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Abstract
Objective: Pak1 (p21-activated kinase 1) is increasingly linked 
to cancer. This is surprising since the PAK I proteins, which 
participate in the actin-cytoskeleton formation, are tightly regulated 
by the Cdc42 GTPase. However, assaying interactions of Pak1 
with β-karyopherins, the nuclear transport factors, suggests that 
it could cause cancer in the karyopherin-dependent manner. 
The Pak1-dependent depletion of Kpnβ1 is predicted to strongly 
increase the requirement for the Kpn β1 expression. In turn, the 
increased expression of Kpn β1 is predicted to increase nuclear 
import of the AP-1 transcriptional regulator, cyclin D1 expression, 
cell proliferation and cancer growth. We propose that increased 
binding of Pak1 to Kpn β1 initiates vicious circle in which the 
Pak1-dependent depletion of Kpn β1 is followed by the increased 
expression of this protein and cell proliferation.

Methods: The mutagenized Ste20 PAK from S. cerevisiae was 
tested for its ability to bind to karyopherins. The mutant-expression 
phenotypes were examined to establish the β -karyopherin 
deficiency. 

Results: Ste20 forms protein complexes with two β-karyopherins, 
Kap121 (Kpn β3) and Kap123 (Kpn β1-like karyopherin). The loss-
of-phosphorylation mutation (Ser268, Ser269Ala268, Ala269) 
increases the binding to Kap123. The deletion of a Cdc42-binding 
domain (ΔCRIB) increases binding to Kap121. The PAK I binding to 
karyopherins is separable from its kinase function.

Conclusion: p21-activated kinases could regulate the in vivo 
availability of β-karyopherin(s). Such a regulation involves the 
sequestering of karyopherins and increasing the requirement for 
these proteins expression.
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the Kpn β1 is known to mediate the nuclear import of several other 
proteins including NFAT that regulates cell motility and metastasis, 
the NF-kB cytokine and stress-response factor, and NFY. 

The overexpressed in mammalian cells Pak1 (p21-activated kinase 
1) is also linked to tumor growth [6,7]. Pak1 contains the N-terminal 
NLS (nuclear localization signal), and the Pak1 overexpression 
could potentially cause the karyopherin depletion [8]. The depletion 
increases the requirement for new Kpn β1 expression and the cell 
proliferation is also increased (Figure 1) [5].

PAK proteins are the serine-threonine kinases which regulate the 
formation of actin-cytoskeleton, cell motility, and neuronal guidance 
[6]. Two subfamilies of PAKs were identified: a PAK I subfamily that 
comprises the mammalian Pak1-Pak3 kinases is responsible for the 
actin-cytoskeleton formation; while the PAK II subfamily, which 
consists of Pak4-Pak6 kinases, regulates neuronal outgrowth [6,9]. The 
PAK I subfamily is regulated by the Cdc42-dependent conformation 
switch, which causes the kinase activation [6]. The PAK II kinases, on 
the other hand, are less dependent on a Cdc42 GTPase [9]. The actin-
binding myosins are the principal phosphorylation targets of the PAK 
I proteins, however Pak1 is also known to phosphorylate merlin, the 
filamin A, and various proteins with a role in signal transduction 
[6,10]. 

The re-localizing of Pak1 to the nucleus occurs in the stimulus- and 
phosphorylation-dependent manner [6,11]. Technically however, the 
transport of Pak1 (and most other proteins) depends on the a- and 
β-karyopherin heterodimer. a-karyopherin (Kpn a2, a.k.a. importin 
β1) is an adaptor protein, which links its cargo to β-karyopherin, while 
β-karyopherin is responsible for docking the cargo at the nuclear-
pore complex [8,12]. The interaction between the cargo protein and 
β-karyopherin may or may not require a-karyopherin, hence some β 
-karyopherins are able to recognize the NLS peptides [8,13]. Using a 
Ste20 PAK from S. cerevisiae, we show that this protein could cause 
the depletion of karyopherins and it could therefore increase the 
requirement for these proteins expression. 

The Ste20p kinase from S. cerevisiae is a functional homologue 
of the PAK I subfamily. A comparative analysis of Ste20 with other 
PAKs had initially suggested that Ste20 is close to the mammalian 
Pak2, however based on the overall domain organization and 
behavior of the truncated Ste20 in solution, this kinase could also 
be considered the yeast homologue of Pak1 [14,15]. Ste20 contains 
NLS and predicted C-terminal NES (nuclear export signal), and it 
could shuttle between nucleus and cytoplasm [16-18]. Under normal 
growth conditions, the GFP-tagged Ste20 resides in cytoplasm 
[18,19]. Following oxidative stress, which in yeast cells is linked to 
inhibited mitochondrial function, Ste20 accumulates in the nucleus: 
the energy depletion increases nuclear accumulation of the NLS-
containing proteins [16,20-22]. 

Similarly to other PAKs, Ste20 exists as an auto-inhibited kinase 
whose activation depends on the Cdc42 Rho-type GTPase [6,14]. 
Together with Cla4 kinase, Ste20 regulates bud emergence, and it also 
has a role in the activation of kinase-signaling cascade (Ste11-Ste7-
Kss1/Fus3) [23]. The Ste 20-mediated signaling cascade regulates 
yeast mating response and filamentous growth [23-25]. The exact 
signaling output depends on upstream regulators: the pheromone 

Introduction
Kpn β1 (karyopherin subunit β1) is a nuclear-transport factor 

that increases cell proliferation and cancer growth [1-4]. The AP-1 
transcription factor, which stimulates the expression of cyclin D1, is 
one of the Kpn β1 cargo proteins. The expression of cyclin D1 activates 
the CDK4 and CDK6 cyclin-dependent kinases that phosporylate Rb, 
a retinolastoma protein, which then releases the E2F transcription 
factor to cause the cell-cycle activation [5]. In addition to AP-1, 
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peptide and Gβγ-subcomplex activate mating response, while Bmh1/
Bmh2 and Ras activate filamentous growth [23,26]. 

In addition to Cdc42, which targets the PAK protein to the sites of 
polarized growth, the Ste20p localization depends on the Cdc28-Cln2 
complex which phosphorylates Ste20 and causes its redistribution to 
the bud [18-19,27]. As already mentioned, the nuclear localization 
of Ste20 PAK is associated with its N-terminal lysine-rich peptide 
(272KK…KKRK288) [16]. Immediately upstream NLS, Ste20 
contains Ser268 and Ser269, two amino-acid residues that could 
undergo phosphorylation [27]. In this study, we show that a double 
S268,S269A268,A269 amino-acid substitution, which impairs the 
phosphorylation, is increasing the Ste20p binding to karyopherins, 
thereby causing their depletion. 

The previously described PAK I mutants were also tested in this 
study to determine that a ΔCRIB (Ste20Δ334-369) mutant, which lacks 
the Cdc42-binding domain and causes the PAK I conformation 
switch, is increasing its binding to Kap121/ Pse1 (the homologue 
of Kpnβ3) [28-31]. The non-mutagenized Ste20 was interacting 
with Kap123, the Kpnβ1-like nuclear transport factor [29,32,33]. 
Responsible for the nuclear import of numerous proteins, Kap123 
is known to regulate the stability of mitotic microtubules [33]. The 
S268,S269A268,A269 amino-acid substitution of Ste20 strongly 
increased its binding to Kap123, thereby causing the phenotypically 
detectible depletion of this protein. Our findings suggest that 
PAKs could regulate the availbility of β-karyopherins in yeast and 
mammalian cells. 

Materials and Methods
Strains and growth conditions

ste20Δ cells in the W303-1a (YEL206) background were used to 
express STE20 mutants [34]. The mutagenized STE20 was expressed 

from the pRS316 (CEN URA3) or pRS313 (CEN HIS3) plasmids. The 
Ste20p conformation switch mutant (Ste20Δ334-369 or Ste20ΔCRIB) was 
described previously [14]. The NLS-deleted Ste20Δ269-289 and other 
Ste20 constructs were a gift from Cunle Wu (Biotechnology Research 
Institute, NRC, Montreal, Canada). The NLS deletion (Δ269-289) was 
created using the CT TCG AAA AAT CCT TTA AAA AAC TCC 
TCT//GGT TCA AAT AGT GGT ACA CTA AG and its reverse 
primer. The Ste20A268,A269 was created using the CCT TTA AAA 
AAC GCC GCT CCA CCT AAA AAG C and its reverse primer, and 
Ste20D268,D269 mutant was created using the CCT TTA AAA AAC GAT 
GAT CCA CCT AAA AAG C and its reverse primer. The mutations 
were introduced into the BamHI-XhoI STE20 fragment that was 
subcloned into pRS313-STE20, or pRS316-GFP-STE20 for yeast 
expression, and in the pGEX4T-3-STE20 for the E. coli expression 
[35,36]. The kap121-41 mutant in DF5 strain (MATa ura3/ura3 his3/
his3 trp1/trp1 leu2/leu2 lys2/lys2 kap121∆/ pkap121-41-URA3) and 
kap123Δ cells were described previously [33,37]. 

The karyopherin binding 

For immunoprecipitation, the DF5 cells with genome-integrated 
KAP60-protA, KAP95-protA, KAP121-protA, and Kap123-protA 
were used [38]. Yeast were disrupted using a French-pressure Cell® 
in the Tris-HCl buffer that contained 20 mM Tris (pH 7.4), 150 mM 
NaCl, 2 mM EDTA, 1 mM DTT, and protein inhibitors. Yeast lysates 
were cleared by centrifugation and diluted with the same buffer, 
which however contained 250 mM NaCl and 0.2% Triton X-100. The 
proteins were extracted and subjected to immunoprecipitation using 
the anti-Ste20 antibodies [35]. The recombinant GTP-loaded Ran 
(Gsp1) [37] was added at 0.1 mg/ml. 

The in vitro binding assay was as described [37]. The bacterially 
expressed GST-Ste20 was purified on the glutathione-Sepharose in 
the 20 mM (pH 7.4) HEPES buffer, which contained 110 mM KoAc, 
1 mM EDTA and 0.1% Tween 20. The karyopherin-protA enriched 
yeast cytosols were applied directly to the glutathione-bound GST-
Ste20. To obtain cytosols, yeast was processed as above, i.e. as for the 
immunoprecipitation. 

Microscopy

Cells were examined using the Aristoplan microscope (Leitz 
Wetzlar, Germany). The FV1200 Laser Scanning Confocal 
Microscope was provided by Carsen Group (Markham, ON, 
Canada). The oxidative stress was induced in presence of 10 mM 
hydrogen peroxide or 5 mM sodium azide, as described [20,22]. For 
immunofluorescence, cells were processed as described [39,40]; the 
monoclonal anti α-tubulin antibody was used.

Other assays

The Becton Dickinson Flow Cytometer was used to analyze DNA 
content. Cells were fixed in ethanol and treated with RNAase A and 
0.05% propidium iodide. The resistance to benomyl was assayed as 
described [33].

Results
Ste20 PAK interacts with α- and β-karyopherins

The DF5 yeast cells that express the protA-tagged karyopherins 
were used to examine the Ste20p interaction with Kap proteins 
(Figure 2A). Yeast were disrupted with glass beads, and the anti-
Ste20 antibodies were used to immunoprecipitate Ste20. The co-
immunoprecipiated karyopherins were detected by Western blot, 

Figure 1: The carcinogenic effect of Pak1 could be linked to the Kpn1β 
binding [1,3,5].
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using the IgG. We determined that Kap60 (the Kpnα2homologue) 
and Kap123 (the Kpnβ1-like protein) were among the co-
immunoprecipitated with Ste20 proteins. The interaction with 
Kap123 was meaningful since it was sensitive to Ran, a protein that 
disassociates the karyopherin heterodimer and causes the release of 
β-karyopherin [12]. 

The phosphorylation at NLS regulates the Ste20p binding to 
karyopherins

Immediately upstream NLS (272-288 aa), Ste20 contains the 
predicted phosphorylation site (Ser268,Ser269), which could be 
targeted by various yeast kinases including Cdc28, the regulator of 

Figure 2: (A) The binding of Ste20 PAK to Kap60-protA (α-karyopherin) and Kap123-protA (β-karyopherin). Ste20 was subjected to immunoprecipiation, and 
the co-immunoprecipitated proteins were detected by Western blot. The interaction of Ste20 with Kap123 is regulated by Ran. (B) Schematics of the Ste20 
PAK mutants used in this study. (C-D) The in vitro binding assay and its quantitation. Loss of phosphorylation at NLS (S268, S269A268,A269) increases 
the Ste20p binding to Kap123 (Kpnβ1-like karyopherin), while ΔCRIB mutation increases the binding to Kap121-protA (the Kpnβ3 homologue). Error bars 
indicate the image quantitation error. (E) The ΔCRIB mutation is likely to expose the additional karyopherin-binding epitope.
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cell-cycle progression [19,27,41]. In order to examine the effect of 
phosphorylation on the Ste20p binding to Kap123, we introduced 
A268,A269 and D268,D269 amino-acid substitutions, which imitate 
the loss or gain of phosphorylation, respectively. We also tested 
Ste20ΔCRIB, the previously described PAK mutant, which imitates the 
effect of a Cdc42-dependent conformation switch (Figure 2B) [14].

Using the binding assay for which the recombinant GST-tagged 
Ste20 proteins were used, we determined that SA mutation 
(Ste20A268,A269) increases the Ste20p binding to Kap123, while SD 
mutation (Ste20D268,D269) decreases the binding (Figure 2C-D). Ste20ΔCRIB 
decreased interaction with Kap123, however it increased interaction 
with Kap121, yeast homologue of Kpnβ3 [29,33]. We reasoned 
that a CRIB-domain regulated conformation switch is exposing 
additional or alternative karyopherin-binding epitope(s), most likely 
591KKREERERRK601 within the Ste20p kinase domain that increases the 
ability of this PAK to interact with Kap121 (Figure 2E). Notably, the 
binding of Kap121 requires other than classical NLS which could contain 
the negatively charged amino-acid residues and which could therefore 
bypass the requirement for α-karyopherin [32,37]. 

The structurally opposite to ΔCRIB Ste20H348D mutation, which 
locks the kinase in auto-inhibited conformation, did not increase the 
binding to karyopherins (data not shown) [36]. Not withstanding, 
overall results of the in vitro binding assay (Figure 2 B-C) suggest 
that auto-inhibited Ste20 conformation is required for the binding 
to Kap123, while the open conformation is required for binding to 
Kap121.

Ste20 PAK and the karyopherin-deficient yeast cells

The increased binding of Ste20A268,A269 to Kap123 was reflected 
in its ability to localize to nucleus (Figures 3A-B, Figure 4B, and 
Supplementry Figure 1). While non-mutagenized Ste20 primarily 
localizes to nucleus in G1/G0 phase, Ste20A268,A269 could also localize 
to the nucleus in the S-phase cells. Ste20ΔCRIB does not exhibit an 
apparent nuclear localization, suggesting that it interacts with Kap121 
in cytoplasm, but is not very well imported. 

The nuclear localization of Ste20 PAK was best visualized in 
energy-depleted cells. Exposing yeast cells to H2O2 or sodium azide 
is known to inhibit the mitochondrial electron transport and to cause 
oxidative stress [20,22]. Under energy-depleting conditions, the 
nuclear export of Ste20 is decreased, while the nuclear retention of 
this kinase (and many other NLS-containing proteins) is increased 
[22,42]. The nuclear retention directly depends on the positively 
charged NLS, which strongly supports the presence of yeast proteins 
in the DNA-filled environment [42]. The nuclear localization of Ste20 
was decreased in the karyopherin-deficient kap123Δ and kap121-41 
cells, despite oxidative stress, suggesting that Kap121 and Kap123 are 
indeed implicated in the Ste20 PAK nuclear transport (Figure 3C). 

If we were to summarize our results so far, we would notice that 
a binding of yeast PAK to karyopherins is regulated by two types of 
mutations, the phosphorylation-related mutations at NLS and by the 
CRIB-domain mutation (Figure 4A). The loss-of-phosphorylation 
mutation (S268,S269A268,A269) increases the binding of PAK 
to Kap123, while ΔCRIB increases the binding to Kap121. However, 
ΔCRIB decreased the binding to Kap123, suggesting that an open 
Ste20p conformation (Figure 2B) interferes with the interaction. This 
was not surprising since Kap123 is known to transport compact cargo 
proteins, such as ribosomal proteins [29]. Overall, the autoinhibited 
Ste20 was a suitable cargo for Kap123, while Ste20ΔCRIB was the 
Kap121 cargo protein. 

The Ste20D268,D289 mutant, which partially imitates the 
phosphorylated form of Ste20, failed to interact with either 
karyopherin (Figure 2C and data not shown) and it was unable to 
localize to the nucleus. As shown in Figure 4B, the overexpression of 
Ste20D268,289 did not improve its nuclear localization (Figure 4B).

The karyopherin depletion 

Kap121 and Kap123 are known to regulate a mitotic progression. 
Loss of Kap121 activates the mitotic-spindle checkpoint while 
decreasing the attachment of microtubules to kinetochore, loss of 
Kap123, on the other hand, decreases stability of mitotic microtubules 
[30-31,33]. 

Either Kap121-deficient or kap123Δ cells exhibit the G2/M delay 
and they often retreat to reccurred bud emergence, thereby causing 
the appearance of mother cells with two or three buds (Figure 5A) 
[33]. The SA and ΔCRIB Ste20 mutants, which increase the binding 
to karyopherins, have similar effect, suggesting that they cause the 
karyopherins depletion. The reccurred bud emergence was more 
apparent in the post-diauxic (PD) yeast cultures (Figure 5A, ii) in 
which the expression of KAP121 and KAP123 mRNAs is in decline 
[43], but not among the logarithmically growing yeast (L-phase). The 
incidence of binucleation was increased in the Ste20ΔCRIB-expressing 
cells (Figure 5B) [31].

To ensure that a recurring bud emergence is linked to defective 
mitosis, we conducted FACS analysis (Figure 5C). We determined 
that Ste20A268,A269 and Ste20ΔCRIB, which were expressed in the hapoloid 
yeast, strongly increase the number of cells with 2N and 4N DNA 
content (Figure 5C). Delayed at mitosis, yeast cells were unable to 
complete cell division and to enter, in a timely manner, a pheromone-
inducible growth arrest (Figure 5C,  right). Similar defects were 
reported previously for the karyopherin-deficient kap121 and 
kap123Δ cells [30,33].

Using immunofluorescence with the anti-α-tubulin antibodies, 
we determined that expression of Ste20A268,A269 negatively influences 
the mitotic-spindle formation, while increasing yeast sensitivity 
to benomyl, the microtubule-destabilizing compound (Figure 6A-
B). The additional evidence therefore was obtained that Ste20A268,A269 

is depleting Kap123. The Ste20ΔCRIB-expressing cells were not very 
sensitive to benomyl (Figure 6B), suggesting that mitotic microtubules 
are not affected in these cells. Based on the shown in Figure 5 A and 
B results, we hypothesize that Ste20ΔCRIB decreases, in the Kap121-
involving manner, the attachment of microtubules to kinetochore, 
but not their stability [31,33]. However, either Kap123-or Kap121-
deficiency could cause the G2/M delay and it could increase the 
percentage of haploid cells with 2N/4N DNA content. 

The deletion of NLS modifies the signaling specificity of 
PAK

In addition to its role in the regulated protein localization, 
the Ste20p NLS appears to define this PAK signaling specificity 
(Supplementary Figure 2). Lysine-rich NLS of Ste20 is a so-called 
red-loop sequence which increases protein disorder upstream 
CRIB domain [43] (Supplementary Figure 2A). The deletion of NLS 
increases the ability of Ste20 to dimerize (data not shown), and it 
modifies this kinase phosphoproteome.

The PAK I proteins form two types of dimers: the anti-parallel 
dimer increases the inhibitory effect of CRIB domain, while the 
parallel dimer increases kinase activity or modifies this activity so 
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Figure 3: (A-B) The nuclear localization of Ste20 PAK mutants and its quantitation. (C) Nuclear localization of Ste20 PAK is decreased in the kap121-41 
and kap123∆ cells. Yeast were grown at 32ºC (the semi-permissive temperature for kap 121-41 mutant). 
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that additional proteins could become phosphorylated [15,44,45]. We 
determined that NLS-deleted Ste20 increases the phosphorylation of the 
ribosome-assembly and translation-initiation factors (Supplementary 
Figure 2), suggesting that this PAK mutant probably acquires the 
substrate specificity of other kinase(s), such as Sch9 for example : yeast 
homologue of the S6K and the signaling effector of TORC1 signaling 
[46,47]. The phosphorylation of Ste11, the downstream kinase target of 
Ste20 PAK was also increased in presence of Ste20ΔNLS (data not shown) 
[24]. Our findings suggest that Ste20p NLS not only regulates nuclear 
localization, but is also responsible for the signaling specificity of this 
kinase.

Discussion
The Ste20 PAK is known for its role in the polarized yeast 

growth, mating signaling pathway, and the oxidative stress response 

[10,14,16,20]. The oxidative stress involves nuclear localization of 
Ste20p kinase. In this study, we sought to assay the karyopherin-
binding specificity of Ste20 in order to determine whether or not this 
PAK I protein causes the depletion of karyopherins: in a context of 
mammalian cell, the Pak1-dependent depletion of Kpnβ1 is thought 
to increase the requirement for this protein expression and cell 
proliferation (Figure 1)[5].

Yeast cells express three PAK I kinases: Ste20, Cla4, and Skm1. 
The role of Skm1 was insufficiently studied in budding yeast, however 
this kinase was linked to cell division in fission yeast (S. pombe) 
[48]. Cla4 has a prominent role in the bud formation and it contains 
NLS, however: (i) this PAK remains bound to the actin-cytoskeleton 
througout the entire cell cycle, and (ii) it functionally resembles both 
the PAK I and PAK II kinases, while Ste20 only resembles PAK I 
[9,16,49-51]. 

Figure 4: (A) The summary of examined mutant phenotypes. (B) The nuclear localization of Ste20D268,D269 is not increased following its overexpression.
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In this study, we assayed the interaction of Ste20 PAK with 
karyopherins and determined that it strongly interacts with Kap123 
(the Kpnβ1-like karyopherin) (Figure 2, A and C)[29,32,33]. In 
addition, the Ste20ΔCRIB mutant, which undergoes a conformation 
switch (Figure 2B), interacted with Kap121/Pse1 [28,29]. The 
interaction of Ste20 with Kap95 (yeast Kpn1β) was quite weak (data 
not shown), however the binding to Kap123 was indicative of the 
overall ability to interact with the Kpnβ1-like proteins [8,29,32]. The 
Ste20-Kap123 complex formation was likely to involve the Kap60 
adaptor protein, and it was sensitive to Ran(Gsp1), a protein that 
disassociates the karyopherin-protein complexes in the nucleus 
(Figure 2, A and C) [8,12]. 

In contrast to Kap123, which primarily imports ribosomal 
proteins, Kap121 is responsible for the nuclear import of specific 
transcription factors, incuding Yap1 and Ste12 [30,31,37]. Yap1 is 

involved in the nutrient-related oxidative stress, while Ste12 is linked 
to the MAPK-signaling response [37]. 

Kap121 is linked to mitotic progression [30-31]. Its regulates 
nuclear recruitment of the mitotic spindle checkpoint proteins 
(Mad1 and Mad2) and is responsible for the mitotic kinetochore 
bi-orientation [30,31,33]. The CRIB-domain deletion of Ste20, 
a mutation that is frequently used to study the effect of PAK I 
conformation switch (Figure 2B) [6,14] increases the Ste20p binding 
to Kap121 (Figures 2C) [14,36]. This mutation is predicted to expose 
the additional karyopherin-binding epitope (Figure 2E), which 
triggers the binding. The auto-inhibited Ste20H348D mutant and wild-
type Ste20 poorly interact with Kap121 (Figures 2C and data not 
shown), however Ste20 PAK goes back and forth between the auto-
inhibited and open conformation [6], suggesting that its interaction 
with Kap121 could be increased when the kinase undergoes a Cdc42-
dependent conformation switch. 

Figure 5: PAK-dependent karyopherin depletion and the mitotic deficiency. (A) Unable to proceed with mitosis, Ste20A268,A269- and Ste20CRIB-expressing 
cells often contain 2 or more buds. Previously, such a morphogenic defect was demonstrated for the mitosis- and microtubule- deficient kap121 and 
kap123 cells [33]. (B) Ste20CRIB increases incidence of binucleate cells. (C) The results of FACS analysis suggest that mitotic progression is impaired 
in presence of the karyopherin-sequestering Ste20A268,A269 and Ste20CRIB PAK mutants.
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Figure 6: (A) The immunofluorescence using the anti a-tubulin antibody. (B) The increased sensitivity to benomyl is indicative of the decreased stability 
of mitotic microtubules. 

The role of Kap123p in mitotic progression is restricted to 
regulating the stability of mitotic microtubules [33]. In addition to 
tubulins, the thickness and stability of mitotic spindle is regulated 
by the Cdc28 and several other proteins [52,53]. Complexed with 
the late cyclins, Cdc28 ensures the phosphorylation of γ-tubulin, a 
spindle-pole body protein, which regulates the thickness of a spindle 
[52,53]. The effect of Kap123, on the other hand, is associated with 
its imported Caj1, the member of Hsp40 family that regulates the 
resistance to benomyl, the microtubule-destabilizing drug [33]. 

Our findings suggest that either in the Kap121- or Kap123-
dependent manner, Ste20 could interfere with mitotic progression. 
Indeed, the expression of STE20 gene is known to decrease yeast 
proliferation, while ste20Δ knockout, which lacks the gene, exhibits 
a faster growth rate [54,55]. The ste20Δ knockout also exhibits higher 
incidence of the chromosome loss, which was previously linked to the 
Ste20p role in MEN (mitotic exit network): the MEN defects pause 
mitotic progression and slow cell division [55]. The genetic evidence 
however strongly suggested that a Ste20p role in mitosis is linked to 
kinetochore, a place of the microtubule attachment at chromosome, 
and not to MEN [56]. Our study confirms that genetic evidence 
and it also suggests that a Ste20p link to kinetochore involves the 
karyopherins.

The S268,S269D268,D269 amino-acid sustitution decreases the 
Ste20p binding to karyopherins (Figures 2C). This was not surprising 
since SD is a phosphorylation-mimicking mutation, which 
decreases nuclear localization of Ste20p [19,57]. The expression of 
Ste20D268,D269 decreased the coordination between the G1-S switch 
related events [58]: the bud emergence was way ahead of the DNA 
replication; consequently, Ste20D268,D269-expressing cells experienced a 

replication-related S-phase delay, which however was not related to 
karyopherins.

The mammalian Pak1 is similar to Ste20D268,D269 mutant, which 
contains the negatively charged amino-acid residues at NLS. The 
mammalian Pak1 has the 46EEKKKK…KKK68 signal which is 
predicted to weakly interact with karyopherins. There is a possibility 
however that a negative charge at NLS is somehow eliminated in cancer 
cells, to increase the interaction of Pak1 with Kpnβ1. One could not 
exclude a post-translational modification, however cancer is known 
to correlate with the increased incidence of a codon replacement, 
which could occur either due to replication or transcription error. The 
transcription error could be triggered by the NLS-coding sequence 
itself: the tandem of lysine residues (the AAA, AAG codons) has the 
appearance of poly-A like sequence, which could pause transcription 
and plant an error. The likelihood of an error would be increased 
further in response to the nucleotide disequilibrium which is not 
uncommon for cancer cell. The random mutagenesis experiments 
suggest that the reduced levels of one nucleotide dramatically increase 
the likelihood of amino-acid substitutions [37]. The decrease could 
occur naturally, in response to various metabolic changes that selectively 
decrease or increse the levels of specific nucleotides, or in response to 
chemical treatment which selectively decreases the availability of dCTP 
or uridine. Most likely, a combination of the nucleotide disequilibrium 
and paused at the NLS transcription are causing the codon substitution 
in cancer cells. Future studies will verify whether or not breast cancer 
cells are more likely to express the Pak 1 mRNA with mutation at 
NLS.

Indeed, one could speculate that a Pak1 overexpression, which 
was reported in cancer cells [7], is an important factor that increases 
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the binding to Kpnβ1 and causes its depletion, however (i) the 
overexpression of Ste20 (Figure 4B) does not cause the karyopherin 
deficiency, and (ii) a specific mutation rather than increased protein 
expression is required to substantially increase the binding of PAK to 
β1-karyopherin. 

In this study, we also report the unusual role of Ste20p NLS 
which, in addition to nuclear localization, appears to regulate the 
PAK I signaling specificity. The deletion of Ste20p NLS increases 
the phosphorylation of Ste11, the signaling target of Ste20p 
[24,45,59] (data not shown). Apart from Ste11, Ste20ΔNLS increases 
the phosphorylation of several ribosome-assembly and translation-
initiation factors, suggesting that a signaling specificity of this kinase 
is modified to resemble the AGC kinases, such as Sch9 [46,47]. 
The proteins that were phosphorylated in presence of Ste20ΔNLS 
included the components of SSU (small subunit processome) 
and the chromatin remodeling Rsc3-Rsc30 complex [60,61]. The 
phosphorylation of Bms1 and Utp7 components of the SSU was also 
visibly increased (Supplementary Figure 2A). Using the radioactive 
labeling (Supplementary Figure 2C-E), we established that rRNA 
maturation was delayed in Ste20ΔNLS-expressing cells, while the 
protein synthesis was increased, suggesting the increased activation 
of the TORC1 signaling pathway. 

In addition to N-terminal NLS, the Ste20p kinase contains a 
predicted NES, which overalps with the C-terminal Gβ-binding 
domain [17,62]. The C-terminal GFP tagging decreases the 
accessibility of NES, thereby decreasing the Ste20p nuclear export 
while increasing the nuclear localization [18]. The C-terminal Ste20p 
truncation, which eliminates NES, also causes the accumulation of 
yeast PAK I in the nucleus (data not shown). If the Ste20p NES is 
neither obstracted nor deleted, then nuclear retention of this protein 
is likely to involve oxidative stress, which pauses yeast growth in G1 
(strong oxidative stress) or G2/M (mild oxidative stress) and which 
increases nuclear accumulation of most NLS-containing proteins 
[16,20-22,63]. 

Ste20 has a role in the oxidative-stress response. Primarily, this 
role is linked to the phospho-deacetylation of histone H2B [20,64-66]. 
In order to rule out that a PAK I-dependent histone modification has 
direct effect on the proliferative cell growth, we conducted the DNA 
microarray analysis (Supplementary Figure 3). We expressed the 
C-terminal STE20 fragment (Ste20497-939) [14] behind the cNLS and 
determined that it strongly modifies the expression of the H2O2- and 
acid-inducible genes. This is consistent with a previously expressed 
idea that nuclear localization of Ste20 PAK is linked to apoptosis, 
which in yeast involves changes in redox homeostasis, but not to cell 
proliferation [20]. 

Overall, our study suggests that increased binding of PAK I to 
karyopherins could have devastating consequences for yeast and 
mammalian cells. The exact consequences however would be quite 
different: the karyopherin deficiency in yeast impairs the mitotic 
progression, while the Kpnβ1 deficiency in mammalian cells is 
predicted to increase the requirement for this protein expression and 
cell proliferation [5]. 
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