able to use the analog 
for transfer of the thiophosphate, which will then allow for selective visualization or enrichment 
of the kinase substrates (Allen et al., 2007). Two ways of substrate enrichment are typically 
used in AS kinase screens. First, lysate containing thiophosphorylated substrates can be treated 
with p-nitrobenzyl mesylate (PNBM) alkylation reagent creating a thiophosphate ester, which 
is then immunoprecipitated using a specific antibody. Alternatively, after the protein 
denaturation and enzymatic digestion, the thiophosphorylated peptides can be enriched using 
iodoacetyl beads and released by oxidation in form of phosphopeptides for subsequent 
LC-MS/MS analysis (Figure 4.) (Allen et al., 2007; Hertz et al., 2010).           

 

 
 

Figure 4. Overview of the AS kinase-based phosphoproteomic approaches. After 
thiophosphorylation of substrates by AS kinase two different ways of enrichment are usually 
applied. First, after the protein denaturation and enzymatic digestion the thiophosphorylated 
peptides can be enriched using iodoacetyl beads and released by oxidation in form of 
phosphopeptides for subsequent LC-MS/MS analysis. Alternatively, the lysate containing 
thiophosphorylated substrates can be treated with p-nitrobenzyl mesylate (PNBM) alkylation reagent 
creating a thiophosphate ester, which is then immunoprecipitated using a specific antibody with 
subsequent digestion and LC-MS/MS analysis. 



17 
 

2.3.  Signaling of small Rho GTPases 
 
Family of small Rho (Ras homolog) GTPases (18-21 kDa) belongs to the Ras superfamily 

and is represented by 20 monomeric G proteins. They are indispensable for spatial and temporal 
organization of cytoskeleton and, therefore, for regulation of cell morphology, formation of 
cellular protrusions, migration, cell cycle and other processes. Although 20 members have been 
described to date, three of the small Rho GTPases, RhoA, Rac1 and Cdc42, were studied most 
extensively and represent the key nodes in signaling leading to formation of important 
actin-based migratory structures, such as stress fibers, lamellipodia or filopodia, respectively 
(Nobes and Hall, 1995). 

Structurally, small Rho GTPases are formed by a G domain core, insert helix and 
hypervariable C-terminal region. The G domain contains 5 conserved sequence motifs (G1-G5) 
which are responsible for mediating the interaction with guanine nucleotide. G1 motif, also 
known as the P-loop, together with G4 and G5 motifs play a role in coordination of nucleotide 
binding with Mg2+ ion which is indispensable for this process. G2 and G3 motifs, also known 
as switch I and switch II, respectively, sense whether the bound nucleotide is in a GDP or a 
GTP form and change the conformation accordingly. Between G4 and G5 motifs there is a short 
insert helix which promotes the activation of several effector proteins and participates in 
interaction with a number regulatory proteins, together with the C-terminal hypervariable 
region which is the main determinant of the interaction specificity (Figure 5.). At the C-terminus 
there is a CAAX-box which serves as an attachment site for lipid anchors (mostly farnesyl, 
geranylgeranyl and palmitoyl groups) that mediate binding of Rho GTPases to the membrane 
(Hodge and Ridley, 2016; Schaefer et al., 2014).   

 
Figure 5. The ribbon structure of RhoA. The structure contains the first 180 amino acids of RhoA 
(out of 193 amino acids), C-terminal hypervariable region with CAAX-box is excluded. P-loop/G1 
motif – brown, switch I region/G2 motif – cyan, switch II region/G3 motif – orange, insert helix – 
blue. PDB 5EZ6, resolution 1.80 Å. Visualized and rendered in PyMOL.  
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Rho GTPases play a fundamental role in the regulation of cytoskeletal organization and 
represent a key node in regulation of cell shape and motility. Especially, cell migration and 
invasion are of utmost importance in the field of cancer progression and formation of secondary 
tumor sites. Cell migration can be defined as a multistep process involving several steps, such 
as extension of lamellipodia at the leading edge of the cell followed by formation of focal 
contacts with the extracellular matrix (ECM), cell body contraction by actomyosin complexes 
and, finally, detachment of the tail part of the cell (Lauffenburger and Horwitz, 1996; Parri and 
Chiarugi, 2010). To exert their function in orchestration of these processes Rho GTPases act 
through several effector proteins (Figure 6.). Among the most studied effector proteins of RhoA 
belong the ROCK kinases (Rho-associated protein kinase), actin nucleating proteins from the 
formin family, such as mDia, or PKN (protein kinase N) kinases which will be described in 
detail in the following chapters (Kühn and Geyer, 2014; Lammers et al., 2008; Watanabe et al., 
1997, 1999). The activation of ROCK1 or ROCK2 kinases by RhoA leads to inhibition of 
MLCP (myosin light chain phosphatase) activity via phosphorylation of its MYPT1 (myosin 
phosphatase target subunit 1) subunit and, therefore, to the increased levels of MLC (myosin 
light chain) phosphorylation resulting in enhanced actomyosin contractility. ROCK kinases can 
also activate LIMK (LIM kinase) which is involved in regulation of actin dynamics via 
phosphorylation and inactivation of actin-binding protein cofilin. (Amano et al., 1996, 2001; 
Bernard, 2007; Cardama et al., 2017; Feng et al., 1999; Kimura et al., 1996; Wei et al., 2016). 
In contrast with RhoA, Rac1 GTPase is implicated in the formation of lamellipodia at the 
leading edge of the migrating cells via activation of WAVE (WASP family Verprolin-
homologous protein) protein and subsequent Arp2/3 (actin related protein 2/3) 
complex-mediated actin nucleation (Miki et al., 1998). Similarly as the GTPases from RhoA 
subfamily, Rac1 can regulate actin dynamics via LIMK-mediated cofilin inhibition. In the case 
of Rac1 signaling, however, LIMK is activated by PAK (p21-activated kinase) kinases 
(Edwards et al., 1999). Finally, Cdc42 acts mainly via WASP (Wiskott-Aldrich syndrome 
protein) protein resulting in Arp2/3-mediated formation of filopodia (Parri and Chiarugi, 2010). 
Moreover, the Rho GTPases also exert their actions through the activation of formin proteins 
from mDia subfamily which lead to increased actin polymerization (Kühn and Geyer, 2014).    

  
 
2.3.1. Classification of small Rho GTPases and regulation of their activity 

Based on the common features in their activation and regulation, Rho GTPases are classified 
in two main groups, classical and atypical, which can be further divided into eight subgroups 
(Table 1.). The proteins belonging to the group of classical Rho GTPases containing Rho, RhoF, 
Rac and Cdc42 subfamilies, act as molecular switches transitioning between the inactive (GDP) 
and active (GTP) state. These transitions are facilitated by two classes of proteins – guanine  
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Figure 6. Rho GTPases and their main effector proteins in regulation of cell motility.  

 
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs)(Figure 7.). GEFs 
mediate the exchange of GDP for GTP and, therefore, activate the Rho GTPases. On the other 
hand, GAP proteins stimulate the intrinsic GTPase activity of the Rho GTPases which results 
in their inactivation. Alternatively, Rho GTPases can be sequestered by guanine nucleotide 
dissociation inhibitors (GDIs) that inhibit their activation by GEF proteins. Rho GTPases that 
are not regulated by GEF and GAP proteins are classified as atypical and include four remaining 
subfamilies – RhoH, RhoU/RhoV, RhoBTB and Rnd. RhoU and RhoV, also known as 
fast-cycling Rho GTPases, are characterized by significantly increased ability of intrinsic GTP 
hydrolysis. In contrast, RhoH and Rnd GTPases are defective in their GTPase activity and act 
as constitutively active (Aspenström, 2020; Dahmene et al., 2020; Hodge and Ridley, 2016).  

Table 1. Classification of mammalian Rho GTPases. Rho GTPases can be classified into two 
main groups, classical and atypical, each of them containing four subfamilies.   
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Figure 7. Regulation of activity of the classical Rho GTPases. Classical Rho GTPases are 
activated by GEF proteins that mediate the exchange of GDP for GTP. In the active state, Rho 
GTPases signal through their effector proteins to regulate the cytoskeleton organization and 
dynamics. GAP proteins stimulate the intrinsic activity of Rho GTPases resulting in hydrolysis of 
GTP and, therefore, their inactivation. To prevent their downstream signaling, Rho GTPases can be 
further sequestered to cytosol by GDI proteins, representing another level of negative regulation. 
Without the protective function of GDI, cytosolic Rho GTPases are rapidly degraded by 
ubiquitin-proteasome system.  

 
 
2.3.2. Rho GAP proteins 

Rho GAPs represent a very diverse family of proteins negatively regulating the activity of 
small Rho GTPases. Currently, more than 70 Rho GAPs have been described across different 
species (Tcherkezian and Lamarche-Vane, 2007). In human, there are 66 Rho GAPs encoded 
in the genome, 57 of which possess a catalytic GAP domain able to activate the GTPase activity 
of the small Rho GTPases (Amin et al., 2016). Structurally, GAP domain of the Rho GAP 
proteins consists of 9 α-helical segments. The core of the GAP domain is formed by a four-helix 
bundle which mediates the interaction with switch I, switch II and P-loop region of Rho 
GTPases. There is a conserved arginine residue in the central part of the GAP domain core 
region, also known as the arginine finger, which is essential for the stimulation of the activity 
of small Rho GTPases (Amin et al., 2016; Gamblin and Smerdon, 1998; Rittinger et al., 1997; 
Scheffzek et al., 1998).  

Notably, the vast majority of Rho GAPs exhibit high domain modularity and apart from 
GAP domain they encode many others, such as SH2, SH3 (Src-homology 3), WW, PH 
(pleckstrin homology), BAR (Bin/ amphiphysin/Rvs), and others. It is the presence of these 
domains that is believed to provide the specificity of Rho GAP proteins towards individual Rho 
GTPases and to regulate their activity in both spatial and temporal manner by ensuring the 
proper localization and activation of Rho GAPs (Amin et al., 2016).      
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A short introduction to the function, regulation and signaling of two Rho GAP proteins, 
ARHGAP18 and ARHGAP42, will be discussed in the following chapters.  
  
 

2.3.2.1. ARHGAP18 

ARHGAP18 is a member of a Rho GAP protein family also known by an alternative name, 
SENEX, which is connected to observed induction of premature senescence of endothelial cells 
overexpressing this protein (Coleman et al., 2010). Interestingly, cell type-dependent specificity 
of ARHGAP18 towards individual Rho GTPases has been described in literature. In cancer 
cells, it exhibits specificity towards RhoA (Maeda et al., 2011) whereas in endothelial cells it 
was shown to act preferentially on RhoC (Chang et al., 2014). However, GAP activity towards 
RhoA has recently been observed also in endothelial cells (Li et al., 2020). One of the possible 
explanations for the cell-type dependent ARHGAP18 specificity could be the absence of proper 
docking domains that would ensure a specific subcellular localization. Indeed, it is notable that 
the GAP domain is the only well-defined classical domain in ARHGAP18 protein sequence 
and the rest of the tertiary structure remains unresolved.  

ARHGAP18 was shown to regulate the organization of actin cytoskeleton downstream of 
IP3R3 (inositol 1,4,5-trisphosphate receptor 3) via the RhoA/mDia1/FAK (focal adhesion 
kinase) signaling pathway (Vautrin-Glabik et al., 2018) and to associate with microtubules in 
a GAP-dependent manner (Lovelace et al., 2017). Moreover, it regulates the cell shape and 
tissue tension homeostasis in development downstream of YAP (Yes associated protein) 
(Porazinski et al., 2015) and localizes to the leading edge during cell spreading and migration 
(Maeda et al., 2011). As mentioned previously, overexpression of ARHGAP18 in endothelial 
cells leads to premature senescence (Coleman et al., 2010). Moreover, ARHGAP18 acts as a 
negative regulator of angiogenesis and contributes to vascular stabilization (Chang et al., 2014), 
as well as to athero-protective alignment of endothelial cells in response to laminar shear flow 
(Coleman et al., 2020; Lay et al., 2019).  

The role of ARHGAP18 in cancer development and signaling is still very contradictory, as 
both overexpression (Li et al., 2018) and downregulation (Aguilar-Rojas et al., 2018; 
Humphries et al., 2017) of ARHGAP18 were shown to result in inhibition of cancer cell 
migration, invasion and tumor growth. Moreover, high expression levels of ARHGAP18 were 
associated with both better outcome (Aleskandarany et al., 2017), but also with worse 
metastasis-free and overall survival (Humphries et al., 2017) of breast cancer patients, 
suggesting a highly context-dependent behavior of ARHGAP18 in cancer cells, similarly as in 
case of specificity towards individual Rho GTPases.     
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2.3.2.2. ARHGAP42 

ARHGAP42, also known as GRAF3, is a Rho GAP which belongs to the family of GRAF 
(GTPase regulator associated with FAK) proteins. There are three other members in this family: 
GRAF1 (ARHGAP26), GRAF2 (ARHGAP10, PSGAP (PH and SH3 domain containing 
RhoGAP)) and OPHN1 (oligophrenin-1). All the members of the GRAF family share similar 
domain organization. At the N-terminus of the protein, there is a BAR domain followed by PH 
domain, GAP domain and, with the exception of OPHN1, SH3 domain (Figure 8.) (Aspenstrom, 
2018). The role of the BAR domain in shaping the membrane and balancing the membrane 
tension has been described in multiple BAR domain-containing proteins. It is formed by three 
α-helices that dimerize into crescent-shaped structures (Aspenstrom, 2018; Peter et al., 2004; 
Salzer et al., 2017). The importance of BAR domain in GRAF proteins was demonstrated in 
several studies showing that BAR domain of GRAF1 is essential for mediating 
clathrin-independent endocytosis by formation of tubular membrane structures. Moreover, 
depletion of GRAF1 affected the membrane tension resulting in increased cell blebbing  (Eberth 
et al., 2009; Holst et al., 2017; Lundmark et al., 2008). On the other hand, the C-terminal SH3 
domain of GRAF1 and GRAF2 proteins was shown to mediate interaction with polyproline 
regions of several interacting proteins, such as FAK, Pyk2 or PKN3 (Ren et al., 2001; Shibata 
et al., 2001).  

 

 
 

Figure 8. Domain organization of individual GRAF family proteins. For ARHGAP42 the major 
site of Src-mediated phosphorylation, Tyr376 (Y376), is depicted.  

 
 
Expression of ARHGAP42 is restricted to smooth muscle cells (SMC) where it controls the 

levels of blood pressure as it was shown in a gene trap mouse model. Downregulation of 
ARHGAP42 leads to increased blood pressure in a dose-dependent manner via activation of 
RhoA signaling (Bai et al., 2013). Interestingly, further studies suggested ARHGAP42 could 
act as a rheostat of RhoA activation in SMC as a result of transcriptionally mediated negative 
feedback loop downstream of RhoA signaling (Bai et al., 2018).  Recently, in a genome-wide 
association study it was confirmed  that patients with haploinsufficiency in ARHGAP42 suffer 
with hypertension (Fjorder et al., 2019). Moreover, a common ARHGAP42 polymorphism 
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(rs604723) has been described to influence the expression of ARHGAP42 in SMC via binding 
of serum response factor to intronic regulatory element (Bai et al., 2017).  

In the field of cancer, ARHGAP42 remains largely understudied. High expression of 
ARHGAP42 was observed in nasopharyngeal cancer (NPC) tissues, with even higher 
expression in metastatic NPC which negatively correlated with overall survival of patients with 
NPC (Hu et al., 2018). Hu with colleagues also showed overexpression of ARHGAP42 
promoted proliferation, migration and invasion of NPC cells (Hu et al., 2018). Moreover, 
YAP-dependent upregulation of ARHGAP42 upon knockdown of SASH1 (SAM and SH3 
domain containing 1) has been recently shown to regulate cell invasion of triple-negative breast 
cancer cells (Jiang et al., 2020).  
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2.4. PKN kinases  
 

The family of PKN kinases, also known as PRK (protein kinase C-related kinases) includes 
three members – PKN1/PRK1/PKNα, PKN2/PRK2/PKNγ and PKN3/PKNβ.  They are Ser/Thr 
kinases of AGC type and belong to the superfamily of PKC kinases. As one of the main 
effectors of signaling mediated by Rho GTPases, PKN kinases are involved in cytoskeletal 
rearrangement and contribute to the regulation of processes such as cell motility or cell cycle 
and to development of several diseases. In this chapter, structure and function of PKN kinases 
will be described with the main focus on PKN3.  

 

2.4.1.1. Structure of PKN kinases 

HR1 domains 

At the N-terminal part of PKN kinases there are three highly conserved homologous 
repetitions called HR1 domains (HR1a, HR1b, HR1c; protein kinase C-related kinase 
homology region 1)(Figure 9.), also known as ACC (antiparallel coiled-coil) domains or CZ 
(charged aminoacid and Leucince zipper-like sequence) regions, which are important in 
mediating the interaction with Rho GTPases (Maesaki et al., 1999a; Mukai and Ono, 1994). 
Extensive work has been done to define the structure and characterize the interaction of HR1 
domains with Rho GTPases (Flynn et al., 1998; Hutchinson et al., 2011, 2013; R Maesaki et 
al., 1999; Ryoko Maesaki et al., 1999; Modha et al., 2008; Owen et al., 2003; Shibata et al., 
1996; Zong et al., 1999). The first structural studies of HR1 domains in PKN1 showed they are 
formed by a coiled coil of two α-helices. Although resolving the structure of HR1a domain with 
  

 

 
 
 

Figure 9. Domain organization of individual PKN kinases. Individual domains of PKN kinases 
and the phosphorylation sites important for activation of PKN kinases are shown. In PKN2 and 
PKN3 the corresponding position polyproline motifs (PP) that mediate the interaction with SH3 
domain-containing proteins is depicted. 
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RhoA revealed two possible ways of interaction, referred to as contact I and contact II and 
delineated the differences of effector recognition between RhoA, Cdc42 and Rac (Maesaki et 
al., 1999a), mutational analysis of respective contact sites performed on the RhoA-HR1a 
interaction model revealed that only residues of contact II are involved in RhoA binding to 
HR1a (Hutchinson et al., 2011). While both HR1a and HR1b domains of PKN1 have been 
shown to bind Rho GTPases, HR1c is unable to do so and its function in PKN kinases remains 
unclear (Flynn et al., 1998). Further biophysical studies of HR1a and HR1b domains have 
shown there are slight differences in the structure of HR1 domains between the PKN isoforms, 
such as in helical content and thermal stability (Hutchinson et al., 2011, 2013). These 
differences most likely influence the affinity of Rho GTPases to HR1 domains of individual 
PKN kinases. Interestingly, while only a little difference in binding affinity of full length RhoB 
or RhoB lacking the C-terminal polybasic region to PKN1 and PKN2 was observed, PKN3 
showed significantly higher affinity to full length RhoB, similarly, as it was described for 
interaction of PKN1 with Rac1, stressing out the differences in individual PKN-Rho GTPase 
interactions (Hutchinson et al., 2013; Modha et al., 2008). Although all PKN isoforms have 
been shown to bind RhoB with highest affinity in vitro, association studies in living cells 
showed PKN3 interacts preferentially with RhoC (Hutchinson et al., 2013; Unsal-Kacmaz et 
al., 2012). 
 

C2 domain 

In the central part of PKN kinases, there is a region homologous to the C2 domain of PKC, 
where it has been first described (Figure 9.)(Coussens et al., 1986; Knopf et al., 1986; 
Nishizuka, 1988). C2 domain is present in more than a hundred of proteins, such as PKC, PI3K 
(phosphatidyl-inositol 3 kinase) (Hiles et al., 1992), PLC (phospholipase C) (Rhee et al., 1989), 
synaptotagmin (Perin et al., 1990) or rabphilin (Shirataki et al., 1993), and it is responsible for 
lipid/membrane binding in either a Ca2+-dependent or independent manner. Several structural 
studies showed the approximately 130-amino acid long C2 domain is organized into a β-
sandwich of two four-stranded antiparallel β-sheets. Furthermore, there are two main different 
topologies C2 domains can adopt, topology I and II, which differ in connectivity of the 
individual β-strands and influence the orientation of the domain in respect to the neighboring 
regions (Figure 10.) (reviewed in Kretsinger et al., 2013; Nalefski and Falke, 1996; Rizo and 
Sudhof, 1998). The C2 domains of all three PKN kinases are of topology II and are unable to 
bind Ca2+. However, they are responsible for increased catalytic activity of PKN kinases upon 
binding of phospholipids, except for PKN3, which is not stimulated by any lipids. In both PKN1 
and PKN2 a huge increase in activity was observed when assayed in the presence of several 
lipids, such as PIP2 (phosphatidylinositol (4,5)-bisphosphate), PIP3 (phosphatidylinositol 
(3,4,5)-trisphosphate) or arachidonic acid (Falk et al., 2014; Oishi et al., 1999).  
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Figure 10. Structure of the C2 domain. Left panel – a schematic drawing of individual C2 domain 
topologies which differ in the connectivity of individual β-strands. Right panel – structure of PLCδ1 
(phospholipase C delta 1) C2 domain (topology II). PDB 1DJI, resolution 2.50 Å. Visualized and 
rendered in PyMOL 

 

Region linking the C2 domain and the catalytic domain 

A short region following the C2 domain of PKN kinases was described to negatively 
regulate the interaction of PKN kinases with PDK1 (3-phosphoinositide-dependent protein 
kinase-1). This inhibition is released upon binding of Rho GTPases to the HR1 domain 
highlighting the role of Rho-GTP/PKN/PDK1 triple-complex formation in full activation of 
PKN kinases (Bauer et al., 2012; Flynn et al., 2000; Unsal-Kacmaz et al., 2012). There is also 
a short polyproline region between the C2 domain and the catalytic domain of PKN2 and PKN3 
containing one or two polyproline motifs, respectively (Figure 9.)(Oishi et al., 1999), which 
mediate interaction with SH3 domain of several proteins, such as Graf1 and Graf2 in case of 
PKN3 (Shibata et al., 2001) or Nck in case of PKN2 (Quilliam et al., 1996). Recently, in a 
screen for new interaction partners of SH3 domain of adaptor protein p130Cas (Crk-associated 
substrate) we have predicted and confirmed a direct interaction between the SH3 domain of 
p130Cas and polyproline motif of PKN3. The interaction of the two proteins was abrogated 
either upon substitution of Tyr12 to phosphomimicking aspartate in the p130Cas SH3 domain 
or mutation in the polyproline motif of PKN3 (PPPKPPRL507 to PAPSAPRL507)  (Gemperle et 
al., 2017, 2019).   

 

Catalytic domain 

The C-terminally located catalytic domain of PKN3 kinase exhibits a high sequential 
identity of 66 % and 62 % with those of PKN1 and PKN2, respectively (Oishi et al., 1999). The 
catalytic domains of PKN kinases adopt a structure of the classical kinase fold composed of 



27 
 

a small amino-terminal lobe (N-lobe) and a larger carboxy-terminal lobe (C-lobe). Between the 
two lobes a catalytic groove is formed were the ATP molecule is bound during phosphorylation 
catalysis. In the ATP-binding site-adjacent region of the C-lobe, there is a so-called activation 
loop which upon phosphorylation induces conformational changes mainly in the αC helix 
connecting the activation loop with the N-lobe. In the activation loop, there is also a highly 
conserved DFG (Asp-Phe-Gly) motif which ensures proper positioning of ATP during 
phosphorylation. The conformational changes induced by phosphorylation of the activation 
loop (Thr744 in PKN1, Thr816 in PKN2 and Thr718 in PKN3)  are important for the formation 
of a crucial network of hydrogen bonds between ATP and the residues of the catalytic cleft that 
is essential for the proper activity of the kinase. In most of the AGC kinases, phosphorylation 
of both the activation loop and a hydrophobic motif which is located in the C-terminal tail of 
the kinase domain is necessary for the activation of the kinase. In PKN kinases, however, 
phosphorylation of the hydrophobic motif is not necessary since it contains phosphomimicking 
aspartate or glutamate residue instead of serine or threonine. This motif binds to the PIF pocket 
of PDK1 kinase which, in turn, phosphorylates the activation loop and activates the kinase 
(Arencibia et al., 2013; Flynn et al., 2000; Mora et al., 2004; Pearce et al., 2010). There is also 
another motif present in the C-terminal tail of the kinase domain of several AGC kinases called 
the turn motif which promotes their stability and activity. In PKN kinases it corresponds to 
Ser916 in PKN1, Thr958 in PKN2 and Thr860 in PKN3 (Falk et al., 2014; Pearce et al., 2010).   

The specificity of PKN1 and PKN3 towards their substrates was assayed in several studies 
using phosphorylation of peptide arrays. Similarly to other basophilic AGC kinases, such as 
PKCs, PKN kinases exhibit strong preference for arginine residue in the position -3 and for 
hydrophobic amino acids in the position +1 (Figure 11.). Although PKN1 and PKN3 partially 
shared recognition of the target peptide motifs, they still retained some level of specificity 
(Browne et al., 2019; Collazos et al., 2011; Miller and Turk, 2018). A specific linear 
phosphorylation motif surrounding the phosphoacceptor is, however, not the only key 
determinant that drives the substrate phosphorylation. First, docking interactions between the 
kinase and the substrate proteins mediated by short linear motifs or large binding interfaces can 
facilitate substrate phosphorylation of non-consensus linear sequences. Similarly, 
phosphorylation can also occur based on a structural context where the consensus residues 
located far from the phosphoacceptor site in the linear sequence are brought together in the 
secondary structure of the substrate (Duarte et al., 2014; Miller and Turk, 2018). 
 
 

2.4.2. Expression, activation and function of PKN3 

While PKN1 and PKN2 are abundantly expressed in most of the adult human tissues 
(Hashimoto et al., 1998; Mukai and Ono, 1994), expression of PKN3 is restricted mainly to 
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osteoclasts, endothelial cells and numerous cancer cell types (Aleku et al., 2008; Leenders et 
al., 2004; Oishi et al., 1999; Uehara et al., 2017; Unsal-Kacmaz et al., 2012).  

In osteoclasts, Uehara and colleagues have recently discovered the role of PKN3 in 
regulation of their bone resorbing activity, where PKN3 is activated downstream of 
non-canonical Wnt signaling as a RhoA effector kinase and contributes to maturation of 
podosomes and sealing zone by complex formation with Src, Pyk2 and p130Cas (Gemperle et 
al., 2019; Uehara et al., 2017; Uehara et al., 2019). In endothelial cells, PKN3 expression 
correlates with their migratory phenotype and its downregulation impairs the formation of 
characteristic tubular structures of endothelial cells in 3D in vitro culture conditions (Aleku et 
al., 2008).  

In cancer cells, PKN3 was shown to act downstream of activated PI3K kinase promoting 
the malignant growth of PC-3 cells (prostate adenocarcinoma). Similarly, overexpression of 
PKN3 in breast cancer cells leads to pro-invasive growth of these cells in vitro. Conversely, 
inhibition of PKN3 expression in cancer cells impairs both the primary tumor growth and the 
formation of metastases (Leenders et al., 2004; Unsal-Kacmaz et al., 2012). Recently we have 
characterized the interaction of PKN3 with p130Cas and showed it promotes pro-malignant 
growth of cancer cells, which could partially explain PKN3-mediated phenotype (Gemperle et 
al., 2019).   
 

Figure 11. Consensus phosphorylation motif of PKN3. Position of individual amino acids is show 
in respect to phosphorylated Ser/Thr in position 0. The upper panel represents the preference for 
specific amino acids surrounding the phosphorylation site. The height of the letters are proportional 
to the frequency in the top 20 peptides phosphorylated in the peptide array. The lower panel 
represents grouped amino acid probability. R group includes hydrophilic amino acids (Arg, Lys, 
Asp, Glu, Asn, Gln), S group represents neutral amino acids (Ser, Gly, His, Thr, Ala, Pro), I group 
includes hydrophobic amino acids (Ile, Met, Leu, Val, Phe, Trp, Tyr). 70 % probability is depicted 
by red line. Figure from Collazos et al., 2011. 
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2.4.3. PKN3 as a therapeutic target 

Since PKN kinases were shown to promote tumor growth and development they became a 
potential target in anticancer therapy. In fact, inhibition of all three PKN kinases was proposed 
to be the best option possible to overcome the redundancy in signaling of individual PKN 
kinases in targeting the invasive behavior of cancer cells (Lachmann et al., 2011).   

To specifically target PKN3 in primary endothelial cells, Atu027, a liposomal siRNA was 
developed by Aleku and colleagues and has recently completed phase I/II clinical trials (Aleku 
et al., 2008; Schultheis et al., 2014, 2020; NCT00938574, NCT01808638). Systemic 
administration of Atu027 leads to downregulation of PKN3 in endothelial cells and inhibits 
formation of both micro- and macrometastases in xenogeneic (MDA-MB-231, MDA-MB-435) 
breast cancer and syngeneic (LCC, B16V) lung cancer metastasis mouse models, probably by 
inhibiting the maturation of glycosylation of several adhesion molecules, such as ICAM1 or 
VCAM1, needed for proper cancer cell migration (Aleku et al., 2008; Mukai et al., 2016). 
A combination of Atu027 and gemcitabine for treatment of patients with advanced pancreatic 
adenocarcinoma showed a significantly improved outcome, highlighting the importance of 
PKN3 as a therapeutic target (Schultheis et al., 2020; NCT01808638).    

Generally, small molecular inhibitors are used to target kinases in cancer therapy. There are 
currently more than 35 FDA approved Ser/Thr and Tyr kinase inhibitors used to treat both solid 
and liquid malignancies (Bhullar et al., 2018). While there are no inhibitors selectively targeting 
PKN3, several commercially available kinase inhibitors showed surprising specificity and 
selectivity towards PKN kinases. Inhibitors of Src (PP1), p38 MAPK (SB-202190) or ROCK 
(Y27632) kinases displayed strong inhibitory effect towards PKN3 with Ki (inhibitory constant 
that defines the concentration of inhibitor necessary to reduce the kinase activity to 50 %) in 
nanomolar values (Falk et al., 2014). Interestingly, JZ128, a new covalent inhibitor of PKN3 
binding to Cys840 was identified by Browne and colleagues, providing an important tool for 
future study of PKN3 signaling (Browne et al., 2019).     
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Supplementary Table 1

Supplementary Table 1 contains a curated list of putative PKN3 substrates and 
phosphorylation sites. All the phosphosites with missing values or those identified in control 
samples were filtered. The cutoff score for phosphosite localization was set to 0.75.   

Gene Protein names
UniProt 

identifier
Site Position

Phosphosite 
localization 
probability

Sequence surrounding the phosphosite Score

ADM2 Adrenomedullin-2 Q7Z4H4 S 24 0.990 LGCISLLCLQLPGSLSRSLGGDPRPVKPREP 49.094
ADRBK2 Alternative protein ADRBK2 L8EAE0 T 42 0.953 CHHSCKVLMPLIGPFTDVTISGPMFKKKGLA 44.391
ADRBK2 Alternative protein ADRBK2 L8EAE0 T 45 0.795 SCKVLMPLIGPFTDVTISGPMFKKKGLAGHD 44.391
AK3 GTP:AMP phosphotransferase AK3, mitochondrial Q7Z531 S 13 0.980 ___MGAPGSGKGTVSSRISTHFELKHLSSGD 46.88
AK7 Adenylate kinase 7 Q96M32 T 154 0.965 EVSHFEKRKLFILLSTVMTWARSKALDPEDS 45.28
AK7 Adenylate kinase 7 Q96M32 S 153 0.931 EEVSHFEKRKLFILLSTVMTWARSKALDPED 45.28
ALPK2 Alpha-protein kinase 2 Q86TB3 S 27 0.998 LCFLSTLLSQKVPEKSDAVLRCIISGQPKPE 49.049
ANGPTL5 Angiopoietin-related protein 5 Q86XS5 S 320 1.000 VDNDGCRPACLVNGQSVKSCSHLHNKTGWWF 66.595
ANK3 Ankyrin-3 Q12955 T 1015 1.000 SRHHGMRIIIPPRKCTAPTRITCRLVKRHKL 75.387
ANK3 Ankyrin-3 Q12955 T 1018 1.000 HGMRIIIPPRKCTAPTRITCRLVKRHKLANP 75.387
ANKRD26 Ankyrin repeat domain-containing protein 26 Q9UPS8 S 1435 0.944 LHLDTKNQILQEELLSMKTVQKKCEKLQKNK 74.966
ANKRD50 Ankyrin repeat domain-containing protein 50 Q9ULJ7 T 591 0.996 AHGHTPLTLAARQGHTKVVNCLIGCGANINH 40.937
ANKRD50 Ankyrin repeat domain-containing protein 50 Q9ULJ7 T 583 0.995 GADLEIEDAHGHTPLTLAARQGHTKVVNCLI 40.937
ANLN Actin-binding protein anillin Q9NQW6 T 916 0.994 KSKAITPKRLLTSITTKSNIHSSVMASPGGL 74.415
ANLN Actin-binding protein anillin Q9NQW6 T 912 0.858 KKTSKSKAITPKRLLTSITTKSNIHSSVMAS 74.415
ANLN Actin-binding protein anillin Q9NQW6 T 915 0.774 SKSKAITPKRLLTSITTKSNIHSSVMASPGG 74.415
APBA1 Amyloid beta A4 precursor protein-binding family A member 1 Q02410 S 491 1.000 TPSKNVRMMQAQEAVSRIKAPEGESQPMTEV 69.716
AQR Intron-binding protein aquarius O60306 S 1225 1.000 LFMYMCLLGYPADKISILTTYNGQKHLIRDI 41.56
AQR Intron-binding protein aquarius O60306 T 1228 1.000 YMCLLGYPADKISILTTYNGQKHLIRDIINR 41.56
AQR Intron-binding protein aquarius O60306 T 1229 1.000 MCLLGYPADKISILTTYNGQKHLIRDIINRR 41.56
ARFGEF2 Brefeldin A-inhibited guanine nucleotide-exchange protein 2 Q9Y6D5 S 87 1.000 FELACQSKSPRVVSTSLDCLQKLIAYGHITG 54.486
ARFGEF2 Brefeldin A-inhibited guanine nucleotide-exchange protein 2 Q9Y6D5 S 85 0.997 LPFELACQSKSPRVVSTSLDCLQKLIAYGHI 54.486
ARFGEF2 Brefeldin A-inhibited guanine nucleotide-exchange protein 2 Q9Y6D5 T 86 0.997 PFELACQSKSPRVVSTSLDCLQKLIAYGHIT 54.486
ARHGAP18 Rho GTPase-activating protein 18 Q8N392 T 158 1.000 TQAAAVQKRVETVSQTLRKKNKQYQIPDVRD 111.46
ARHGAP18 Rho GTPase-activating protein 18 Q8N392 S 156 0.996 TRTQAAAVQKRVETVSQTLRKKNKQYQIPDV 111.46
ATAD5 ATPase family AAA domain-containing protein 5 Q96QE3 T 69 0.992 FAPPKPSNILDYFRKTSPTNEKTQLGKECKI 54.539
ATAD5 ATPase family AAA domain-containing protein 5 Q96QE3 S 70 0.973 APPKPSNILDYFRKTSPTNEKTQLGKECKIK 54.539
ATAD5 ATPase family AAA domain-containing protein 5 Q96QE3 T 175 0.937 RYKKQVEVLAENIQDTKSQPNTMTSLQNSKK 43.956
ATP7B Cu++ transporting ATPase beta polypeptide A6N865 T 56 0.973 GTAEASSENPLGVAVTKYCKE__________ 44.1
ATR Serine/threonine-protein kinase ATR Q13535 S 176 1.000 RRNVMGHAVEWPVVMSRFLSQLDEHMGYLQS 49.066
ATXN7L3 Ataxin-7-like protein 3 Q14CW9 S 157 1.000 NDWSYGSEKKAKKRKSDKNPNSPRRSKSLKH 49.632



BCL2L10 Bcl-2-like protein 10 H0YMD5 T 205 0.999 LSLLQDPLSTGFLEKTAGPGFSVMLVNNSLH 48.182
BICC1 Protein bicaudal C homolog 1 Q9H694 S 124 0.986 SGKKEDVKEAKEMIMSVLDTKSNRVTLKMDV 41.257
BLOC1S4 Biogenesis of lysosome-related organelles complex 1 subunit 4 Q9NUP1 T 176 1.000 AELGTFPRAFKKLLHTMNVPSLFSKSAPSRP 47.844
BLOC1S4 Biogenesis of lysosome-related organelles complex 1 subunit 4 Q9NUP1 S 184 0.855 AFKKLLHTMNVPSLFSKSAPSRPQQAGYEAP 47.844
BOD1 Biorientation of chromosomes in cell division protein 1 Q96IK1 S 134 0.996 VVQSGMLEAGVDRIISQVVDPKLNHIFRP__ 46.099
BOD1 Biorientation of chromosomes in cell division protein 1 Q96IK1 S 118 0.820 ___MNKNQLRNGLRQSVVQSGMLEAGVDRII 46.099
BRD4 Bromodomain-containing protein 4 O60885 S 601 1.000 KEPAPMKSKPPPTYESEEEDKCKPMSYEEKR 101.9
BRF1 Transcription factor IIIB 90 kDa subunit Q92994 S 535 0.989 TAREAIEKMLEQKKISSKINYSVLRGLSSAG 75.109
C10orf12 Uncharacterized protein C10orf12 Q8N655 T 1168 1.000 SAGKSCPPSRKEKENTNKRPSQSIASETLTK 53.554
C19orf44 Uncharacterized protein C19orf44 Q9H6X5 S 599 0.999 SPAVLALHDVLKQQLSLTQQFIQASRHLHAS 45.957
C19orf44 Uncharacterized protein C19orf44 Q9H6X5 T 601 0.998 AVLALHDVLKQQLSLTQQFIQASRHLHASLL 45.957
C21orf105 C21orf105 protein Q9BSD2 S 147 0.801 IHRTRVKLTPKAASSSKTLTAKCLSGPISPT 68.44
C21orf105 C21orf105 protein Q9BSD2 S 146 0.769 WIHRTRVKLTPKAASSSKTLTAKCLSGPISP 68.44
C5orf42 Uncharacterized protein C5orf42 Q9H799 T 2936 0.992 QEHDPFCPRSNPLYMTSREIRLRQKMKHEKD 42.718
C5orf42 Uncharacterized protein C5orf42 Q9H799 S 2937 0.989 EHDPFCPRSNPLYMTSREIRLRQKMKHEKDR 42.718
C5orf60 Putative uncharacterized protein C5orf60 A6NFR6 S 173 0.998 TSFHVSPRAPLAPLASMPSSVPKTSVESLGS 48.44
CARD18 Caspase recruitment domain-containing protein 18 G5EA35 T 10 1.000 ______MNKVRDENDTVMDKARVLIDLVTGK 51.03
CASP3 Caspase-3 P42574 T 4 0.974 ____________MENTENSVDSKSIKNLEPK 60.478
CCDC144A Coiled-coil domain-containing protein 144A A2RUR9 S 805 0.992 TSKQKELEMARKKMNSEISHRHQKEKDLFHE 82.029
CCDC152 Alternative protein CCDC152 L0R835 S 44 1.000 FTKVFIFESLEQIYKSLFNKLIEIGIMREK_ 62.408
CCDC169 Coiled-coil domain-containing protein 169 A6NNP5 S 107 1.000 ___________MPVESLNTLLKQLEEEKKTL 45.908
CCDC169 Coiled-coil domain-containing protein 169 A6NNP5 T 110 1.000 ________MPVESLNTLLKQLEEEKKTLESQ 45.908
CCDC33 Coiled-coil domain-containing protein 33 Q8N5R6 S 651 1.000 NNYRRAMQKMAEDILSLRRQASILEGENRIL 63.624
CCT5 T-complex protein 1 subunit epsilon P48643 T 521 0.999 VIETLIGKKQQISLATQMVRMILKIDDIRKP 60.401
CD226 CD226 antigen Q15762 T 149 0.996 VPSNSHIVSEPGKNVTLTCQPQMTWPVQAVR 43.841
CDH8 Alternative protein CDH8 L8E7B0 T 34 1.000 KMENPAKSFKLLAPWTKMIPKTDIISYTVSF 75.738
CDK13 Cyclin-dependent kinase 13 Q14004 S 927 1.000 PIFQANQELAQLELISRICGSPCPAVWPDVI 62.104
CEACAM16 Carcinoembryonic antigen-related cell adhesion molecule 16 Q2WEN9 T 402 1.000 SLLVQKLNLTDTGRYTLKTVTVQGKTETLEV 100.25
CEACAM16 Carcinoembryonic antigen-related cell adhesion molecule 16 Q2WEN9 T 398 1.000 FPNCSLLVQKLNLTDTGRYTLKTVTVQGKTE 100.25
CEACAM20 Carcinoembryonic antigen-related cell adhesion molecule 20 Q6UY09 T 482 0.852 YFLCIRNARRPSRKTTEDPSHETSQPIPKEE 42.185
CEACAM20 Carcinoembryonic antigen-related cell adhesion molecule 20 Q6UY09 T 481 0.852 GYFLCIRNARRPSRKTTEDPSHETSQPIPKE 42.185
CENPE Centromere-associated protein E Q02224 T 302 1.000 KLTRILQNSLGGNAKTRIICTITPVSFDETL 50.874
CENPE Centromere-associated protein E Q02224 T 289 0.984 DGQVGGFINYRDSKLTRILQNSLGGNAKTRI 50.874
CERS3 Ceramide synthase 3 Q8IU89 T 81 0.977 KSFGIKETVRKVTPNTVLENFFKHSTRQPLQ 58.04
CERS3 Ceramide synthase 3 Q8IU89 S 90 0.850 RKVTPNTVLENFFKHSTRQPLQTDIYGLAKK 58.04
CFAP45 Cilia- and flagella-associated protein 45 Q9UL16 T 344 1.000 LLAQEKLADQMVMEFTKKKMAREAEFEAEQE 63.091
CHURC1 Protein Churchill Q8WUH1 T 83 1.000 ITNKSLKEEDGEEIVTYDHLCKNCHHVIARH 54.953
CIDEB Cell death activator CIDE-B Q9UHD4 T 135 1.000 LGRERPKHSKDIARFTFDVYKQNPRDLFGSL 42.336
CKAP2L Cytoskeleton-associated protein 2-like Q8IYA6 S 120 0.999 SECVSSNPYSKPSSKSFQQCEAGSSTTGELS 58.361
CLASRP CLK4-associating serine/arginine-rich protein A0A0A0MQS2 T 166 0.990 DEKKKLAEKKASIGYTYEDSTVAEVEKAAEK 63.037
CMIP C-Maf-inducing protein Q8IY22 T 70 0.976 LQEGDIQVCVIRHPRTFLSKILTSKFLRRWE 70.816
CNTN3 Contactin-3 Q9P232 T 500 1.000 FGKANGTTHLVVTEPTRITLAPSNMDVSVGE 69.721
COX7B2 Cytochrome c oxidase subunit 7B2, mitochondrial Q8TF08 S 11 0.997 _____MMFPLARNALSSLKIQSILQSMARHS 44.5
COX7B2 Cytochrome c oxidase subunit 7B2, mitochondrial Q8TF08 S 12 0.997 ____MMFPLARNALSSLKIQSILQSMARHSH 44.5
CRISPLD2 Cysteine-rich secretory protein LCCL domain-containing 2 Q9H0B8 S 279 0.957 WLQPRVMRPTKPKKTSAVNYMTQVVRCDTKM 79.461
CROCC Rootletin Q5TZA2 T 725 0.969 LTKAEAGRVELELSMTKLRAEEASLQDSLSK 40.094
CRYBG3 Very large A-kinase anchor protein Q68DQ2 S 844 1.000 HSGRGKTISLSKVSLSKVEPRNISQDKMSSF 68.277



CRYBG3 Very large A-kinase anchor protein Q68DQ2 S 839 0.998 VLVESHSGRGKTISLSKVSLSKVEPRNISQD 68.277
CRYBG3 Very large A-kinase anchor protein Q68DQ2 S 842 0.907 ESHSGRGKTISLSKVSLSKVEPRNISQDKMS 68.277
CXorf66 Uncharacterized protein CXorf66 Q5JRM2 S 174 0.950 SYPKRSSKSSCSKKLSKSSHLEKAHKKGSLE 45.368
CYTB Cytochrome b Q85KT0 S 8 0.959 ________MTPMRKISPLMKLINHSFIDLPT 49.448
DCAF12L1 DDB1- and CUL4-associated factor 12-like protein 1 Q5VU92 S 8 1.000 ________MAQQQTGSRKRKAPAVEAGAGSS 83.801
DENND4B DENN domain-containing protein 4B O75064 T 1480 1.000 SMGKEELRHRRAQMPTPKAIDCRKCFGAPPE 59.931
DGKZ Diacylglycerol kinase zeta Q13574 T 215 0.973 GGRRASGTTAGTMLPTRVRPLSRRRQVALRR 45.363
DGKZ Diacylglycerol kinase zeta Q13574 S 205 0.858 RRPSGQHPGPGGRRASGTTAGTMLPTRVRPL 45.363
DHX33 Putative ATP-dependent RNA helicase DHX33 Q9H6R0 S 441 1.000 FDKMTVPEIQRCNLASVMLQLLAMKVPNVLT 65.627
DIABLO Diablo homolog, mitochondrial Q9NR28 S 63 0.997 ______MKSDFYFQKSEPHSLSSEALMRRAV 58.674
DKFZp566F0947 Uncharacterized protein DKFZp566F0947 Q9NT59 S 73 1.000 RGTEARNTPALAFQASRGWIIRAFRRRGREE 78.326
DKFZp566F0947 Uncharacterized protein DKFZp566F0947 Q9NT59 T 65 0.999 ASNNHPHRRGTEARNTPALAFQASRGWIIRA 78.326
DKFZp781F05101 Uncharacterized protein DKFZp781F05101 Q5H9R5 T 340 0.994 AWEARPPRESSDVPPTKRNNWIFIDEEQAFG 40.067
DKFZp781F05101 Uncharacterized protein DKFZp781F05101 Q5H9R5 S 335 0.840 EKPDKAWEARPPRESSDVPPTKRNNWIFIDE 40.067
DLD Dihydrolipoyl dehydrogenase, mitochondrial P09622 T 163 1.000 VHVNGYGKITGKNQVTATKADGGTQVIDTKN 66.962
DLD Dihydrolipoyl dehydrogenase, mitochondrial P09622 T 165 1.000 VNGYGKITGKNQVTATKADGGTQVIDTKNIL 66.962
DNHD1 Dynein heavy chain domain-containing protein 1 Q96M86 T 3800 1.000 LDTCKAVEAAEERLLTMLLFQNPKRQKPAKF 45.081
DSCAM Down syndrome cell adhesion molecule O60469 S 1408 0.983 SSITLSWLPGDNGGSSIRGYILQYSEDNSEQ 87.498
DSCAM Down syndrome cell adhesion molecule O60469 S 1633 1.000 RRRREQRLKRLRDAKSLAEMLMSKNTRTSDT 64.73
DSCAM Down syndrome cell adhesion molecule O60469 S 1640 0.800 LKRLRDAKSLAEMLMSKNTRTSDTLSKQQQT 64.73
DUSP26 Dual specificity protein phosphatase 26 Q9BV47 S 24 0.991 ASMTFMARFSRSSSRSPVRTRGTLEEMPTVQ 44.203
DYNC2H1 Cytoplasmic dynein 2 heavy chain 1 Q8NCM8 S 1818 1.000 KLPDNLKQLFRPVAMSHPDNELIAEVILYSE 42.64
ECT2L Epithelial cell-transforming sequence 2 oncogene-like Q008S8 S 765 1.000 TIEKMKQNITMKDHLSDIQRIIWGCPTLSEV 76.357
EHMT1 Histone-lysine N-methyltransferase EHMT1 Q9H9B1 S 318 0.855 KTKVLKQRTVIEMFKSITHSTVGSKGEKDLG 45.335
EIF2B2 Translation initiation factor eIF-2B subunit beta H0YK01 T 24 0.997 AIFAVMSRVNKVIIGTKTILANGALRAVTGT 49.66
ESR1 Estrogen receptor alpha splice variant B5TZ79 S 83 1.000 RRGGRMLKHKLLLILSHIRHMSNKGMEHLYS 48.091
ESR1 Estrogen receptor alpha splice variant B5TZ79 S 89 1.000 LKHKLLLILSHIRHMSNKGMEHLYSMKCKNV 48.091
F8 Coagulation factor VIII P00451 T 1280 0.923 PVLQDFRSLNDSTNRTKKHTAHFSKKGEEEN 53.124
F8 Coagulation factor VIII P00451 T 2260 0.979 PKEWLQVDFQKTMKVTGVTTQGVKSLLTSMY 52.52
F8 Coagulation factor VIII P00451 T 2263 0.862 WLQVDFQKTMKVTGVTTQGVKSLLTSMYVKE 52.52
FAM175A BRCA1-A complex subunit Abraxas 1 E9PHB9 S 12 0.997 ____MMLKLFIQLMESHSVAQTGVKWHDLGS 42.123
FAM175A BRCA1-A complex subunit Abraxas 1 E9PHB9 S 14 0.981 __MMLKLFIQLMESHSVAQTGVKWHDLGSLQ 42.123
FAM186B Protein FAM186B Q8IYM0 T 697 0.847 LRLPHYLRSKALELTTTTMELGALRLQYLCH 56.569
FAM186B Protein FAM186B Q8IYM0 T 698 0.825 RLPHYLRSKALELTTTTMELGALRLQYLCHK 56.569
FAM186B Protein FAM186B Q8IYM0 S 374 0.998 QEPMKEEQLFSPLPPSPMAMIRDSGAIAAGH 49.34
FAM200A Protein FAM200A Q8TCP9 S 494 0.996 QLSSSFTLKNYYKILSLSAFWIKIKDDFPLL 51.643
FAM21A WASH complex subunit FAM21A Q641Q2 S 940 0.962 SKEKGIWKPETPQDSSGLAPFKTKEPSTRIG 69.672
FAM21A WASH complex subunit FAM21A Q641Q3 T 935 0.962 ESIQGSKEKGIWKPETPQDSSGLAPFKTKEP 69.672
FANCI Fanconi anemia group I protein Q9NVI1 S 1284 0.888 KKSKVNLMQHMKLSTSRDFKIKGNILDMVLR 54.393
FASTKD3 FAST kinase domain-containing protein 3 Q14CZ7 S 284 0.777 KVDEHQTFLNKINNFSLSIVSNLSPKLISQM 45.992
FAT3 Protocadherin Fat 3 Q8TDW7 T 448 1.000 RPLNTVKKEVYKLEVTNKEGDLKAQVTISIE 58.37
FBXO40 F-box only protein 40 Q9UH90 S 643 0.836 HGGTSWRVHREIWQFSSLFSKIKSWEFNEVT 43.523
FCER2 Low affinity immunoglobulin epsilon Fc receptor P06734 S 321 1.000 PDPDGRLPTPSAPLHS_______________ 42.869
FCER2 Low affinity immunoglobulin epsilon Fc receptor P06734 S 316 0.999 GPDSRPDPDGRLPTPSAPLHS__________ 42.869
FLJ00275 FLJ00275 protein Q8NF80 S 5 0.997 ___________GMGMSWDPASDSILGTLPKP 65.563
FLJ00304 FLJ00304 protein Q6ZNK3 S 50 0.873 HYVQHSAKNTASSSCSLVSPAGLSLLAFPLP 44.916
FLJ00304 FLJ00304 protein Q6ZNK3 S 53 0.810 QHSAKNTASSSCSLVSPAGLSLLAFPLPPLK 44.916



FLT-1 Receptor protein-tyrosine kinase S5TRK2 T 12 1.000 ____GATASEYKALMTELKILTHIGHHLNVV 50.088
FNDC1 Fibronectin type III domain-containing protein 1 Q4ZHG4 S 741 0.794 SSRLLPTQPHLSSPLSKGGKDGEDAPATNSN 78.513
FRMPD3 FERM and PDZ domain-containing protein 3 Q5JV73 T 126 0.938 RLIELIRSAKEFIVLTVLHTHQSPKSAFISA 47.808
FSIP2 Fibrous sheath-interacting protein 2 Q5CZC0 T 5911 0.998 MMRKPSSDKIPSIDKTLVNKVVHSSVCNILN 41.412
FSIP2 Fibrous sheath-interacting protein 2 Q5CZC0 S 5907 0.952 PMHKMMRKPSSDKIPSIDKTLVNKVVHSSVC 41.412
GALIG Cytogaligin Q9H2J6 T 11 0.997 _____MMRYLGLETQTLKDGLAHGGTSLLGQ 58.815
GATAD2B Transcriptional repressor p66-beta Q8WXI9 S 138 0.890 PDIIVLSDNEASSPRSSSRMEERLKAANLEM 43.297
GDF5 Growth/differentiation factor 5 P43026 S 142 0.882 QLPGGKAPPKAGSVPSSFLLKKAREPGPPRE 41.109
GDF5 Growth/differentiation factor 5 P43026 S 143 0.882 LPGGKAPPKAGSVPSSFLLKKAREPGPPREP 41.109
GOLGA8A Golgin subfamily A member 8A A7E2F4 T 167 1.000 EGQIQRLNIEKKKLNTDLYHMKHSLRYFEEE 53.034
GPAT2 Glycerol-3-phosphate acyltransferase 2, mitochondrial Q6NUI2 T 463 0.838 CHVLSASVGSSAVMSTAIMATLLLFKHQKLL 40.104
GPAT2 Glycerol-3-phosphate acyltransferase 2, mitochondrial Q6NUI2 S 462 0.820 SCHVLSASVGSSAVMSTAIMATLLLFKHQKL 40.104
GPC2 Glypican-2;Secreted glypican-2 Q8N158 T 162 0.981 RLRDFYGESGEGLDDTLADFWAQLLERVFPL 42.705
GPR31 12-(S)-hydroxy-5,8,10,14-eicosatetraenoic acid receptor O00270 S 97 1.000 LGRVGCWALHFLLDLSRSVGMAFLAAVALDR 45.618
GRM3 Metabotropic glutamate receptor 3 Q14832 T 52 1.000 GDLVLGGLFPINEKGTGTEECGRINEDRGIQ 58.592
GRM3 Metabotropic glutamate receptor 3 Q14832 T 54 1.000 LVLGGLFPINEKGTGTEECGRINEDRGIQRL 58.592
HAAO 3-hydroxyanthranilate 3,4-dioxygenase P46952 S 17 1.000 ERRLGVRAWVKENRGSFQPPVCNKLMHQEQL 76.478
hCG_2040263 HCG2040263, isoform CRA_b B4DSL7 S 6 0.891 __________MSSKRSHYDSALKRKVIVYAE 68.033
HES2 Transcription factor HES-2 K7EJQ0 S 73 0.939 DVLEMTVRFLQELPASSWPTAAPRE______ 66.663
HKDC1 Hexokinase HKDC1 Q2TB90 T 888 0.995 ILQETVKELAPRCDVTFMLSEDGSGKGAALI 40.369
HKDC1 Hexokinase HKDC1 Q2TB90 S 892 0.817 TVKELAPRCDVTFMLSEDGSGKGAALITAVA 40.369
HLA-C MHC class I antigen F6IQM2 T 20 0.787 APRTLILLLSGALALTETWASSHSMRYFDTA 43.494
HLA-DRB1 HLA-DRB1 protein Q8NEI3 S 24 0.784 GSCMAVLTVTLMVLSSPLVLAGDTRPRFLEY 41.432
HLA-DRB1 HLA-DRB1 protein Q8NEI3 S 23 0.774 GGSCMAVLTVTLMVLSSPLVLAGDTRPRFLE 41.432
HRC Alternative protein HRC L8E9Z3 T 172 0.965 RMSQMDTIIMAPATGTKAMKKMTMMMMMMMM 55.975
HRC Alternative protein HRC L8E9Z3 T 170 0.930 RMRMSQMDTIIMAPATGTKAMKKMTMMMMMM 55.975
HSPG2 Basement membrane-specific heparan sulfate proteoglycan core protein P98160 S 97 0.989 VYFRALVNFTRSIEYSPQLEDAGSREFREVS 65.038
IARS2 Isoleucine--tRNA ligase, mitochondrial Q9NSE4 T 63 0.911 ASNHQPNSNSGRYRDTVLLPQTSFPMKLLGR 49.418
IDE Insulin-degrading enzyme P14735 T 869 1.000 KPPHYLESRVEAFLITMEKSIEDMTEEAFQK 43.246
IGSF22 Immunoglobulin superfamily member 22 Q8N9C0 S 318 0.989 NDAGIYSLSVGDKRMSAELTVLDEPLKFLGE 84.817
IKZF2 Zinc finger protein Helios Q9UKS7 S 66 1.000 KLEMQSDEECDRKPLSREDEIRGHDEGSSLE 72.879
IL31RA Interleukin-31 receptor subunit alpha Q8NI17 S 411 1.000 ISVYPMLHDKVGEPYSIQAYAKEGVPSEGPE 43.494
ING5 Inhibitor of growth protein 5 Q8WYH8 S 57 1.000 IDILAAEYISTVKTLSPDQRVERLQKIQNAY 44.98
ING5 Inhibitor of growth protein 5 Q8WYH8 T 55 1.000 AEIDILAAEYISTVKTLSPDQRVERLQKIQN 44.98
IQGAP3 Ras GTPase-activating-like protein IQGAP3 Q86VI3 T 1496 0.822 KAELVKLQATLQGLSTKTTFYEEQGDYYSQY 64.476
IRX2 Iroquois-class homeodomain protein IRX-2 Q9BZI1 S 314 1.000 PPEAAPRGGRKTPQGSRTSPGAPPPASKPKL 76.24
IRX2 Iroquois-class homeodomain protein IRX-2 Q9BZI1 T 310 1.000 LLSPPPEAAPRGGRKTPQGSRTSPGAPPPAS 76.24
JARID2 Protein Jumonji Q92833 S 399 1.000 AKTRKQVLSLGGASKSTGPAVNGLKVSGRLN 44.382
JARID2 Protein Jumonji Q92833 S 410 1.000 GASKSTGPAVNGLKVSGRLNPKSCTKEVGGR 44.382
JARID2 Protein Jumonji Q92833 T 400 1.000 KTRKQVLSLGGASKSTGPAVNGLKVSGRLNP 44.382
JPH1 Junctophilin-1 Q9HDC5 T 520 1.000 QVTAIVNKPLMSKAPTKEAGAVVPQSKYSGR 50.358
JPH1 Junctophilin-1 Q9HDC5 S 516 0.999 VADEQVTAIVNKPLMSKAPTKEAGAVVPQSK 50.358
KAL1 Anosmin-1 P23352 S 338 0.931 IPVHHYKVFWSWMVSSKSLVPTKKKRRKTTD 43.592
KAL1 Anosmin-1 P23352 S 337 0.926 DIPVHHYKVFWSWMVSSKSLVPTKKKRRKTT 43.592
KIAA1551 Uncharacterized protein KIAA1551 Q9HCM1 S 1331 1.000 QASQETRQKKHVTQNSRPLKTKTAFLPNKDV 45.997
KIAA1551 Uncharacterized protein KIAA1551 Q9HCM1 T 1328 1.000 SYEQASQETRQKKHVTQNSRPLKTKTAFLPN 45.997
KIAA1551 Uncharacterized protein KIAA1551 Q9HCM1 T 1336 1.000 TRQKKHVTQNSRPLKTKTAFLPNKDVYKKHS 45.997



KIF20B Kinesin-like protein KIF20B Q96Q89 S 351 1.000 HQSVAFTKLNNASSRSHSIFTVKILQIEDSE 60.961
KIF20B Kinesin-like protein KIF20B Q96Q89 S 353 1.000 SVAFTKLNNASSRSHSIFTVKILQIEDSEMS 60.961
KIF20B Kinesin-like protein KIF20B Q96Q89 T 356 1.000 FTKLNNASSRSHSIFTVKILQIEDSEMSRVI 60.961
KIF20B Kinesin-like protein KIF20B Q96Q89 T 818 0.996 EPPAKKGSIHVSSAITEDQKKSEEVRPNIAE 52.731
KIF20B Kinesin-like protein KIF20B Q96Q89 S 815 0.819 QQDEPPAKKGSIHVSSAITEDQKKSEEVRPN 52.731
KIF27 Kinesin-like protein KIF27 Q86VH2 S 754 0.997 LIKELIKTGNDAKSVSKQYSLKVTKLEHDAE 120.77
KIF27 Kinesin-like protein KIF27 Q86VH2 T 746 0.987 INIKMKEDLIKELIKTGNDAKSVSKQYSLKV 120.77
KIR2DL4 Killer cell immunoglobulin-like receptor 2DL4 Q99706 S 317 1.000 QLDHCIFTQRKITGPSQRSKRPSTDTSVCIE 61.679
KIR2DL4 Killer cell immunoglobulin-like receptor 2DL4 Q99706 T 314 0.999 TYAQLDHCIFTQRKITGPSQRSKRPSTDTSV 61.679
KLHL11 Kelch-like protein 11 Q9NVR0 T 449 0.994 EHVCSLMTRKHSFGLTEVKGKLYSIGGHGNF 79.474
LAMA1 Laminin subunit alpha-1 P25391 T 2467 0.965 KSFVGCIKNLEISRSTFDLLRNSYGVRKGCL 79.466
LGI2 Leucine-rich repeat LGI family member 2 Q8N0V4 S 154 1.000 SLANNHIKALPRDVFSDLDSLIELDLRGNKF 61.186
LGI2 Leucine-rich repeat LGI family member 2 Q8N0V4 S 158 1.000 NHIKALPRDVFSDLDSLIELDLRGNKFECDC 61.186
LMOD2 Leiomodin-2 B4DRR2 S 11 0.907 _____MSTFGYRRGLSKYESIDEDELLASLS 44.246
LOC401408 LOC401408 A4D1S1 T 10 1.000 ______MEILLFLKLTTPSALKAHLGVSTKT 76.035
LOC401408 LOC401408 A4D1S1 T 11 0.822 _____MEILLFLKLTTPSALKAHLGVSTKTS 76.035
LPPR2 Alternative protein LPPR2 L0R5B8 T 9 0.994 _______MTVPTPSPTQGLRLPAECLLLLST 44.98
LPPR2 Alternative protein LPPR2 L0R5B8 S 7 0.960 _________MTVPTPSPTQGLRLPAECLLLL 44.98
LPPR2 Alternative protein LPPR2 L0R5B8 T 5 0.867 ___________MTVPTPSPTQGLRLPAECLL 44.98
LRIG1 Leucine-rich repeats and immunoglobulin-like domains protein 1 Q96JA1 S 473 0.913 RMLQAFVTATCAHPESLKGQSIFSVPPESFV 79.23
LRRC16A Leucine-rich repeat-containing protein 16A Q5VZK9 T 902 0.996 EEKPVKRSIITVEELTEIERLEDLDTCMMTP 46.955
LRRC16A Leucine-rich repeat-containing protein 16A Q5VZK9 T 897 0.969 EIELAEEKPVKRSIITVEELTEIERLEDLDT 46.955
LRRC53 Leucine-rich repeat-containing protein 53 A6NM62 T 1189 0.859 NIQPDKDSAHKEGAMTVETHEALSFLPGLKD 43.799
LRRC56 Leucine-rich repeat-containing protein 56 Q8IYG6 S 287 0.984 PIRRLDPELSLPETQSRASRPWPFSLLVRGG 65.5
LRRK2 Leucine-rich repeat serine/threonine-protein kinase 2 Q5S007 T 838 0.932 PDKTSNLRKQTNIASTLARMVIRYQMKSAVE 40.725
LSM8 U6 snRNA-associated Sm-like protein LSm8 O95777 S 18 0.992 SALENYINRTVAVITSDGRMIVGTLKGFDQT 53.565
LSM8 U6 snRNA-associated Sm-like protein LSm8 O95777 T 17 0.965 TSALENYINRTVAVITSDGRMIVGTLKGFDQ 53.565
LTA4H Leukotriene A(4) hydrolase;Leukotriene A-4 hydrolase P09960 S 595 0.984 KSHDQAVRTYQEHKASMHPVTAMLVGKDLKV 57.836
LYST Lysosomal-trafficking regulator Q99698 T 3096 1.000 QLRDNAVEIFLTNGRTLLLAFDNTKVRDDVY 56.225
MACF1 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 Q9UPN3 T 7077 0.819 TRQEFIDGILASKFPTTKLEMTAVADIFDRD 71.08
MAGI3 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3 Q5TCQ9 T 1496 0.909 LITPGPWKVPSGNKVTGTIGMAEKRQ_____ 68.787
MARS2 Methionine--tRNA ligase, mitochondrial Q96GW9 S 16 1.000 MLRTSVLRLLGRTGASRLSLLEDFGPRYYSS 46.606
MARS2 Methionine--tRNA ligase, mitochondrial Q96GW9 T 13 0.998 ___MLRTSVLRLLGRTGASRLSLLEDFGPRY 46.606
MDN1 Midasin Q9NU22 S 4247 0.972 LMKMLVRQRRSLTTLSEQWIILRNLLSCVQE 79.346
MED26 Mediator of RNA polymerase II transcription subunit 26 O95402 T 51 0.998 SSLEKYPITKEALEETRLGKLINDVRKKTKN 44.132
MINA Bifunctional lysine-specific demethylase and histidyl-hydroxylase MINA Q8IUF8 T 322 0.846 RLSGFLRTLADRLEGTKELLSSDMKKDFIMH 73.499
MLH3 DNA mismatch repair protein Mlh3 Q9UHC1 T 652 0.942 RAQETFGNRTRHSVETPDIKDLASTLSKESG 47.942
MLH3 DNA mismatch repair protein Mlh3 Q9UHC1 T 646 0.778 VRPGPTRAQETFGNRTRHSVETPDIKDLAST 47.942
MLIP Muscular LMNA-interacting protein E9PCK9 T 318 0.978 SLKSNSASYIPVRIVTHSLSPSPKPFTSSFH 51.346
MPND MPN domain-containing protein Q8N594 S 445 0.770 EPWSQEHTYLDKLKISLASRTPKDQSLCHVL 54.776
MPND MPN domain-containing protein Q8N594 S 448 0.770 SQEHTYLDKLKISLASRTPKDQSLCHVLEQV 54.776
MROH2A Maestro heat-like repeat-containing protein family member 2A A6NES4 T 1189 0.892 AEVWLAVSENVPFARTMLHSLMGRLQSRLSP 72.848
MRPL2 60S ribosomal protein L8 A0A024RD44 S 10 1.000 ______MQAGDTILNSNHIGRMAVAAREGDA 77.185
MTUS1 Microtubule-associated tumor suppressor 1 Q9ULD2 S 1249 0.991 LHNGDLCSPKRSPTSSAIPLQSPRNSGSFPS 66.56
MTUS1 Microtubule-associated tumor suppressor 1 Q9ULD2 T 1247 0.797 WKLHNGDLCSPKRSPTSSAIPLQSPRNSGSF 66.56
MUC6 Mucin-6 Q6W4X9 S 458 1.000 GVSHSETSLVAVVYLSRQDKIVISQDEVVTN 62.165
MUC6 Mucin-6 Q6W4X9 T 449 0.895 ALMAVYDKSGVSHSETSLVAVVYLSRQDKIV 62.165



MYO7A Unconventional myosin-VIIa Q13402 S 659 0.993 PMLFDRHLCVRQLRYSGMMETIRIRRAGYPI 40.589
NADSYN1 Glutamine-dependent NAD(+) synthetase H0YCQ6 T 247 1.000 DVQTRKNGLLLPQMETNPKCTNTTKSNF___ 55.899
NCKIPSD NCK-interacting protein with SH3 domain Q9NZQ3 S 105 0.994 RGVLQKLIHHRKETLSRRGPSASSVAVMTSS 64.297
NEXN Nexilin Q0ZGT2 T 606 0.997 TSVVDSEPVRFTVKVTGEPKPEITWWFEGEI 42.396
NFE2L2 Nuclear factor erythroid 2-related factor 2 C9JFL6 T 137 1.000 KITWLIEKLHHNYKITIYSM___________ 99.139
NIT2 Omega-amidase NIT2 Q9NQR4 S 14 1.000 __MTSFRLALIQLQISSIKSDNVTRACSFIR 49.536
NIT2 Omega-amidase NIT2 Q9NQR4 S 15 1.000 _MTSFRLALIQLQISSIKSDNVTRACSFIRE 49.536
NLRC3 NLR family CARD domain-containing protein 3 Q7RTR2 T 143 0.785 FLPLSRVSVPPRVSITIGVAGMGKTTLVRHF 45.873
NLRP9 NACHT, LRR and PYD domains-containing protein 9 Q7RTR0 T 474 1.000 LKRPKDDPNPAIGSITQLVRASVVQPQTLLT 54.7
NPAS2 Neuronal PAS domain-containing protein 2 Q99743 S 622 1.000 STQGPKPMRSSQLMQSSGRSGSSLVSPFSSA 52.579
NPAS2 Neuronal PAS domain-containing protein 2 Q99743 S 623 1.000 TQGPKPMRSSQLMQSSGRSGSSLVSPFSSAT 52.579
NPAS2 Neuronal PAS domain-containing protein 2 Q99743 T 608 0.999 QVTSQHLLRESSVISTQGPKPMRSSQLMQSS 47.189
NR3C1 Glucocorticoid receptor P04150 S 673 1.000 VSYEEYLCMKTLLLLSSVPKDGLKSQELFDE 46.39
NR3C1 Glucocorticoid receptor P04150 S 674 1.000 SYEEYLCMKTLLLLSSVPKDGLKSQELFDEI 46.39
NR3C1 Glucocorticoid receptor P04150 T 668 1.000 LHRLQVSYEEYLCMKTLLLLSSVPKDGLKSQ 46.39
NSFL1C NSFL1 cofactor p47 Q9UNZ2 S 177 0.990 EEESAYVAGEKRQHSSQDVHVVLKLWKSGFS 51.252
NT5DC3 5'-nucleotidase domain-containing protein 3 Q86UY8 S 304 0.778 ADHGKKMFLITNSPSSFVDKGMSYIVGKDWR 67.207
NUCKS1 Nuclear ubiquitous casein and cyclin-dependent kinase substrate 1 Q9H1E3 S 204 0.999 VGRPTASKASKEKTPSPKEEDEEPESPPEKK 54.765
NUMA1 Nuclear mitotic apparatus protein 1 Q14980 S 934 0.875 LETLVRKAGEQQETASRELVKEPARAGDRQP 53.211
NUMA1 Nuclear mitotic apparatus protein 1 H0YFY6 T 576 1.000 EEGTPLSITRHKALMTIIPDLSPNNPLSKLP 49.223
NUMA1 Nuclear mitotic apparatus protein 1 H0YFY6 S 582 0.995 SITRHKALMTIIPDLSPNNPLSKLPRTQPDG 49.223
NUMA1 Nuclear mitotic apparatus protein 1 Q14980 T 2106 0.998 ATTTASAATAAAIGATPRAKGKAKH______ 47.752
ODF1 Outer dense fiber protein 1 Q14990 S 10 0.999 ______MAALSCLLDSVRRDIKKVDRELRQL 103.7
ODF1 Outer dense fiber protein 1 Q14990 S 10 0.999 ______MAALSCLLDSVRRDIKKVDRELRQL 101.65
OR10A3 Olfactory receptor 10A3 P58181 T 231 0.767 LSYIRVLFAILKMPSTTGRQKAFSTCASHLT 48.467
OR2T12 Olfactory receptor 2T12 Q8NG77 T 85 1.000 MLVSTTVPKMAADYLTGNKAISRAGCGVQIF 66.663
OR4K15 Olfactory receptor 4K15 Q8NH41 T 158 0.992 AYDRYVAICKPLHYMTVMSRRVCVVLVLISW 79.906
ORAOV1 Protein LTO1 homolog B4DFA5 S 119 1.000 EDLDKIRGKFKQTGLSPSAVMVRPPSYVELP 44.598
ORAOV1 Protein LTO1 homolog B4DFA5 S 121 1.000 LDKIRGKFKQTGLSPSAVMVRPPSYVELPVT 44.598
ORAOV1 Protein LTO1 homolog B4DFA5 T 116 1.000 KLHEDLDKIRGKFKQTGLSPSAVMVRPPSYV 44.598
OTUD3 OTU domain-containing protein 3 Q5T2D3 T 165 1.000 VVIHQLNAPLWQIRGTEKSSVRELHIAYRYG 45.696
OXTR Oxytocin receptor isoform A X5DRH4 T 35 1.000 RRGPRATAPPDPRGATRPWRAWRWRCCVSSC 64.776
PANK1 Pantothenate kinase 1 Q8TE04 S 528 1.000 DLARATLVTITNNIGSIARMCALNENIDRVV 44.543
PANK1 Pantothenate kinase 1 Q8TE04 T 523 1.000 SISKEDLARATLVTITNNIGSIARMCALNEN 44.543
PANK1 Pantothenate kinase 1 Q8TE04 T 521 0.999 RDSISKEDLARATLVTITNNIGSIARMCALN 44.543
PARP1 Poly [ADP-ribose] polymerase 1 P09874 T 432 0.965 GKLTGTANKASLCISTKKEVEKMNKKMEEVK 72.531
PARP1 Poly [ADP-ribose] polymerase 1 P09874 S 427 0.939 IEKLGGKLTGTANKASLCISTKKEVEKMNKK 72.531
PARP8 Protein mono-ADP-ribosyltransferase PARP8 D6R9T2 T 42 0.913 CLFADFRYSDSTFTFTYVGGPRR________ 46.844
PCBP4 Poly(rC)-binding protein 4 P57723 T 103 1.000 CAAPANGGNVSRPPVTLRLVIPASQCGSLIG 43.955
PDE4C cAMP-specific 3',5'-cyclic phosphodiesterase 4C Q08493 T 265 1.000 ETSRSGNQVSEYISRTFLDQQTEVELPKVTA 41.48
PDE4C cAMP-specific 3',5'-cyclic phosphodiesterase 4C Q08493 T 271 1.000 NQVSEYISRTFLDQQTEVELPKVTAEEAPQP 41.48
PER1 Period circadian protein homolog 1 O15534 T 779 0.999 VAPDPAPDAYRPVGLTKAVLSLHTQKEEQAF 48.623
PFKM ATP-dependent 6-phosphofructokinase, muscle type P08237 T 761 0.870 RPILKILAKYEIDLDTSDHAHLEHITRKRSG 51.819
PFKP ATP-dependent 6-phosphofructokinase, platelet type Q01813 S 142 1.000 GDGSLTGANLFRKEWSGLLEELARN______ 57.567
PGK2 Phosphoglycerate kinase 2 P07205 T 8 0.864 ________MSLSKKLTLDKLDVRGKRVIMRV 53.493
PHKA1 Phosphorylase b kinase regulatory subunit alpha, skeletal muscle isoform P46020 T 303 1.000 QGRYGCCRFLRDGYKTPKEDPNRLYYEPAEL 42.031
PKMYT1 Membrane-associated tyrosine- and threonine-specific cdc2-inhibitory kinase B4DZM6 T 544 0.999 SAFVWSLTCSSHHGRTFEARTKVDPLFKICG 40.268



PLAA Phospholipase A-2-activating protein Q9Y263 T 530 1.000 DPFTGNSAYRSAASKTMNIYFPKKEAVTFDQ 49.423
PLD2 Phospholipase D2 O14939 S 512 1.000 PDLSHNQFFWLGKDYSNLITKDWVQLDRPFE 66.285
PLD2 Phospholipase D2 O14939 T 516 1.000 HNQFFWLGKDYSNLITKDWVQLDRPFEDFID 66.285
POLE1 DNA polymerase epsilon catalytic subunit A Q07864 S 891 1.000 FVFKTTNVKKPKVTISYPGAMLNIMVKEGFT 82.483
POLE1 DNA polymerase epsilon catalytic subunit A Q07864 T 889 1.000 ENFVFKTTNVKKPKVTISYPGAMLNIMVKEG 82.483
POLR2D DNA-directed RNA polymerase II subunit RPB4 O15514 T 79 0.962 TLNYTARFSRFKNRETIASVRSLLLQKKLHK 44.252
POLR2D DNA-directed RNA polymerase II subunit RPB4 O15514 S 82 0.929 YTARFSRFKNRETIASVRSLLLQKKLHKFEL 44.252
PRDM16 PR domain zinc finger protein 16 Q9HAZ2 S 1218 0.994 EEAFEVKDVLNSTLDSEALKHTLCRQAKNQA 96.371
PRKCSH Glucosidase 2 subunit beta P14314 T 178 1.000 QAGKKSLEDQVEMLRTVKEEAEKPEREAKEQ 43.761
PSG8 Pregnancy-specific beta-1-glycoprotein 8 E7ENH0 T 141 0.989 MGGDENRGVTGHFTFTLYPKLPKPYITINNL 45.28
PTGER3 Prostaglandin E2 receptor EP3 subtype P43115 S 167 1.000 AVERALAIRAPHWYASHMKTRATRAVLLGVW 53.013
PTGER3 Prostaglandin E2 receptor EP3 subtype P43115 T 171 0.999 ALAIRAPHWYASHMKTRATRAVLLGVWLAVL 53.013
PTPN18 Tyrosine-protein phosphatase non-receptor type 18 Q99952 T 374 0.863 KRGAPAGAGSGTQTGTGTGTGARSAEEAPLY 48.376
PTPN7 Protein-tyrosine-phosphatase A0A024R9A7 S 4 1.000 ____________MGASFWPIRQAREQQRRAL 50.843
PTPRB Receptor-type tyrosine-protein phosphatase beta P23467 S 192 0.851 SKYNIAITAVSGGKRSFSVYTNGSTVPSPVK 47.545
PTPRS Protein-tyrosine-phosphatase Q59FX6 S 631 1.000 GAFTPVVRQRTLQSISPKNFKVKMIMKTSVL 47.559
PTPRS Protein-tyrosine-phosphatase Q59FX6 S 629 0.999 GLGAFTPVVRQRTLQSISPKNFKVKMIMKTS 47.559
PXYLP1 2-phosphoxylose phosphatase 1 B7Z3R9 T 5 0.998 ___________MDVLTALLLVHLIPVSTPKN 45.363
PYCR2 Pyrroline-5-carboxylate reductase A0A024R3Q9 T 17 0.999 NLPTVSALRKMGVNLTRSNKETVKHSDVLFL 40.066
QSOX1 Sulfhydryl oxidase 1 O00391 T 276 0.998 AYLQRLSGLTREAAQTTVAPTTANKIAPTVW 65.5
RAB11FIP4 Rab11 family-interacting protein 4 J3QLM3 T 3 1.000 _____________MRTPPALGSQVSGGPGAG 47.189
RAB11FIP4 Rab11 family-interacting protein 4 J3QLM3 S 9 0.838 _______MRTPPALGSQVSGGPGAGARRAPA 47.189
RAB7A Ras-related protein Rab-7a P51149 T 47 1.000 KFSNQYKATIGADFLTKEVMVDDRLVTMQET 61.679
RALGAPA1 Ral GTPase-activating protein subunit alpha-1 Q6GYQ0 T 320 1.000 VIRWLVSFWLEPKPHTGPHIPGMEGEVLPKN 69.721
RASGRF1 Ras-specific guanine nucleotide-releasing factor 1 Q13972 S 506 1.000 QCFLFSKHLIICTRGSGGKLHLTKNGVISLI 48.131
RASGRF1 Ras-specific guanine nucleotide-releasing factor 1 Q13972 T 503 1.000 GERQCFLFSKHLIICTRGSGGKLHLTKNGVI 48.131
RASGRF1 Ras-specific guanine nucleotide-releasing factor 1 Q13972 T 513 1.000 HLIICTRGSGGKLHLTKNGVISLIDCTLLEE 48.131
RBM3 RNA binding motif (RNP1, RRM) protein 3 Q9H5V0 S 57 0.850 LSLWMVVRSVWIMQASLLGEPEEVALGPMGV 40.764
RETSAT All-trans-retinol 13,14-reductase Q6NUM9 S 322 0.984 IQRAGGAVLTKATVQSVLLDSAGKACGVSVK 99.53
RGS6 Regulator of G-protein-signaling 6 B7Z7N5 S 390 1.000 SNAYQDLLLAKKKPESEQGRRTSLEKFTRSV 51.771
RGS6 Regulator of G-protein-signaling 6 B7Z7N5 S 397 1.000 LLAKKKPESEQGRRTSLEKFTRSVGKSLAGK 51.771
RGS6 Regulator of G-protein-signaling 6 B7Z7N5 T 396 1.000 LLLAKKKPESEQGRRTSLEKFTRSVGKSLAG 51.771
RLTPR Leucine-rich repeat-containing protein 16C Q6F5E8 S 830 0.785 TLDTARSLCPQMLQGSSWREQLEGVLAGSRG 63.184
RND1 Rho-related GTP-binding protein Rho6 Q92730 S 192 1.000 HSIFRTASMLCLNKPSPLPQKSPVRSLSKRL 55.353
RNF10 RING finger protein 10 Q8N5U6 T 281 0.801 CYSSVHKKDLKSVVATESHQYVVGDTITMQL 44.105
RNF222 RING finger protein 222 A6NCQ9 T 68 0.999 GQVQRTLVCPICRYVTFLSKKSSRWPSMLDK 51.211
RPE65 Retinoid isomerohydrolase Q16518 T 525 1.000 LSEVARAEVEINIPVTFHGLFKKS_______ 44.601
RSPH3 Radial spoke head protein 3 homolog Q86UC2 T 445 0.998 IEIGFLPWLMNEVEKTMEYSMVGRTVLDMLI 48.177
RSPH3 Radial spoke head protein 3 homolog Q86UC2 S 449 0.972 FLPWLMNEVEKTMEYSMVGRTVLDMLIREVV 48.177
RXFP2 Relaxin receptor 2 Q8WXD0 T 370 1.000 LQSLDLERIEIPNINTRMFQPMKNLSHIYFK 45.707
RYR1 Ryanodine receptor 1 P21817 S 4186 1.000 EYFRPYLGRIEIMGASRRIERIYFEISETNR 53.995
RYR1 Ryanodine receptor 1 P21817 T 4748 0.990 YGRERIAELLGMDLATLEITAHNERKPNPPP 50.938
RYR1 Ryanodine receptor 1 P21817 T 2911 0.999 KGGGTHPLLVPYDTLTAKEKARDREKAQELL 47.204
RYR1 Ryanodine receptor 1 P21817 T 2909 0.991 EAKGGGTHPLLVPYDTLTAKEKARDREKAQE 47.204
SACS Sacsin Q9NZJ4 S 1222 0.999 VNLEKALGIFTKPSLSAVLKHFKIVVDWYSS 86.512
SCN10A Sodium channel protein type 10 subunit alpha Q9Y5Y9 T 1194 1.000 KPTVKALLEYTDRVFTFIFVFEMLLKWVAYG 47.774
SERPINA9 Serpin A9 Q86WD7 S 134 0.876 HSLTVPSKDLTLKMGSALFVKKELQLQANFL 53.569



SETX Probable helicase senataxin Q7Z333 S 1330 1.000 KTVGVVDTRKKTKLISPQNLSVRNNKKLLTS 79.471
SETX Probable helicase senataxin Q7Z333 S 1335 1.000 VDTRKKTKLISPQNLSVRNNKKLLTSQELQM 79.471
SGOL2 Shugoshin 2 C9JW92 T 77 0.884 AQALSREKENSRRITTEKMLLQKEVE_____ 76.326
SHANK1 SH3 and multiple ankyrin repeat domains protein 1 Q9Y566 S 1928 0.992 PERTSSLQRQRLSDDSQSSLLSKPVSSLFQN 49.216
SHANK1 SH3 and multiple ankyrin repeat domains protein 1 Q9Y566 S 1930 0.970 RTSSLQRQRLSDDSQSSLLSKPVSSLFQNWP 49.216
SIT1 Signaling threshold-regulating transmembrane adapter 1 Q9Y3P8 T 113 1.000 TGRLSQDPEPDQQDPTLGGPARAAEEVMCYT 59.862
SLC20A2 Sodium-dependent phosphate transporter 2 Q08357 T 243 1.000 FFVWLFVCPWMRRKITGKLQKEGALSRVSDE 65.175
SLC26A10 Solute carrier family 26 member 10 Q8NG04 S 10 0.994 ______MRLDLASLMSAPKSLGSAFKSWRLD 54.235
SMC6 Structural maintenance of chromosomes protein 6 Q96SB8 S 848 1.000 KRELDMKEKELEEKMSQARQICPERIEVEKS 69.672
SNED1 Sushi, nidogen and EGF-like domain-containing protein 1 Q8TER0 T 1399 0.981 DICFKESCESTSLKKTPNRKQSKSQTLEKS_ 50.284
SNED1 Sushi, nidogen and EGF-like domain-containing protein 1 Q8TER0 T 1394 0.787 YRVHQDICFKESCESTSLKKTPNRKQSKSQT 50.284
SPAST Spastin Q9UBP0 T 183 1.000 GEQCERARRLQAKMMTNLVMAKDRLQLLEKM 51.771
SPATA31D1 Spermatogenesis-associated protein 31D1 Q6ZQQ2 T 1339 0.870 HNKTSGEVLGSKSSPTLKTQPPPENLFRKWM 86.189
SPECC1 Cytospin-B Q5M775 S 810 0.769 VDAAGRWPGVCVSRTSPTPPESATTVKSLIK 65.157
SPINK5 Serine protease inhibitor Kazal-type 5 Q9NQ38 S 1042 0.960 LCHENLIRQTNTHIRSTGKCEESSTPGTTAA 40.352
SRRM2 Serine/arginine repetitive matrix protein 2 Q9UQ35 T 1003 0.998 SHSGSISPYPKVKAQTPPGPSLSGSKSPCPQ 48.188
SRRM2 Serine/arginine repetitive matrix protein 2 Q9UQ35 S 1008 0.930 ISPYPKVKAQTPPGPSLSGSKSPCPQ_____ 48.188
SSFA2 Sperm-specific antigen 2 P28290 T 799 1.000 ____MEHDGQSLVKSTIFISPSSVKKEEAPQ 60.019
STARD5 StAR-related lipid transfer protein 5 Q9NSY2 T 101 0.863 FEIIQSITDTLCVSRTSTPSAAMKLISPRDF 64.827
STK26 Serine/threonine-protein kinase 26 Q9P289 T 396 0.988 LEKSIAVAEAACPGITDKMVKKLIEKFQKCS 61.444
STK32A Serine/threonine-protein kinase 32A Q8WU08 S 193 0.780 TTMAGTKPYMAPEMFSSRKGAGYSFAVDWWS 47.016
STK35 Serine/threonine-protein kinase 35 Q8TDR2 T 345 0.791 RRPDPATNKSFMLQLTSAIAFLHKNHIVHRD 49.929
STRIP1 Striatin-interacting protein 1 Q5VSL9 S 213 0.960 ACSSAVRKPAISLADSTDLRVLLNIMYLIVE 57.148
STX16 Syntaxin-16 O14662 S 61 0.863 ________MALVSGISLDPEAAIGVTKRPPP 43.198
SUCLG1 Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial P53597 T 94 1.000 GTKLVGGTTPGKGGQTHLGLPVFNTVKEAKE 43.297
SUCLG1 Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial P53597 T 103 1.000 PGKGGQTHLGLPVFNTVKEAKEQTGATASVI 43.297
SYBU Syntabulin Q9NX95 T 277 1.000 PNPEQYLTPLQQKEVTVRHLKTKLKESERRL 69.598
SYBU Syntabulin Q9NX95 T 283 1.000 LTPLQQKEVTVRHLKTKLKESERRLHERESE 69.598
SYCP2 Synaptonemal complex protein 2 Q9BX26 S 478 0.884 NNSQLEKTTPSKRKMSEASMIVSGADRYTMR 48.004
TCEB3 Transcription elongation factor B polypeptide 3 Q14241 S 80 0.918 TVDILAETGVGKTVNSLRKHEHVGSFARDLV 44.336
TCF20 Transcription factor 20 Q9UGU0 T 1624 0.981 EPEIKLKYATQPLDKTDAKNKSFYPYIHVVN 62.924
TEAD2 Transcriptional enhancer factor TEF-4 Q15562 S 101 1.000 YIKLRTGKTRTRKQVSSHIQVLARRKAREIQ 47.603
TEAD2 Transcriptional enhancer factor TEF-4 Q15562 S 102 1.000 IKLRTGKTRTRKQVSSHIQVLARRKAREIQA 47.603
THNSL1 Threonine synthase-like 1 Q8IYQ7 T 657 1.000 HTAVAKVVADRVQDKTCPVIISSTAHYSKFA 47.971
TLR3 Toll-like receptor 3 O15455 T 4 0.996 ____________MRQTLPCIYFWGGLLPFGM 40.254
TM7SF2 Delta(14)-sterol reductase O76062 S 340 1.000 GLETISTATGRKLLVSGWWGMVRHPNYLGDL 48.794
TMEM200A Transmembrane protein 200A Q86VY9 T 4 1.000 ____________MIATGGVITGLAALKRQDS 50.292
TMEM200A Transmembrane protein 200A Q86VY9 T 9 1.000 _______MIATGGVITGLAALKRQDSARSQQ 50.292
TNFRSF21 Tumor necrosis factor receptor superfamily member 21 O75509 S 315 0.999 HQQGPHHRHILKLLPSMEATGGEKSSTPIKG 43.208
TNFRSF21 Tumor necrosis factor receptor superfamily member 21 O75509 T 319 0.957 PHHRHILKLLPSMEATGGEKSSTPIKGPKRG 43.208
TPR Nucleoprotein TPR P12270 S 722 1.000 LRSQNTKISTQLDFASKRYEMLQDNVEGYRR 47.288
TPR Nucleoprotein TPR P12270 T 716 0.813 QEQVTDLRSQNTKISTQLDFASKRYEMLQDN 47.288
TPR Nucleoprotein TPR P12270 S 715 0.757 LQEQVTDLRSQNTKISTQLDFASKRYEMLQD 47.288
TRAPPC11 Trafficking protein particle complex subunit 11 Q7Z392 S 127 1.000 EKQSECATRVEIVRQSLQGRNTKVAVVLIQK 72.705
TRAPPC11 Trafficking protein particle complex subunit 11 Q7Z392 T 133 1.000 ATRVEIVRQSLQGRNTKVAVVLIQKKTPLPP 72.705
TRPC1 Short transient receptor potential channel 1 P48995 T 157 1.000 IVKLMERIQNPEYSTTMDVAPVILAAHRNNY 41.475
TRPC1 Short transient receptor potential channel 1 P48995 T 156 1.000 TIVKLMERIQNPEYSTTMDVAPVILAAHRNN 41.475



TRPM8 Transient receptor potential cation channel subfamily M member 8 H7BZP4 T 103 1.000 VPSDVDGKPDLAQMETAWRRHLLPEPTPRAA 45.997
TSC2 Tuberin P49815 T 913 1.000 IRCRLPFRKDFVPFITKGLRSNVLLSFDDTP 76.221
TTC6 Tetratricopeptide repeat protein 6 G3V2C3 S 5 1.000 ___________MKAQSTASMPPARPAPRAFP 64.842
TTC6 Tetratricopeptide repeat protein 6 G3V2C3 S 8 1.000 ________MKAQSTASMPPARPAPRAFPAPQ 64.842
TTC6 Tetratricopeptide repeat protein 6 G3V2C3 T 6 1.000 __________MKAQSTASMPPARPAPRAFPA 64.842
TTN Titin Q8WZ42 T 25722 0.818 ILKLSNVGGTKSIPITVKVLDRPGPPEGPLK 73.76
TTN Titin Q8WZ42 S 216 0.995 AKKTKTIVSTAQISESRQTRIEKKIEAHFDA 54.524
U2SURP Alternative protein U2SURP L8E737 T 14 1.000 __MMILMECLWMQLKTQKRMSLYLKLPHQNG 51.059
UBA1 Ubiquitin-like modifier-activating enzyme 1 P22314 S 995 0.989 KTEHKLEITMLSQGVSMLYSFFMPAAKLKER 50.883
UBA1 Ubiquitin-like modifier-activating enzyme 1 P22314 S 991 0.961 LDYFKTEHKLEITMLSQGVSMLYSFFMPAAK 50.883
UGT1A1 Bilirubin UDP-glucuronosyltransferase W6JIA6 S 42 0.889 AGKILLIPVNGSHWLSMLGAIQQLQQRGHEI 42.705
UNC45A Protein unc-45 homolog A Q9H3U1 T 233 0.999 TLVGICSEHQSRTVATLSILGTRRVVSILGV 71.379
URGCP Up-regulator of cell proliferation Q8TCY9 T 711 0.993 STVGVPGTGKSTLLNTMFGLRFATGKSCGPR 72.23
USP15 Ubiquitin carboxyl-terminal hydrolase 15 Q9Y4E8 S 14 0.999 __MAEGGAADLDTQRSDIATLLKTSLRKGDT 48.467
USP15 Ubiquitin carboxyl-terminal hydrolase 15 Q9Y4E8 T 18 0.999 EGGAADLDTQRSDIATLLKTSLRKGDTWYLV 48.467
USP42 Ubiquitin carboxyl-terminal hydrolase;Ubiquitin carboxyl-terminal hydrolase 42 Q9H9J4 T 786 1.000 STKKAPPPRDPGTPATKEGAWEAMAVAPEEP 93.096
UTP20 Small subunit processome component 20 homolog O75691 S 926 1.000 AAKQLIAHLQVFSKFSNPRALYLESKLYELY 101.65
VPS26A Vacuolar protein sorting-associated protein 26A O75436 S 245 1.000 IAKYEIMDGAPVKGESIPIRLFLAGYDPTPT 47.75
VPS33B Vacuolar protein sorting-associated protein 33B Q9H267 S 476 0.781 KLVTDKAAGKITDAFSSLAKRSNFRAISKKL 83.206
VPS33B Vacuolar protein sorting-associated protein 33B Q9H267 S 477 0.781 LVTDKAAGKITDAFSSLAKRSNFRAISKKLN 83.206
VWA3B von Willebrand factor A domain-containing protein 3B Q502W6 T 99 1.000 FPQLYRAEDGRVYNLTAKSELIYQFVEHLTQ 84.244
WDFY4 WD repeat- and FYVE domain-containing protein 4 Q6ZS81 S 2311 0.836 RMRKRIKRLSPLEALSSGRHKESQDKNDHIS 43.594
WDR25 WD repeat-containing protein 25 H0YJW0 S 91 0.999 EGHKVLLSLSPRRMLSPSPKPPGSPGHGPWG 57.798
WDR25 WD repeat-containing protein 25 H0YJW0 S 93 0.992 HKVLLSLSPRRMLSPSPKPPGSPGHGPWGAW 57.798
WDR25 WD repeat-containing protein 25 H0YJW0 S 85 0.942 SRRRRYEGHKVLLSLSPRRMLSPSPKPPGSP 57.798
WDR6 WD repeat-containing protein 6 Q9NNW5 T 988 0.864 SLTLQAHSCGINSLHTLPTREGHHLVASGSE 43.799
WDR7 WD repeat-containing protein 7 Q9Y4E6 S 163 0.759 VLYSLVSKISPDWISSMSIIRS_________ 51.927
XYLT2 Xylosyltransferase 2 Q9H1B5 S 845 0.989 PSPCPSLEPCRLTSWSSLSPDPKSELGPVKA 46.891
XYLT2 Xylosyltransferase 2 Q9H1B5 S 843 0.989 IGPSPCPSLEPCRLTSWSSLSPDPKSELGPV 46.891
ZBED9 SCAN domain-containing protein 3 Q6R2W3 S 592 0.999 DIEENLSVTPKVAEKSPPESRLRFLSCVVCE 44.318
ZBTB47 Zinc finger and BTB domain-containing protein 47 Q9UFB7 S 567 0.988 TCGKSFKRSMSLKVHSLQHSGEKPFRCENCN 61.524
ZC3H12B Probable ribonuclease ZC3H12B Q5HYM0 T 473 0.928 EASSVPSLVTALSVPTIPPPKSHAVGALNTR 48.854
ZMYND11 Zinc finger MYND domain-containing protein 11 Q15326 S 435 0.826 SSQEIPTMPQPIEKVSVSTQTKKLSASSPRM 44.616
ZMYND11 Zinc finger MYND domain-containing protein 11 Q15326 T 440 0.802 PTMPQPIEKVSVSTQTKKLSASSPRMLHRST 44.616
ZNF212 Zinc finger protein 212 F2Z3G9 S 43 1.000 PGAGLRGLDAAGVLVSRGCRWRG________ 63.918
ZNF224 Zinc finger protein 224 Q9NZL3 T 70 1.000 DTFHFLREEKIWMMKTAIQREGNS_______ 61.161
ZNF385A Zinc finger protein 385A Q96PM9 S 347 0.887 LAVAAVMAAAAGSPLSLRPAPAAPLLQGPPI 42.663
ZNF440 ZNF440 protein Q05DD3 S 132 1.000 TMERNPMNVKNAEKHSACLLPFIDMKRLTLE 58.132
ZNF510 Zinc finger protein 510 Q9Y2H8 S 445 1.000 KPFECSECGKTFSQKSHLSTHQRIHTAEKPY 48.284
ZNF510 Zinc finger protein 510 Q9Y2H8 S 448 1.000 ECSECGKTFSQKSHLSTHQRIHTAEKPYKCN 48.284
ZNF510 Zinc finger protein 510 Q9Y2H8 T 449 1.000 CSECGKTFSQKSHLSTHQRIHTAEKPYKCNE 48.284
ZNF512B Zinc finger protein 512B Q96KM6 T 225 1.000 IGISKPVSVGRPMPVTKAIPVTRPVPVTKPV 76.17
ZNF512B Zinc finger protein 512B Q96KM6 T 231 1.000 VSVGRPMPVTKAIPVTRPVPVTKPVTVSRPM 76.17
ZNF512B Zinc finger protein 512B Q96KM6 S 25 0.997 RRLPGSSKSGPGKDGSRKEVRLPMLHDPPKM 45.879
ZNF512B Zinc finger protein 512B Q96KM6 S 18 0.994 DPFCVGGRRLPGSSKSGPGKDGSRKEVRLPM 45.879
ZNF512B Zinc finger protein 512B Q96KM6 S 15 0.887 _MTDPFCVGGRRLPGSSKSGPGKDGSRKEVR 45.879
ZNF585B Zinc finger protein 585B F2Z3L4 S 151 1.000 GKSFTWKSQFKASQNSYRRKTI_________ 66.568



ZNF585B Zinc finger protein 585B F2Z3L4 S 148 1.000 AEFGKSFTWKSQFKASQNSYRRKTI______ 66.568
ZNF608 Zinc finger protein 608 Q9ULD9 T 409 1.000 VTWRNKTYVGTLLDCTKHDWAPPRTQIQEHG 60.518
ZNF608 Zinc finger protein 608 Q9ULD9 T 400 0.870 TEEGVLVVNVTWRNKTYVGTLLDCTKHDWAP 60.518
ZNF644 Zinc finger protein 644 Q9H582 S 846 1.000 DFLHKMTVVVLQKLNSAEKKDSYETEDESSW 54.871
ZNF644 Zinc finger protein 644 Q9H582 T 837 1.000 GGEDLDSYPDFLHKMTVVVLQKLNSAEKKDS 54.871
ZNF732 Zinc finger protein 732 B4DXR9 T 494 1.000 CGKAFLCSRALNKHKTIHTGEKPYECEECGK 61.435
ZNF732 Zinc finger protein 732 B4DXR9 T 497 1.000 AFLCSRALNKHKTIHTGEKPYECEECGKAFG 61.435
ZNF845 Zinc finger protein 845 Q96IR2 T 923 1.000 IHTGEKPYKCNECGKTFRHNSVLVIHKTIHT 49.463
ZNF845 Zinc finger protein 845 Q96IR2 S 928 1.000 KPYKCNECGKTFRHNSVLVIHKTIHTGEKPY 49.463
ZNF845 Zinc finger protein 845 Q96IR2 T 935 0.999 CGKTFRHNSVLVIHKTIHTGEKPYKCNECGK 49.463
ZZEF1 Zinc finger ZZ-type and EF-hand domain-containing protein 1 O43149 S 1395 0.906 GIRIWMLEMKQKSLMSLGNEAEEKHSSEATE 45.022



Supplementary table 2. The list of primers used in the study. 

   

Primer name Sequence 

PKN3 T639G F TTTGTGGGTGAGTTTGTGCC 

PKN3 T639G R GCAGGCATGGCTGGAGGT 

ARHGAP18 N200 F TAGGATCCATGAGCTGGCTCTCCAGT 

ARHGAP18 N200 R TAGAATTCTCATTTGTTTTCATTTGTTCT 

ARHGAP18 N50 R TAGAATTCTCAGCTTTCCTGGTTCATAGT 

ARHGAP18 Iso2 F ACAAGTCCGGACTCAGATCTATGAACCAGGAAAGCACCACCA 

ARHGAP18 Iso2 R TGGTGGTGCTTTCCTGGTTCATAGATCTGAGTCCGGACTTGT 

ARHGAP18 ΔN200 F ATCTATGAGCTGGTACCAAGGAAGAGA 

ARHGAP18 ΔN200 R TCTCTTCCTTGGTACCAGCTCATAGAT 

ARHGAP18 Δ201-323 F CAAATGAAAACAAAGTTCCATTGACAGC 

ARHGAP18 Δ201-323 R GCTGTCAATGGAACTTTGTTTTCATTTG 

ARHGAP18 ΔGAP F CTGGTCTTTTTTGCCCCAAGTTTATTGT 

ARHGAP18 ΔGAP R ACAATAAACTTGGGGCAAAAAAGACCAG 

ARHGAP18 ΔC525 F AACTTCTGTGGACATAGAACTCGAGAATTC 

ARHGAP18 ΔC525 R GAATTCTCGAGTTCTATGTCCACAGAAGTT 

ARHGAP18 N200 Δ1-50 F CGGACTCAGATCCATGACCACCATCAAAGTTA 

ARHGAP18 N200 Δ1-50 R TAACTTTGATGGTGGTCATGGATCTGAGTCCG 

ARHGAP18 N200 Δ51-100 F TATGAACCAGGAAAGCGTCAAAGAGCCTGATG 

ARHGAP18 N200 Δ51-100 R CATCAGGCTCTTTGACGCTTTCCTGGTTCATA 

ARHGAP18 N200 Δ101-150 F TCAAGAGGTGGTTGTTCGAGTAGAGACGGTCT 

ARHGAP18 N200 Δ101-150 R AGACCGTCTCTACTCGAACAACCACCTCTTGA 

ARHGAP18 N200 Δ151-200 F AGCAGCAGTTCAGAAGTGAGAATTCTGCAGTC 

ARHGAP18 N200 Δ151-200 R GACTGCAGAATTCTCACTTCTGAACTGCTGCT 

ARHGAP18 N200 Δ1-12 F CGGACTCAGATCCATGACAGCCTACCACCCCA 

ARHGAP18 N200 Δ1-12 R TGGGGTGGTAGGCTGTCATGGATCTGAGTCCG 

ARHGAP18 N200 Δ13-25 F CCAGGGAGTGGTACTAAACAGCCATGCAAAG 

ARHGAP18 N200 Δ13-25 R CTTTGCATGGCTGTTTAGTACCACTCCCTGG 

ARHGAP18 N200 Δ26-37 F GGACCAGACCGTCGGGAGTCGCAGATATGGCC 

ARHGAP18 N200 Δ26-37 R GGCCATATCTGCGACTCCCGACGGTCTGGTCC 

ARHGAP18 N200 Δ38-50 F GGAGGAAGCCACGTCGACCACCATCAAAGTTA 

ARHGAP18 N200 Δ38-50 R TAACTTTGATGGTGGTCGACGTGGCTTCCTCC 



Supplementary table 3. The sequence of synthesized ARHGAP18. Silent mutations were introduced 

in the design of ARHGAP18 cDNA in order to disrupt XhoI, SacI, BamHI and NcoI restriction sites. 

 

 

ARHGAP18 
TACAGATCTATGAGCTGGCTCTCCAGTTCCCAGGGAGTGGTACTAACAGCCTACCACCCCAGCGGCAAGGACC

AGACCGTCGGGAACAGCCATGCAAAGGCAGGGGAGGAAGCCACGTCGAGTCGCAGATATGGCCAGTACACTAT

GAACCAGGAAAGCACCACCATCAAAGTTATGGAGAAGCCTCCATTTGATCGATCAATTTCCCAGGATTCTTTG

GATGAACTATCTATGGAAGACTATTGGATAGAACTAGAAAACATCAAGAAATCTAGTGAAAACAGCCAAGAAG

ATCAAGAGGTGGTTGTTGTCAAAGAGCCTGATGAGGGAGAATTGGAAGAAGAGTGGCTTAAAGAGGCCGGTTT

ATCCAATCTCTTCGGAGAGTCTGCTGGAGATCCACAGGAAAGCATTGTGTTTTTATCAACATTGACGCGGACC

CAGGCAGCAGCAGTTCAGAAGCGAGTAGAGACGGTCTCCCAGACCTTGAGGAAAAAAAACAAACAGTACCAGA

TTCCTGACGTCAGAGACATATTTGCTCAACAGAGAGAATCAAAAGAAACAGCTCCAGGTGGCACTGAATCGCA

GTCACTTAGAACAAATGAAAACAAATACCAAGGAAGAGATGACGAGGCATCTAACCTTGTTGGTGAAGAGAAG

CTGATCCCACCTGAGGAGACGCCTGCCCCTGAAACAGACATCAACCTGGAGGTATCATTTGCCGAGCAAGCAC

TCAATCAGAAAGAGAGTTCCAAGGAGAAAATCCAGAAGAGCAAAGGCGATGATGCCACATTACCTAGTTTCAG

ATTGCCAAAAGACAAAACGGGTACCACAAGGATTGGTGACCTCGCACCCCAGGACATGAAGAAAGTTTGCCAT

TTAGCCCTAATTGAGCTGACTGCCCTCTATGATGTATTGGGTATTGAGCTGAAACAACAAAAAGCTGTGAAAA

TCAAAACAAAAGATTCTGGTCTTTTTTGCGTTCCATTGACAGCGCTATTAGAACAAGATCAGAGGAAAGTACC

AGGAATGCGAATACCCTTGATCTTTCAAAAACTGATTTCTCGAATTGAAGAGAGAGGTTTGGAAACAGAAGGC

CTCTTACGAATCCCTGGAGCTGCCATTAGAATCAAGAATCTTTGCCAAGAACTAGAAGCAAAGTTTTATGAAG

GGACTTTTAATTGGGAAAGTGTCAAACAGCATGATGCCGCCAGCCTGCTGAAGCTCTTCATTCGGGAGTTGCC

CCAGCCACTGCTCAGTGTGGAGTATCTCAAAGCCTTTCAGGCTGTCCAGAATCTTCCAACCAAGAAGCAGCAA

CTACAGGCTTTGAACCTTCTTGTCATCCTCCTACCTGATGCAAACAGGGACACACTGAAGGCCCTTCTTGAAT

TTCTCCAAAGAGTAATAGATAATAAAGAAAAAAATAAAATGACAGTCATGAATGTAGCAATGGTCATGGCCCC

GAATCTCTTTATGTGTCATGCATTGGGATTGAAGTCCAGTGAACAGCGAGAATTTGTAATGGCAGCTGGGACA

GCAAATACCATGCACTTATTGATTAAGTACCAAAAACTTCTGTGGACAATTCCCAAGTTTATTGTAAACCAAG

TGAGGAAGCAAAACACGGAAAATCATAAAAAGGATAAAAGAGCCATGAAGAAATTGCTGAAGAAAATGGCTTA

TGACCGAGAAAAATATGAAAAGCAAGATAAGAGTACAAATGATGCTGACGTTCCTCAGGGAGTGATTCGAGTG

CAAGCTCCCCATCTTTCGAAAGTTTCAATGGCAATACAGCTAACTGAAGAACTAAAAGCCAGTGATGTACTTG

CCAGGTTTCTCAGCCAAGAAAGTGGGGTTGCCCAGACTCTCAAGAAAGGAGAAGTTTTTTTGTATGAAATTGG

AGGAAATATTGGGGAACGCTGCCTTGATGATGACACTTACATGAAGGATTTATATCAGCTTAACCCAAATGCT

GAGTGGGTTATAAAGTCAAAGCCATTGTAGAACTCGAGAATTCTGA 
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4. Discussion 
 

4.1. A screen for PKN3 substrates reveals an activating phosphorylation of 
ARHGAP18 

 

Identification of novel putative PKN3 substrates 

PKN3 kinase is an important effector kinase of small Rho GTPases. Despite its indisputable 
role in regulation of processes such as organization of cytoskeleton (Aleku et al., 2008), 
proliferation and promotion of tumor growth (Gemperle et al., 2019; Leenders et al., 2004; 
Unsal-Kacmaz et al., 2012), downstream signaling of PKN3 still remains largely understudied.   

To identify the direct substrates of PKN3 we used a chemical-genetic approach based on 
the mutation of gatekeeper residue which would allow the kinase to use synthetic ATP analogs 
with bulky group in the N6-position. To this end, we designed and created analog-sensitive (AS) 
PKN3 by substitution of Thr639 for glycine. It was observed in several kinases, such as Cdc5, 
MEKK1 or GRK2, that substitution of the gatekeeper residue, which is an important stabilizing 
amino acid in the hydrophobic spine of the kinases, led to a complete loss of the kinase activity. 
In these kinases, a second-site point mutations were introduced in the N-lobe of the kinase 
domain that partially rescued the activity of the AS kinases (Zhang et al., 2005). Importantly, 
in case of PKN3, substitution of the gatekeeper residue Thr639 for glycine had only a minor 
effect on PKN3 AS activity when compared to WT and no additional second-site mutations had 
to be introduced. We observed a slight decrease in PKN3 AS activity when assayed with ATPγS 
that could be explained by lower affinity of ATPγS to the enlarged ATP-binding pocket, which 
was most likely rescued in the presence of bulky N6-Bn ATPγS. The rescue of kinase activity 
using bulky ATP analogs was nicely demonstrated in PINK1 (PTEN-induced kinase 1) kinase. 
A naturally occurring PINK1 mutation of Gly309 for aspartate results in about 70 % decrease 
in its kinase activity, which leads to mitochondrial defects associated with the early onset of 
Parkinson’s disease. However, the use of bulky ATP analog, kinetin triphosphate, led to the 
rescue of PINK1 activity and Parkin recruitment to depolarized mitochondria (Hertz et al., 
2013). In contrast with this, mutation of gatekeeper residue has also been previously connected 
with increased activity of BCR-ABL kinase. Moreover, this mutation conferred resistance to 
Imatinib treatment in patients with CML (Azam et al., 2008; Gorre et al., 2001). 

In our screen performed in the lysate of MDA-MB-231 cell line we identified 281 new 
putative PKN3 substrate proteins with 418 phosphorylation sites. However, there are several 
factors that could have affected the results of the screen and should be taken into account when 
interpreting the data. First, since under normal conditions the ATP analog is not cell permeable, 
the screen was performed in cell lysate and not in intact cells. This most likely affected the 
spatial and temporal organization of PKN3 signaling and could have generated several 
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false-positive results. To overcome this limitation, mild detergents, such as digitonin, were used 
in various studies to permeabilize the membrane and facilitate the intake of ATP analogs 
preserving relatively physiological conditions. However, we did not use this approach since 
a huge amount of the expensive ATP analog is necessary for substrate thiophosphorylation in 
permeabilized cells to provide sufficient input material for LC-MS/MS analysis (Banko et al., 
2011; Michowski et al., 2020). Hertz and colleagues suggested, that high overexpression of the 
studied AS kinase is necessary in order to ensure sufficient thiophosphorylation of target 
proteins and to identify also low-abundant substrates which could have remained undetected 
when assayed with endogenous levels of engineered kinase (Hertz et al., 2010). Overexpression 
of PKN3 AS in the cell lysate thus represents another factor potentially contributing to 
artifactual phosphorylation in our screen. Recently, a screen for Cdk1 (cyclin-dependent 
kinase 1) substrates has been performed in embryonic stem cells isolated from knock-in mice 
expressing AS Cdk1 suggesting endogenous AS kinase expression can also be sufficient to 
identify the most prominent substrates (Michowski et al., 2020).  

The consensus phosphorylation motif of PKN3 was determined using peptide arrays in 
several studies (Browne et al., 2019; Collazos et al., 2011). Collazos and colleagues described 
the motif as X-R-X-Ne/Z-S/T-ϕ-X-X-X-Ne, where X means no preference for a specific amino 
acid, Ne represents neutral amino acids, Z marks the position where arginine residue is not 
tolerated and ϕ depicts hydrophobic amino acids (Collazos et al., 2011). It is notable that out of 
the 418 putative PKN3 phosphorylation sites identified in our phosphoproteomic screen only 
a relatively small number fits the predicted consensus motif when considering the strong 
preference of PKN3 for arginine residue in position -3 or hydrophobic residues in position +1. 
Moreover, when we tried to determine a consensus phosphorylation motif using the PKN3 
phosphorylation sites identified in our screen we observed no strong preference towards any 
particular amino acids in these positions. The results of peptide arrays, however, represent only 
an “ideal substrate” motif and do not take into account other factors that could influence the 
phosphorylation of the full-length protein, such as docking interactions between the kinase and 
the substrate, a broader linear sequence context surrounding the phosphorylation site or its 
secondary structure. Interestingly, PKN3 as a member of PKC family of kinases is considered 
to be a “basophilic” kinase based on its preference for basic amino acids near the 
phosphoacceptor site (Miller and Turk, 2018). Indeed, most of the identified phosphosites 
exhibit basic residues either N- or C-terminally from the phosphorylated Ser/Thr, suggesting 
potential role of PKN3 in their phosphorylation.  

Recently, a novel chemoproteomic approach, CITe-Id (Covalent Inhibitor Target-site 
Identification), was developed as a tool for accurate identification of covalently modified sites 
targeted by irreversible inhibitors. Using this approach, a new covalent inhibitor targeting 
Cys840 of PKN3, JZ128, was developed. However, several off-target protein kinases were 
identified to be bound by JZ128, such as TNK1, RIOK2, or RIPK2. Using this inhibitor, 
a phosphoproteomic screen identified 55 proteins as novel putative PKN3 substrates (Browne 
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et al., 2019). It is surprising, however. that proteins previously reported to be phosphorylated 
by PKN3, such as BCAR1, GRAF1 or GRAF2 (Gemperle et al., 2019; Shibata et al., 2001), 
were not identified in any of the screens. Similarly, absence of the known targets in the results 
of the AS screen for the AMPK kinase substrates suggests potential limitations when using AS 
kinase-based approaches (Banko et al., 2011). However, when we compared the results of the 
screen performed by Browne and colleagues with our phosphoproteomic data, three genes were 
identified in both datasets – LRRC16A, FAM21A and ARFGEF2.   

LRRC16A (F-actin-uncapping protein LRRC16A), also known as CARMIL1, was 
identified as a high-affinity binding partner of actin capping protein, which is responsible for 
capping of actin barbed ends. LRRC16A was shown to localize to lamellipodia where it 
regulates actin polymerization rates and elongation of actin filaments (Liang et al., 2009; Yang 
et al., 2005). Its recruitment to lamellipodia was demonstrated to be mediated by the central 
part of the protein. Following this part, there is a so called C1 region, spanning from Arg962 to 
Lys1084, which mediates the interaction of LRRC16A with the capping protein (Yang et al., 
2005). Interestingly, the putative PKN3 phosphorylation sites identified in our screen (Thr897 
and Thr902) are located in the central part of LRRC16A in the close proximity of C1 region, 
suggesting their potential role in both the regulation of LRRC16A role in actin polymerization 
and interaction with the capping protein. Moreover, we have recently shown PKN3 localizes to 
lamellipodia, where it interacts with BCAR1 (Gemperle et al., 2019), further suggesting the 
possible PKN3-LRRC16A crosstalk.  

Both FAM21A and ARFGEF2 are involved in regulation of endosomal signaling. FAM21A 
is a member of WASH (Wiskott-Aldrich syndrome protein and SCAR homolog) protein 
complex that plays a role in orchestration of cytoskeletal changes during endocytosis and 
endosomal sorting (Derivery et al., 2009; Gomez and Billadeau, 2009). On the other hand, 
ARFGEF2, also known as BIG2 (brefeldin A-inhibited guanine nucleotide-exchange 
protein 2), acts as a guanine nucleotide-exchange factor for ARF (ADP-ribosylation factor) 
family of small GTPases. It is essential for endosomal compartment integrity and promotes 
association of endosomal coat proteins with membrane (Boal and Stephens, 2010; Shinotsuka 
et al., 2002). Since RhoB-mediated activation of PKN1 kinase in endosomal compartment was 
already described in one of the earliest studies (Mellor et al., 1998) there might be a possible 
crosstalk of PKN3 with FAM21A and ARFGEF2 in the field of endosome-related signaling. 
Moreover, PKN3 is an interactor of GRAF1 and GRAF2 proteins which are known mediators 
of clathrin-independent endocytosis (Lundmark et al., 2008; Shibata et al., 2001). Nevertheless, 
phosphorylation of FAM21A and ARFGEF2 proteins by PKN3 could regulate their overall 
activity, localization or function.      
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Phosphorylation of ARHGAP18 and regulation of its activity 

 Among the putative PKN3 substrates identified in our phosphoproteomic screen we 
selected ARHGAP18 for further study and validation. Phosphorylation of two sites, Ser156 and 
Thr158, was detected in our data. However, in addition to these, we have focused also on 
potential phosphorylation of Thr154 since it matches the predicted PKN3 consensus motif, 
mainly given by the presence of preferred arginine in position -3. In a kinase reaction using 
either N-terminal part of ARHGAP18 or the full-length protein we confirmed PKN3 was able 
to phosphorylate all these residues in vitro. Moreover, in both cases the observed 
phosphorylation was highly specific since substitution of these three sites for 
unphosphorylatable alanine was sufficient to substantially reduce phosphorylation of 
ARHGAP18, even though there are 80 serine and threonine residues present in its 663 amino 
acids-long sequence. Still, the decrease in phosphorylation of the unphosphorylatable mutant 
of ARHGAP18 was not complete suggesting there might be additional sites potentially 
phosphorylated by PKN3.  

We further examined whether PKN3 is able to interact with ARHGAP18. Indeed, using 
co-immunoprecipitation experiments with several truncated variants of ARHGAP18 we 
confirmed the two proteins can associate with one another. Interestingly, deletion of any part 
of ARHGAP18 following the first 200 amino acids led to a huge increase in interaction with 
PKN3 when compared with full-length ARHGAP18. Similarly, the interaction of ARHGAP18 
N200 with PKN3 was substantially increased than in case of full-length protein, suggesting the 
accessibility of the N-terminal part of ARHGAP18 could be negatively regulated by a series of 
intramolecular interactions which are disrupted upon deletion of the regions following. Finally, 
we mapped the interaction interface to the first 25 amino acids in the sequence of ARHGAP18. 
Notably, this region is missing in ARHGAP18 Iso2 (isoform 2) which is translated from an 
alternative downstream start codon (Chang et al., 2014; Maeda et al., 2011) and, indeed, we 
observed no interaction of PKN3 with ARHGAP18 Iso2. In contrast, both isoforms were 
phosphorylated by PKN3 in vitro to a similar extent suggesting that docking interaction 
between the two proteins is not a prerequisite for ARHGAP18 phosphorylation. Moreover, only 
the phosphomimicking mutant of ARHGAP18 Iso1, and not Iso2, led to an increase of 
ARHGAP18 interaction with PKN3, suggesting that phosphorylation could lead to a partial 
disruption of intramolecular ARHGAP18 interactions leaving its N-terminal part more 
accessible for interaction with PKN3.  

To date, phosphorylation of several Rho GAP proteins has been reported to regulate their 
activity, specificity or localization. For instance, attenuation of GAP activity was observed in 
case of p190A RhoGAP after phosphorylation by Rho-kinase or GSK3β (Jiang et al., 2008; 
Mori et al., 2009) or, similarly, change in specificity of MgcRacGAP from Rac to RhoA upon 
phosphorylation by Aurora B kinase (Minoshima et al., 2003). Moreover, phosphorylation of 
another Rho GAP protein, DLC1 (Deleted in liver cancer 1), was shown to stimulate the 
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binding of 14-3-3 proteins which leads to inhibition of DLC1 activity and nucleocytoplasmic 
shuttling (Scholz et al., 2009). In contrast, we found that phosphorylation of ARHGAP18 by 
PKN3 on Thr154, Ser156 and Thr158 leads to activation of its GAP activity and, therefore, to 
decrease in the levels of active RhoA. It is also surprising, that ARHGAP18 in its 
unphosphorylated state exhibited almost no GAP activity as judged by the results of both 
RhoA-GTP and GST-RhoA CA pull-down, suggesting that the GAP domain of 
unphosphorylated ARHGAP18 is not accessible for interaction with RhoA. These results 
further support our hypothesis that the activity of the GAP domain is negatively regulated by a 
series of intramolecular interactions which are at least partially disrupted after ARHGAP18 
phosphorylation by PKN3.    

 

Potential crosstalk of PKN3 and ARHGAP18 in endothelial signaling   

Notably, PKN3 and ARHGAP18 share a lot of similar traits in the signaling of endothelial 
cells. Upon downregulation of either PKN3 or ARHGAP18 in endothelial cells, the cells lose 
their capacity of characteristic tube formation in both 2D and 3D conditions (Aleku et al., 2008; 
Coleman et al., 2010; Möpert et al., 2012). Recently, the role of ARHGAP18 has been 
extensively studied in the context of atherosclerosis, a chronic inflammatory disease of the 
arteries (Lusis, 2000), where ARHGAP18 was shown to act as an athero-protective and 
anti-inflammatory gene that facilitates the flow-responsive endothelial cell alignment via 
ARHGAP18/YAP axis (Coleman et al., 2020; Lay et al., 2019). Interestingly, PKN3 was 
identified in a subset of genes associated with trans-endothelial migration of leukocytes which 
leads to development of coronary artery disease (Hägg et al., 2009). Moreover, depletion of 
PKN3 was shown to attenuate the pro-inflammatory activation of endothelial cells caused by 
the defects in glycosylation of ICAM-1 adhesion molecules, suggesting its potential 
involvement in the promotion of atherosclerosis (Möpert et al., 2012; Mukai et al., 2016). 
Finally, PKN3 has been recently demonstrated to play a role in bone resorption downstream of 
non-canonical Wnt5a/Ror2 signaling cascade (Uehara et al., 2017, 2019) that has been linked 
with the regulation of the secretion of pro-inflammatory cytokines necessary for atherosclerosis 
development (Zhang et al., 2020). All these findings highlight a potential crosstalk of 
ARHGAP18 and PKN3 and should be considered in the future research. 

 
 
Taken together, we performed a phosphoproteomic screen to identify novel direct PKN3 

substrates and, based on our data, we characterized ARHGAP18 as a new substrate and 
interaction partner of PKN3. We showed that phosphorylation of ARHGAP18 by PKN3 leads 
to activation of its GAP domain and regulates the activity of small Rho GTPases. We also 
propose a model where ARHGAP18 in its unphosphorylated state exhibits low GAP activity 
and its N-terminus is potentially sterically blocked and, therefore, inaccessible for interactions. 
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We hypothesize this could be due to a series of inhibitory intramolecular interactions which are 
at least partially disrupted upon phosphorylation by PKN3 resulting in the activation of 
ARHGAP18 GAP domain and increased accessibility of its N-terminal region for interaction 
with PKN3. Moreover, our results strongly imply the existence of a negative feedback loop in 
the regulation of Rho GTPases via two separate pools of ARHGAP18 constituted by the 
individual isoforms. While ARHGAP18 Iso1 interaction with PKN3, which is stimulated upon 
phosphorylation, can regulate the activity of small Rho GTPases in direct association with 
PKN3 by formation of a ternary complex, activation of ARHGAP18 Iso2 by PKN3 could 
contribute to the regulation of the Rho GTPase activity in a broader cellular context 
(Figure 12.).  

 
 

 
 

Figure 12. Model of ARHGAP18 regulation and activation. Based on the results from our 
co-immunoprecipitation experiments of individual ARHGAP18 deletion mutants with PKN3 we 
hypothesize, that in the unphosphorylated state ARHGAP18 adopts a conformation where the 
N-terminal part of ARHGAP18 is inaccessible for the interaction with PKN3. This could possibly 
be due to an existence of a series of intramolecular interactions that inhibit not only the 
ARHGAP18-PKN3 interaction, but also the activity of ARHGAP18 GAP domain. We believe, that 
upon PKN3-mediated phosphorylation of Thr154, Ser156 and Thr158 located in the N-terminal 
region of ARHGAP18, the inhibitory conformation of ARHGAP18 is at least partially disrupted, 
leading to both activation of ARHGAP18 GAP domain and increased interaction of ARHGAP18 
Iso1 with PKN3. Moreover, our results strongly imply the existence of a negative feedback loop in 
the regulation of Rho GTPases via two separate pools of ARHGAP18 constituted by the individual 
isoforms. While ARHGAP18 Iso1 interaction with PKN3 can regulate the activity of small Rho 
GTPases in direct association with PKN3 by formation of a ternary complex, activation of 
ARHGAP18 Iso2 by PKN3 could contribute to the regulation of the Rho GTPase activity in a 
broader cellular context. 
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4.2. ARHGAP42 is activated by Src-mediated tyrosine phosphorylation to promote 
cell motility 

 
ARHGAP42 tyrosine phosphorylation was first detected in a phosphoproteomic study 

performed in Src-transformed mouse embryonic fibroblasts (Luo et al., 2008). The study was 
focused on the identification of novel substrates of Src kinase, a non-receptor tyrosine kinase 
involved in signaling related to cell cycle or cell migration and invasion, such as regulation of 
cytoskeletal organization or regulation of cell adhesion (Guarino, 2010). ARHGAP42 was also 
identified as one of the 13 hyperphosphorylated proteins in fibroblasts deficient in PTP1B 
(protein tyrosine phosphatase 1B) tyrosine phosphatase (Mertins et al., 2008). To date, 
phosphorylation of Tyr376, which was identified in both of these studies, appeared in more 
than 200 phosphoproteomic screens from various tissues, cell lines or conditions 
(PhosphoSitePlus database, https://www.phosphosite.org/). Moreover, based on 
PhosphoSitePlus, phosphorylation of the corresponding site was detected also in other members 
of GRAF protein family (Tyr371 in GRAF1 and Tyr370 in OPHN1). Yet, the effect of this 
tyrosine residue phosphorylation on regulation of activity and signaling of these Rho GAPs was 
never examined. In our study, we aimed to characterize ARHGAP42 function and to describe 
the role of Tyr376 phosphorylation in its regulation. 

In vitro studies of OPHN1 and GRAF1 demonstrated that the activation of their GAP 
domains is negatively regulated by intramolecular interaction with their respective BAR 
domains (Eberth et al., 2009). When we analyzed ARHGAP42 GAP activity in mouse 
embryonal fibroblasts expressing full-length ARHGAP42 we observed no difference in the 
levels of active RhoA when compared to cells expressing ARHGAP42 ΔGAP. However, 
expression of ARHGAP42 lacking the BAR domain led to a substantial GAP domain activation 
and a significant decrease in the levels of RhoA-GTP. Consistently, ARHGAP42 ΔBAR 
expressing cells exhibited a characteristic arborized cell phenotype previously connected with 
GAP domain hyperactivation (Lazarini et al., 2013) and subsequent inhibition of RhoA/ROCK 
pathway, suggesting ARHGAP42 BAR domain indeed acts as a negative regulator of the GAP 
domain activity. In this context it is interesting that an alternative form of ARHGAP42 with 
BAR domain lacking the 34 amino acids corresponding to exon5 has been described. Although 
we showed deletion of this region did not affect the membrane-associated functions of BAR 
domain, its ability to inhibit the GAP domain activity was fully compromised resulting in 
ARHGAP42 with constitutively active GAP domain (our unpublished results).  

It was shown previously that dimers formed by BAR-PH domain module-containing 
proteins are implicated in sensing and induction of membrane curvature. When expressed in 
cells this effect can be observed as a formation of tubulovesicular membrane structures 
(Lundmark et al., 2008; Peter et al., 2004; Zhu et al., 2007). Indeed, overexpression of 
ARHGAP42 in COS-7 cell line resulted in formation of prominent membrane tubulations. This 
effect was further significantly elevated in cells expressing ARHGAP42 ΔGAP variant, 
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suggesting that the inhibitory effect of BAR domain and GAP domain is mutual, although BAR 
domain retains part of its function also in the autoinhibited state. In contrast with these results, 
studies of the intramolecular regulation of GRAF1 and OPHN1 showed that the function of 
BAR domain is not negatively impacted by GAP domain in these proteins (Eberth et al., 2009) 
suggesting that ARHGAP42 may exhibit unique properties in this regard.       

We next focused on the role of ARHGAP42 GAP domain in regulation of cytoskeletal and 
adhesion dynamics in cells expressing ARHGAP42 lacking the BAR domain, therefore, with 
elevated GAP activity. We observed ARHGAP42 GAP activation led to an increase in focal 
adhesion dynamics, lamellipodial velocity and cell migration. These findings are in line with 
recently published study focused on the role of ARHGAP42 in nasopharyngeal carcinoma, 
where downregulation of ARHGAP42 expression resulted in significant inhibition of migration 
and invasion of these cells and, conversely, overexpression of ARHGAP42 led to stimulation 
of these processes (Hu et al., 2018).   

Since phosphorylation of ARHGAP42 Tyr376 was detected in numerous 
phosphoproteomic studies (PhosphoSitePlus database) we hypothesized that phosphorylation 
of this residue by Src could have an effect on ARHGAP42 activity and function. We showed, 
that upon expression of ARHGAP42 WT in Src-transformed NIH-3T3 fibroblasts the vast 
majority of the cells adopted arborized phenotype indicative of elevated Rho GAP activity. 
However, this was not the case for cells expressing the unphosphorylatable mutant of 
ARHGAP42 with substitution of Tyr376 for phenylalanine (Y376F). Moreover, expression of 
ARHGAP42 WT, but not Y376F mutant, in SYF cells (mouse embryonal fibroblasts lacking 
the expression of Src kinases Src, Yes and Fyn) re-expressing the constitutively active Src 
kinase resulted in decrease in the levels of active RhoA, while increasing focal adhesion 
dynamics, lamellipodial protrusion velocity, and cell migration, similarly as observed in 
ARHGAP42 lacking the BAR domain. These results suggest phosphorylation of ARHGAP42 
Tyr376 is sufficient to overcome the autoinhibitory conformation resulting in activation of the 
GAP activity.  

Using the purified GAP domain of ARHGAP42 in an in vitro assay we showed activity of 
ARHGAP42 is specific towards RhoA and Cdc42, but not Rac1. It is surprising, however, that 
in a recent high-throughput proximity labeling screen focused on Rho signaling, ARHGAP42 
was identified as a protein closely associated exclusively with the Rac subfamily of small 
GTPases and not with RhoA or Cdc42 (Bagci et al., 2020). There are several possible 
explanations for these conflicting findings. It was shown recently it is not a GAP domain that 
acts as a key determinant of Rho GAP specificity towards the individual Rho GTPases, but 
rather the influence of other protein domains, posttranslational modifications, intramolecular 
inhibitory interactions and the overall cellular context (Amin et al., 2016). However, although 
we used ARHGAP42 GAP domain alone to examine the Rho GAP specificity in vitro, it is 
unlikely it would negatively affect its specificity since we showed that also the full-length 
ARHGAP42 in its active state leads to decrease in the levels of RhoA-GTP. Moreover, we 
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observed a direct interaction of ARHGAP42 with constitutively active RhoA upon 
phosphorylation by Src, which is required for ARHGAP42 activation. Importantly, the 
proximity labeling screen was performed in HEK293 and HeLa cell lines where extremely low 
expression levels of Src have been documented (Kasahara et al., 2007; Yu et al., 2013). This 
would suggest that ARHGAP42 in its unphosphorylated and therefore inactive form might 
possibly interact with active Rac GTPases, or, alternatively, there might be other regulatory 
mechanisms influencing the ARHGAP42 specificity that remain to be discovered. It is notable 
in this context that nothing is known about ARHGAP42 phosphorylation on serine and 
threonine residues and its potential effect on ARHGAP42 activity. It was shown by Shibata and 
colleagues that PKN3 can directly interact with and phosphorylate both GRAF1 and GRAF2 
(Shibata et al., 2001). We have recently confirmed there is also a direct interaction between 
PKN3 and ARHGAP42 which it is mediated by ARHGAP42 SH3 domain and polyproline 
region of PKN3 (our unpublished data). The specific phosphorylation sites, however, were not 
yet identified and the possible functional outcome of ARHGAP42 phosphorylation by PKN3, 
or any other Ser/Thr kinase, remains to be studied.  Moreover, in this regard, by both detection 
of endogenous ARHGAP42 and expression of GFP-fused exogenous protein we observed a 
prominent SH3 domain-dependent localization of ARHGAP42 to stress fibers. Since we have 
recently shown the expression of PKN3 is important for stress fibers formation (Gemperle et 
al., 2019) it would be interesting to see whether the interaction of ARHGAP42 SH3 domain 
with PKN3 could play any stimulatory role in the regulation of ARHGAP42 localization. 
Alternatively, it could be likely mediated by a bridging interaction with other actin-interacting 
protein, similarly as observed in the case of another BAR, GAP and SH3-domain containing 
protein, srGAP2 (Mason et al., 2011).  

 
 
Taken together, in this study we characterized the intramolecular mechanisms involved in 

the regulation of ARHGAP42 activity and its cellular functions. We propose a model, where 
ARHGAP42 in its unphosphorylated form adopts an autoinhibited conformation mediated by 
intramolecular interaction between BAR and GAP domain. The phosphorylation of Tyr376 is 
sufficient to disrupt the mutually inhibitory state and leads to activation of ARHGAP42 GAP 
domain resulting in the decrease of RhoA-GTP levels and subsequent increase in cell motility. 
Moreover, activation of the BAR domain could also lead to stimulation of its membrane 
remodeling function and increase in clathrin-independent endocytosis (Figure 13.).   
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Figure 13. Model of ARHGAP42 regulation and function. In the unphosphorylated state 
ARHGAP42 adopts an autoinhibitory conformation which is mediated by mutual inhibition of BAR 
and GAP domains. While BAR domain retains a part of its function in shaping the membrane also 
in the autoinhibited state (not shown in the model), the function of ARHGAP42 GAP domain in 
regulation of RhoA activity is completely inhibited. Upon phosphorylation of Tyr376 by Src kinase 
the mutual inhibition is disrupted leading to both enhanced membrane-related function of the BAR 
domain and activation of GAP domain resulting in decrease of the levels of active RhoA.   
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5. Conclusions 
 

- We have designed and created an analog-sensitive mutant of PKN3 kinase which we 
used to perform a phosphoproteomic screen to identify novel PKN3 substrates. We 
found 281 new putative PKN3 substrate proteins with 418 phosphorylation sites. By 
comparing our results with phosphoproteomic data by Browne et al., we suggest 
LRRC16A, FAM21A and ARFGEF2 as the most promising candidates for the future 
study of PKN3 downstream signaling. 

- Among the newly identified putative PKN3 substrates we focused on ARHGAP18. We 
validated the results from our screen and confirmed PKN3 is able to phosphorylate 
ARHGAP18 on Thr154, Ser156 and Thr158 in vitro. 

- We characterized the interaction between ARHGAP18 and PKN3 and mapped the 
interaction interface to the first 25 amino acids in the N-terminal region of ARHGAP18. 
This region is missing in ARHGAP18 Iso2 which does not interact with PKN3 although 
it is phosphorylated by PKN3 to a similar extent as ARHGAP18 Iso1.  

- Substitution of Thr154, Ser156 and Thr158 for phosphomimicking aspartate leads to 
strengthening of the interaction between ARHGAP18 Iso1 and PKN3. Moreover, it 
leads to activation of ARHGAP18 GAP domain function which results in decrease of 
the levels of active RhoA. These results suggest that phosphorylation of ARHGAP18 
by PKN3 could result in a formation of a negative feedback loop in control of the RhoA 
signaling.  
 

 
- We characterized the localization of ARHGAP42 into stress fibers, focal adhesion 

complexes and podosomes. Localization of ARHGAP42 into stress fibers is SH3 
domain-dependent.  

- Using deletion mutants of ARHGAP42 lacking either GAP domain or BAR domain we 
studied the mutual autoinhibitory effect of these domains. Deletion of GAP domain 
resulted in an increased capacity of the BAR-PH domain module to form membrane 
tubulations. On the other hand, deletion of the BAR domain led to activation of 
ARHGAP42 GAP domain and resulted in decreased levels of active RhoA and 
induction of the arborized cell morphology.  

- Phosphorylation of Tyr376 by Src kinase is sufficient to disrupt the autoinhibitory state 
of ARHGAP42 and to activate its GAP domain, similarly as in case of BAR domain 
deletion.      

- Both deletion of BAR domain and phosphorylation of Tyr376 by Src leads to increase 
in focal adhesion dynamics, lamellipodial protrusion velocity and cell migration.   
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