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Abstract

PAK6 is a Group II p21 activated kinase that unlike traditional signal transduction

proteins interacts with multiple binding partners including sex-steroid receptors.

PAK6 acts as a nodal checkpoint integrating multiple cellular inputs to promote

distinct cellular outcomes, some of which are associated with cytoskeletal

remodeling. Despite the possibility that PAK6 may couple sex-specific neuronal

function and therefore serve as a valuable research, diagnostic and therapeutic

target, there is currently no standardized protocol for assessing PAK6 activity in

a neuronal cell line. Here, we present a protocol for assessing PAK6 levels in a

commonly used neuronal cell line, PC-12. In comparison with other

methodology, this approach (1) does not require ex-planted tissue to identify

PAK6 in neurons and (2) unlike other protocols which require steroid depleted

media for detection of PAK6 in non-neuronal cell lines, such as prostate cancer

cell lines, we were easily able to detect PAK6 in PC-12 cells grown in complete,

steroid-containing media. Thus the present protocol allows for the efficient

detection of native PAK6 in PC-12 cells to expedite targeted basic research of

the emerging importance of PAK6 function in the brain as well as to accelerate

the identification and isolation of potential therapeutic targets not only in

cancerous but brain disease states as well.
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1. Introduction

1.1. Background

PAK6 is a Group II, p21-activated kinase of clinical importance [1, 2] in cancer

progression [3, 4, 5, 6, 7] as well as brain physiology including brain development

[8, 9] Parkinson’s disease [10], weight regulation [11, 12] and learning and mem-

ory [11, 13].

Originally discovered in a yeast-II-hybrid screen to identify androgen receptor inter-

acting proteins [1, 2], sequence analysis of the protein revealed a CRIB (cdc42/rac

interacting binding) domain as well as homology to already classified p-21 activated

kinases (PAKs) indicating that it belonged to the Group II PAK family of serine/thre-

onine kinases and was thus labeled PAK6 [1,2]. The Group II PAKS (4e6) differ in

sequence and function from Group I PAKs (1e3) notably from the effect of GTPase

binding. Importantly, in the case of PAK6 it also differs from other PAKs in its abil-

ity to specifically bind sex steroid receptors.

1.2. Steroid receptor binding

Its original discovery as an androgen receptor (AR) interacting protein in prostate

cancer biopsies and cell lines [1, 2] has resulted in the development of several re-

agents easily accessed for research of the role of PAK6 in cancer progression. How-

ever, PAK6 has been identified in several brain areas [2, 14]. Despite this, other than

knock-out mice, few reagents have been specifically developed to address the mo-

lecular role of PAK6 in the brain.

Consequently, what is known of the functional role of PAK6 is primarily derived

from work with readily available cancer- and not neuronal- cell lines. PAK6 interacts

with the steroid receptors ERa and AR [1, 2] and while modulated by, does not

appear to be activated by cdc42/rac [2] despite having a CRIB domain. Structural

diversity in a non-conserved, proline rich region located between the N-terminal

CRIB region and the C-terminal kinase domain [15, 16] accounts for sub-

specificity of binding partners among the Group II PAKs. Indeed, PAK6 binds ste-

roid receptor via a portion of the interdomain located 5’ to the kinase domain [17].

Because Group II PAKs are highly expressed in brain [2, 14, 18], including cortex

and other sexually dimorphic brain areas and because PAK6 binds to both ERa and

AR, it is possible that PAK6 may couple sex differences in the brain.
1.3. Mechanism of action

Functionally, the Group I PAKs (1e3) require binding of the Rho family of small

GTPases, cdc42 or rac, to alleviate autoinhibition of the kinase domain [15,16].
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However, in all Group II PAKs the autoinhibitory domain is absent [15]. Even so,

constitutive kinase activity of PAK6 can be modulated by signal transduction mol-

ecules such as MAP kinase, kinase 6 (MKK6) and p38 MAP kinase [19].

Instead of serving as relievers of autoinhibition, binding of some small GTPases

such as cdc42 and Chp/RhoV appear to target PAK6 to either subcellular structures

[20] or the cell membrane [5, 21]. This model is generally representative of the role

of cdc42 binding in the Group II PAKs [16]. Instead of activating kinase function,

the interaction appears to direct intracellular localization. This in turn promotes scaf-

folding with other proteins likely to be potential substrates of PAK6, several of

which play an important role in actin remodeling. The suggestion that a phosphopro-

tein may also play an essential role as a scaffolding protein, particularly in brain, has

recently been supported for Calcium/calmodulin kinase II, particularly in conjunc-

tion with NMDA receptor in the hippocampus [22].
1.4. Cellular localization of PAK6 varies with cell-type and milieu

Depending on the cell-type and milieu, PAK6 may be localized to the cell membrane

[2, 23], in neurites [10] within cell-cell adhesions [5, 21], the cytosol or vesicular

structures within the cell which then promotes interaction with a myriad of down-

stream effectors.

For example, in LNCaP cells co-transfection with androgen receptor translocates

PAK6 interiorly to the cytosol [2], but adding AR ligand causes translocation of

both AR and PAK6 to the nucleus where PAK6 represses typical androgen-

induced AR transcription [23] and instead promotes cell motility [17]. In other can-

cer cell lines, as well, PAK6 plays a clear role in cell colony escape. For example, in

HeLa cells transfected with a PAK6-GFP fusion protein, PAK6 is visualized in the

cytoplasm but is more pronounced in the membrane including filopodia. In DU-145

prostate cancer and HT29 colon cancer cell lines, hepatocyte growth factor (HGF)

upregulates PAK6 autophosphorylation and promotes PAK6 interaction with

IQGAP1/E-cadherin at cell-cell adhesions promoting cell colony escape via phos-

phorylation of b-catenin [21].

On the other hand, in whole tissue mouse models utilizing adenovirus vector to intro-

duce flag-tagged PAK6 into cortex, PAK6 is expressed in soma, dendrites and neu-

rites [10]. In the latter case, PAK6 phosphorylates 14-3-3 which disrupts the 14-3-3/

LRRK2 interaction ultimately inducing LRRK2 dephosphorylation [10, 24] to pro-

mote neurite outgrowth and in the case of double PAK5/PAK6 knockout mice there

are clear deficits in cortical neuron filopodia, growth cone and neurite complexity

[13]. In all cases, the role of PAK6 depends on the cell-type and milieu, but a pattern

emerges suggesting that PAK6 targeting to the membrane enhances morphological

changes that in the case of cancerous cell lines promotes cell motility. In brain,
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morphological changes may instead result in alterations in spine density, neurite

outgrowth or synaptic rearrangement.

1.5. The biological relevance of PAK6

Cytoskeletal rearrangement may be the commonality that makes PAK6 critically

important in both cancer progression and proper brain function. Both PAK5 [18]

and PAK6 [10] are implicated in neurite outgrowth. Emerging data shows that

PAK6 expression regulates morphological changes associated with the transition

from migratory to post-migratory development of GABAergic interneurons in

POA and cortex [9]; both areas, but particularly the POA are sexually dimorphic

and differ in expression of sex steroid receptors, making the PAK6-steroid receptor

interaction of critical importance.

That PAK6 overexpression can increase the pool of GABAergic neurons develop-

mentally is particularly interesting in light of recent data showing PAK6 as a poten-

tial candidate gene in epileptic encephalopathy [25]. In less severe and more

prevalent types of epilepsy, sex differences in terms of incidence rates, sequalae

and the influence of sex steroids [26] implicate a putative role for the PAK6/steroid

receptor interaction.

As well, mutations of a PAK6 interacting protein, LRRK2, have been implicated in

Parkinson’s Disease (PD) [27] and in this case, the PAK6/AR interaction may help

explain the sex difference in those diagnosed with this disease. PAK6 co-

localization with androgen receptor (AR) appears to be most prominent in the nigros-

triatal pathway with the most extensive co-localization in the VTA/SN [14]. Perhaps,

not surprisingly, then, knock-out of PAK5, PAK6 or both show behavioral pheno-

types with disrupted motor function [12, 25]. Furthermore, a substrate of PAK6,

the synaptic vesicle recycling protein, synpatojanin-1 [28] has been identified in

some cases of early-onset Parkinson’s Disease or epileptic encephalopathy [29]

providing an underlying commonality for two neurological diseases that manifest

very differently.

Evolutionarily, PAK6 shares sequence homology with Drosophila mushroom

bodies tiny (MBT), a protein expressed in an area analogous to the hippocampus

[30] and both human tissue blot [2] and Western Blot of lysate from wild-type

mice [13] show highest levels of PAK6 in cortical structures, including the hippo-

campus. Indeed, learning and memory are impaired in PAK5/PAK6 knockout

mice [11, 25]. Sex steroids have been implicated in differences in learning and mem-

ory [31,32] and estrogens have long been known to regulate energy balance [33].

Interestingly, the single PAKII isoform knockout of only PAK6 results in mice

that weigh more than wild-type mice despite similar food consumption and running

wheel activity; however, PAK6 null mice were found to have lower levels of ERa in
on.2019.e01294
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whole brain samples than wild-type mice [12] which may have important implica-

tions in the study of obesity.

Taken together, the biological importance of PAK6 in neuronal function and its sub-

sequent effect on physiology in the normal and disease state, during development or

in the adult merit further investigation.
1.6. Necessity of an efficient cell model to assess the PAK6/Steroid
receptor interaction in a neuronal cell line

PAK6 has come to be seen as a nodal checkpoint in signal transduction due to its

many interacting partners-which are still being discovered; its range of substrates-

which are also still being identified, and its subsequent subcellular localization. It

is clear that diverse cellular events merge at PAK6, including differential function

depending on presence of steroid receptor and ligand, which make it an important

target in both cancer progression and brain function, and particularly sex-specific

brain differences.

Despite the clear importance of PAK6 in neuronal function and its exceptional abil-

ity to integrate multiple intracellular events, including the presence of sex steroid

hormone, there is no published protocol for assessing PAK6 function at the neuronal

level. A Pubmed search for “PAK6 and neuronal cell line,” as well as Pubmed

searches with specific neuronal cell lines such as “PAK6 and HCN-2” or “PAK6

and PC-12” currently yields no results.

To address this deficiency, we chose to assess the presence of PAK6 in a commonly

available neuronal cell line, PC-12 cells. Emerging data supports a role for PAK6 in

cytoskeletal rearrangement which in some cases may impact neurite outgrowth and

in others vesicular trafficking and in furthering these investigations PC-12 cells

which have long been utilized in studies of neurosecretion [34] and neurite

outgrowth [35] are an ideal model. And, while a role for PAK6 in neurological dis-

orders such as Parkinson’s Disease is rather more recent, dopamine has long been

implicated in neurodevelopmental disorders such as schizophrenia and neurodegen-

erative disorders such as Parkinson’s Disease. Thus, it is worth noting that in addi-

tion to being well-established as a neuronal cell model for investigations of

neurosecretion [34] and neurite outgrowth [35], PC-12 cells are also dopaminergic

(https://www.atcc.org/products/all/CRL-1721.aspx#characteristics) making PC-12

cells and ideal neuronal cell line to study PAK6 effects on neuronal function.

In transferring to neurons one approach may be to adapt the readily available proto-

cols from cancer cells [19]. However, there is an important difference here and in

detection of PAK6 in general. PAK6 is minimally detectable in LNCaP cells, unless

grown in androgen-depleted media supplemented with charcoal stripped-FBS

instead of common FBS [3]. On the other hand, here, we report that we were able
on.2019.e01294
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to detect PAK6 in PC-12 cells grown in media with commonly available FBS. This is

an important distinction in technique and expense as charcoal stripped-FBS is twice

the cost of FBS. While AR is expressed in LNCaP cells, ARs are down-regulated in

NGF differentiated PC-12 cells [36]. Mechanistically, it’s likely that the distinction

generalizes to pursing two distinct strategies depending on the presence or absence of

known ligand-dependent, PAK-6 interacting proteins such as AR or ERa.

We show here, that PAK6 can be detected in PC-12 cells, a readily accessible

neuronal cell line. Furthermore, we show that PAK6 is readily detectable in PC-

12 cells grown in complete media eliminating both the need to generate constructs

for transfection or to grow cells in costly steroid depleted (i.e. charcoal-stripped) me-

dia. This makes PC-12 cells an excellent candidate to study PAK6 function.
2. Methods

2.1. Cells and reagents

LNCaP cells, a human prostate cancer cell line, and PC12 cells, a pheochromocy-

toma cell line derived from rat adrenal medulla were both obtained from American

Tissue Culture Collection (ATCC, Washington DC; LNCaP, CRL-1740 and PC-12,

CRL-1721). Cell culture media including fetal bovine serum (FBS), and other sup-

plements were from Invitrogen (Grand Island, NY). Antibodies for Western Blot and

markers were obtained from Santa Cruz Biotechnology and DMSO, protein stan-

dards and 1X Bradford reagent were from Bio-Rad (Hercules, CA). See Fig. 1.
2.2. Cell culture maintenance

Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS

supplemented with 0.5 mg/mL penicillin/streptomycin/glutamine. PC-12 cells were

further supplemented with nerve growth factor (NGF), but otherwise treated exactly

as the LNCaP cells. Cells were incubated at 37 �C in 5% CO2. When necessary,
Fig. 1. PC-12 and LNCaP cells in culture. (A) PC-12 cells, at 1000�, in 10% FBS-DMEM, supple-

mented with NGF. (B) LNCaP, at 200�, cells grown in 10% FBS-DMEM.
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approximately twice weekly, cells were passaged with 500 mL of trypsin in DMEM

then centrifuged at 5000 rpm for 10 minutes. The supernatant would then be re-

suspended in 4 ml DMEM, and cells transferred to two separate plates with 8

mL of fresh 10% FBS-DMEM added to each. To maintain cells, between splitting,

they were washed briefly with 1X PBS and then fresh media would be added to the

cells. Importantly, both PC-12 and LNCaP cells were maintained in this manner.
2.3. Total protein staining

Cells were collected in PBS by scraping from culture flasks and then washed twice

with cold PBS. The slurry was centrifuged and lysis buffer consisting of 1.0 ml NP40

supplemented with protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluo-

ride (PMSF) was added to the pellet, then incubated for 30 minutes on ice with vor-

texing every 10 minutes. The cell extract was then transferred to a microfuge tube

and centrifuged at 13,000 rpm for 10 minutes at 4 �C. Clear lysates were then ali-

quoted into clean microfuge tubes and stored at 4 �C.

To determine total protein, a Bradford Assay was carried out. However, we modi-

fied the manufacturer’s instructions by reducing the volume of protein standard,

containing BSA, (obtained from Biorad) from 50 ml to 5 ml per well. PC-12

and LNCaP lysates were added and dH2O served as a control. To compensate

for the decreased volume, 250 ml of Bradford reagent was added to each well

with a multi-channel pipettor. Standards, control and lysates were run in triplicate.

The plates were placed on a shaker for 10 minutes then read at an absorbance of

595 nm. See Fig. 2.
2.4. Western Blot

Next, we prepared samples of LNCaP and PC-12 were prepared at 15 ml, 21 ml and

27 ml. Samples were heated at 70C for 5 minutes, loaded and then electrophoresed at

200 V for 60 minutes on NuPAGE gel. Proteins were transferred electrophoretically

to nitrocellulose membrane in 1X NuPAGE Transfer Buffer at 30 V for 60 minutes.

The membrane was blocked with blocking buffer (Invitrogen) for 30 min at room

temperature then incubated with primary antibodies in 5%BSA-PBS for 1hr with

shaking. After incubation with primary antibodies, the membrane was washed and

then incubated with secondary antibodies for 1hr with shaking. Primary antibodies

were: goat polyclonal anti-PAK6 (1:2000; Santa Cruz Biotechnology, Santa Cruz,

CA, sc-25976) and mouse monoclonal anti-actin (1:2000: Santa Cruz Biotech-

nology, Santa Cruz, CA, sc-376421).

Secondary antibodies conjugated to horseradish peroxidase (HRP) were donkey

anti-goat for visualization of PAK6 (1:5000; Santa Cruz Biotechnology, Santa

Cruz, CA, sc-2020) and chicken anti-mouse for the actin control (1:5000; Santa
on.2019.e01294
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Cruz Biotechnology, sc-2954). After incubation in the secondary antibodies, the

membrane was washed in PBS-Tris and prepared for detection with CN-DAB in sta-

ble peroxidase substrate buffer for Western Blot (ThermoFisher Scientific, #3400)

according to the manufacturer’s instructions.
3. Results

PC-12 cells and LNCaP cells were grown in similar standard cell culture conditions

except that NGF was added to the PC-12 neuronal cell line.

The Bradford Assay indicated total protein in LNCaP lysate was 1.70 mg/ml and in

PC12 cells was 1.95 mg/ml, Fig. 2. Subsequent Commaisse blue staining verified

protein visualization in 10 ml of lysate for each cell-type.

Next, we carried out a Western Blot and as can be seen in Fig. 3, PAK6 is easily

visualized in PC-12 cells, but not LNCaP cells grown in FBS-DMEM. Thus, given

typical cell culture conditions PC-12 cells are an excellent candidate to investigate

neuronal PAK6.
4. Discussion

PAK6, like all Group II PAKs is highly expressed in brain, particularly in cortex

including hippocampus and the striatum [2, 14]. Its interaction with small GTPases

alters function either by stimulating additional kinase activity or by targeting PAK6

to various intracellular structures or the membrane. However, PAK6 is the only
on.2019.e01294
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Group II PAK to interact with the sex steroid receptors. As such, PAK6 is an excel-

lent candidate to couple sex-steroid specific brain function and the PC-12 cell model

lends itself well to both investigations of basic research, such as mechanisms of sex

differences in learning and memory in the brain, as well as clinically focused inves-

tigations into potential novel targets for PD.

PAK6 is highly expressed in hippocampus, has been implicated behaviorally in

learning and memory and co-localizes with both AR and ERa. Given its differential

function depending on presence of ligand, it is possible that PAK6 expression con-

tributes to activational sex differences in learning and memory. Because of this and

its role in actin rearrangement and membrane morphology, it is tempting to speculate

further whether PAK6 might mediate estrogen induced changes in dendritic spine

density [37] and again, an efficient way to test this would be in a neuronal cell

line already demonstrated to express PAK6, as we present here.

From an oncological perspective the group II PAKs, including PAK6, are emerging

as novel drug targets themselves or as part of a targeted pathway, particularly for can-

cers that do not respond to current treatments [3, 4, 5, 7, 21,38,39]. It is tantalizing to

consider how these novel drugs might also be used to further our understanding of

the role of PAK6 in the brain. Clinically, PAK6 might be a novel target for PD treat-

ment and it would be expeditious to use the same “inhibitors” in a neuronal cell line

to determine and compare relevant downstream effects. Such investigations would

increase our understanding of the role of PAK6 in brain function.
5. Conclusion

The research presented here demonstrates that (1) PAK6 can be detected via Western

Blot in a commonly used neuronal cell line, PC-12 cells which makes it an excellent

neuronal cell model to study PAK6 function and (2) unlike other cell lines, detection

of PAK6 is possible even in complete media containing steroid receptor ligands.
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