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Abstract

Perineural invasion (PNI) is an ominous form of cancer progression along nerves associated with
poor clinical outcome. Glial derived neurotrophic factor (GDNF) interacts with cancer cell RET
receptors to enable PNI, but downstream events remain undefined. We demonstrate that GDNF
leads to early activation of the GTPase Cdc42 in pancreatic cancer cells, but only delayed
activation of RhoA and does not affect Racl. Depletion of Cdc42 impairs pancreatic cancer cell
chemotaxis towards GDNF and nerves. An siRNA library of guanine nucleotide exchange factors
was screened to identify activators of Cdc42. ARHGEF7 (B-Pix) was required for Cdc42
activation and chemotaxis towards nerves, and also co-localizes with RET under GDNF
stimulation. Cdc42 enables PNI in an /n vitro dorsal root ganglia (DRG) co-culture model, and
controls the directionality of migration but does not affect cell speed or cell viability. In contrast,
Racl was necessary for cell speed but not directionality, while the RhoA was not necessary for
either cell speed or directionality. Cdc42 was required for PNI in an /n vivo murine sciatic nerve
model. Depletion of Cdc42 significantly diminished the length of PNI, volume of PNI, and motor
nerve paralysis resulting from PNI. Activated Cdc42 is expressed in human salivary ductal cancer
cells invading nerves. These findings establish the GDNF-RET-B-Pix-Cdc42 pathway as a
directional regulator of pancreatic cancer cell migration towards nerves, highlight the importance
of directional migration in PNI, and offer novel targets for therapy.

Introduction

Perineural invasion (PNI) is defined as tumor cell invasion in, around and through nerves
(1). The extension of cancer cells along nerves is an adverse clinical, radiographic, and
pathologic finding for a variety of cancer types, including pancreatic, head and neck,
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cervical, prostate, colorectal, stomach, and others (2-10). PNI is a marker of poor clinical
outcome, and is associated with an increased risk of cancer recurrence, a shorter time to
recurrence, and diminished patient survival (2-10). PNI may induce patient morbidity
resulting from nerve dysfunction, leading to pain, paralysis, weakness, and numbness. The
specific molecular mechanisms of PNI remain poorly understood. Developing a mechanistic
understanding of PNI may facilitate the identification of novel targets and therapeutic
approaches.

Recent studies suggest that PNI is a complex event resulting from reciprocal signaling and
interactions between cancer cells, nerves, and stromal cells (2-3). Nerves and their
supporting cells secrete chemokines and growth factors that play important roles in neural
development, proliferation, and repair. One such factor is glial cell line derived neurotrophic
factor (GDNF) which signals through the RET tyrosine kinase receptor and its glycosyl-
phosphatidylinositol-anchored co-receptor, GFRa1 (11). GDNF plays an essential role in
the development, function and regeneration of the nervous system. GDNF and GFRa 1
released by nerves activate the RET receptor expressed by cancer cells, inducing migration
towards nerves and supporting PNI (12-14).

However, the downstream molecular mechanisms through which GDNF induces migration
of cancer cells remain unclear. Activation of the MAPK and PI3K pathways have in
pancreatic cancer cell lines has been implicated in this process (12, 14). Rho GTPases are
regulators of actin polymerization, cell polarity, and directional migration (15-16). During
chemotaxis, the activity of three Rho GTPases (Cdc42, Racl and RhoA) is temporally and
spatially controlled. Cdc42 at the leading edge of a migrating cell links extracellular cues to
directional sensing, and activates pathways that localize Rac1 to the leading edge of the cell.
The accumulation of Racl and Cdc4z2 at the leading edge of the migrating cell of facilitates
the protrusion of lamellipodia and filopodia, respectively, promoting forward cell migration.
RhoA acts at the rear of the cell to generate contractile forces through ROCK, which
facilitate retraction of the rear of the cell (15-16). Racl and RhoA may be dysregulated in
highly matile cancer cells, although mutations in these genes are rarely found (17-19). Rho
GTPase activity has been linked to malignant transformation and the induction of invasive
and metastatic programs (20-22).

We sought to examine the role of Rho GTPase activity in PNI. We demonstrate here that
GDNF-mediated activation of RET leads to activation of the Rho GTPase Cdc42 as a
mediator of directional migration that is required for cancer cell chemotaxis and perineural
invasion. Furthermore, we identify and validate p-Pix as a regulator of Cdc42 activation in
this system. These results establish that the GDNF-RET-B-Pix-Cdc42 signaling pathway
drives PNI, highlight the mechanistic importance of directional migration in this form of
cancer progression, and offer novel therapeutic targets to potentially interrupt this process.

Materials and Methods

Cell lines, reagents and transfections

The human pancreatic carcinoma cell line (MiaPaCa2) and human colonic epithelial cell line
(Caco?2) were purchased from ATCC. The cell lines used were passaged no more than 20
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times and underwent mycoplasma testing every 3 months by Hoechst staining. GDNF was
obtained from EMD Chemicals (Rockland, MA). MiaPaCa2 cells were transfected with (1)
SiIGENOME SMARTpool siRNA (Dharmacon/Thermo Scientific) targeting human Cdc42
(M-005057-01), (2) sSiIGENOME SMARTpool targeting human RhoA (M-003860-03), (3)
ARHGEF7 siGENOME individual duplexes (D-009616-01, D-009616-02, D-009616-03,
D-009616-04), and (3) siRNA targeting Rac1 (NM 018890, human), to the sequence: GAA
GAU UAU GAC AGA UUA CTT (MWG Biotech/Operon) using Oligofectamine
Transfection Reagent (Invitrogen). siLaminA/C (Dharmacon/Thermo Scientific) was used as
a control. Cell morphology was assessed seventy-two hours post-transfection. Plasmids
encoding shRNA targeting the sequence CCTGATATCCTACACAACAAA
(TRCNO0000047630) and the sequence CGGAATATGTACCGACTGTTT
(TRCNO0000047629) to silence Cdc42 were purchased from Sigma-Aldrich. The pLKO.1
empty vector was used as a negative control.

Antibodies, western blots, immunofluorescence microscopy

Primary antibodies were obtained targeting: Cdc42 (rabbit polyclonal, Cell Signaling), Racl
(mouse monoclonal, Cytoskeleton), RhoA (mouse monoclonal, Santa Cruz), B-Pix (rabbit
polyclonal, Millipore), Tuj1 (mouse monoclonal, Millipore), active Cdc42 (mouse
monoclonal, New East Biosciences), Ret (pig anti-human, Abgent). The secondary
antibodies used included: goat anti-mouse (Santa Cruz) and goat anti-rabbit (Santa Cruz).
For western blots, cells were lysed with RIPA buffer (SantaCruz), boiled and separated by
3-8% Tris-Acetate SDS-PAGE.

For immunofluorescence microscopy, antibodies used included RET (rabbit monoclonal,
Cell Signaling), p-Ret (phospho-Y 1062, rabbit polyclonal, Abcam), B-pix (SH3 domain,
rabbit polyclonal, Millipore Sigma), and Cdc42 (rabbit polyclonal, Cell Signaling). Cells
were fixed in 4% formaldehyde and permeabilized in 0.5% Triton X-100 (vol/vol), or fixed
in 3.7% paraformaldehyde and blocked with 3% horse serum in 0.1% Triton in PBS for 60
minutes. The secondary antibody was Alexa Fluor 488 (goat anti-rabbit, Thermo Fisher
Scientific). Slides were mounted with ProLong Diamond Antifade Mountant (Invitrogen,
Thermo Fisher Scientific) and were scanned with a Flash Scanner (Perkin Elmer) and a
Panoramic Viewer (3DHistech, Thermo Fisher Scientific) was used to capture images.

Dorsal root ganglia (DRG) preparation

Mice were maintained according to NIH animal care guidelines under a protocol approved
by the MSKCC Institutional Animal Care and Use Committee. Mice (Balb/c, 2-4 weeks old)
were euthanized by CO2 inhalation. DRG were isolated as previously described (12-13, 23,
25) and washed in phosphate buffered saline (PBS) prior to implantation into growth factor-
depleted Matrigel matrix (BD Biosciences, Bedford, MA) for Boyden chamber or DRG co-
culture assays.

Activity of monomeric GTPases

Serum starved cells were exposed to 100 ng/ml of GDNF for varying time periods. The
GTP-bound forms of Cdc42, Racl and RhoA were recovered from cell lysates by affinity
precipitation using glutathione S-transferase (GST)-fusion proteins carrying the GTP-
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binding domains of GTPase-specific effector proteins (ThermoScientific, Pierce). GST-PBD
(p21-binding domain of Pak1) was used to recover Cdc42 and Racl, and GST-RBD (Rho-
binding domain of rhotekin) was used to recover Rho. Proteins were detected by SDS-PAGE
and immunoblot. Western blot results were quantified based on intensity by MetaMorph
software.

Boyden chamber migration assay

Polyethylene terephthalate 8.0 um pore inserts (BD Biosciences, Bedford, MA) were used in
24-well plates. Cancer cells were incubated in 0.1% FCS media overnight, and 2x10° cells
were added to each of the inserts. The attractants used included: (1) 0.7 ml of 100 ng/mL
GDNF in 0.1% FCS media, (2) DRG in 0.1% FCS media, or (3) 0.1% FCS media as control.
Inserts were removed after 24 hours, and non-migrating cells wiped off the superior aspect
of the membrane. Migrating cells on the undersurface of the membrane were fixed in 100%
alcohol and stained with 1% methylene blue in 1% borax. Membranes were excised and
mounted on a glass slides. Cells were quantified by counting stained cells in five high-power
fields at predetermined areas.

Dorsal root ganglion (DRG) co-culture model to assess nerve cancer cell interactions

DRG in Matrigel drops were incubated in DMEM containing 10% FCS. After 7 days, cancer
cells were added in 0.1% FCS DMEM (Figure 3A). Dynamic interactions between cancer
cells and neurites were studied by time-lapse microscopy. Digitalized images were recorded
every 5 min for up to 24 hours to follow cell locomotion. Image analysis was performed
using MetaMorph software. X-Y coordinates were determined of individual cells at each
time point, allowing for calculations of distance travelled, average speed, and trajectory
plotting of each cell. The area of cancer invasion in the DRG was quantified at 48 hours as a
late measure of perineural invasion. A GFP expressing MiaPaCaz2 cell line, generated by
pQXIP GFP infection, was transfected with siRNA targeting Cdc42 or Racl and co-cultured
with DRG. Confocal microscopy images were acquired with LSM5 Live Duoscan (Carl
Zeiss Microimaging) equipped with 10x 0.45 NA Carl Zeiss objective lens. Areas of DRG
invasion by GFP positive cells were measured with Metamorph software.

siRNA screen of guanine exchance factors necessary for cell migration and Cdc42

activation

MiaPaCaz2 cells were transfected with individual SMART-pool siRNAs (Dharmacon /
Thermo Scientific) targeting 79 different guanine exchange factors (GEFs) using
oligofectamine. Boyden chamber migration assays using DRG as an attractant were
performed to identify GEFs required for migration. Cell viability assays were performed
with trypan blue staining and a Z1 Coulter Particle Counter (Beckman Coulter). GEFs
required for cell viability or proliferation were excluded.

A Cdc42 activity assay following GDNF exposure was also used to screen GEF candidates.
MiaPaCaz2 cells transfected with sSiRNA were starved and were stimulated with 100 ng/ml
GDNF for 5 minutes. Lysates were assessed using the G-linked immunosorbent assay (G-
LISA) kit for Cdc42-GTP (Cytoskeleton). The ratio of Cdc42-GTP with and without GDNF
stimulation was calculated for each GEF silenced.
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Co-localization of B-Pix and RET by immunofluorescence microscopy

B-Pix and RET localization was assessed by immunofluorescence microscopy in Caco2
cells. B-Pix and RET are difficult to localize by IF in MiaPaCa2 cells, and overexpression of
these proteins in MiaPaCa2 leads to cell death (data not shown). In contrast, human colon
cancer Caco2 cells were receptive to nucleofection with HA tagged p-Pix, and GFP tagged
RET. Cells were starved in serum free DMEM overnight, exposed to GDNF for 15 min, and
fixed in formaldehyde. B-Pix was detected using an anti-HA mouse primary antibody
(Covance) and a secondary donkey anti-mouse Cy3 antibody (Jackson Immunoresearch).
RET was detected by imaging GFP signal. Images were obtained with epifluorescent
microscopy. Co-localization of GFP-RET and HA-B-Pix signals was analyzed by utilizing
Metamorph.

B-Pix and RET proximity ligation assay

Caco-2 cells expressing HA-B-Pix and GFP-RET were grown on glass coverslips, starved in
serum free medium for 24h, fixed with 3.7% formaldehyde, permeabilized in 0.5% Triton
X-100 and blocked with 10% fetal bovine serum in PBS. Proximity ligation /n situ assays
were performed using the Duolink 11 kit (Olink Bioscience, Uppsala, Sweden). Cells were
incubated with anti-HA Mouse antibody (MMS-101R, clone 16B12, Covance) or anti-GFP
rabbit antibody (A11122, Molecular Probes), followed by incubation with secondary
antibodies conjugated with PLA probes (anti-Goat MINUS or anti-Rabbit PLUS). Ligation
and amplification were performed, and images obtained with epifluorescent microscopy.
Puncta were counted using MetaMorph software, with thresholded signal sizes ranging from
0.5-2.5 pm.

In vivo murine model of sciatic nerve function

Nude athymic mice (n=5 per group) were anesthetized with isoflurane and their sciatic
nerves surgically exposed. Control transfected (pLKO.1 empty vector) and shCdc42
MiaPaCa2 cell lines (3 pL, 1x10° cell/uL) were injected into the sciatic nerves under
magnification using a 10 uL Hamilton syringe. Nerve function was measured immediately
after the injection and weekly thereafter (30). Using the sciatic neurologic score, nerve
function is graded according to hind limb paw response to manual extension of the body,
from 5 (normal) to 1 (total paralysis). Using the sciatic nerve function index, the spread
width between the first and fifth toes of the mouse hind limb is measured. Sciatic nerve
tumors generated from control and shCdc42 MiaPaCaz2 cell lines were excised, frozen in
Tissue Tek OCT (Sakura Flnetek USA), and sectioned at 8 um thickness for
immunofluorescence microscopy as described above.

MRI imaging of perineural invasion in vivo

Anesthetized mice underwent magnetic resonance imaging (MRI) on a Bruker USR 4.7T
40-cm bore scanner (Bruker Biospin MRI, Ettingen, Germany) equipped with 400 mT/m 12-
cm bore gradient using a custom active decoupled radiofrequency surface coil (Stark MRI
Contrast Research, Erlangen, Germany). A scout fast spin echo scan in three orientations
was acquired to localize the sciatic nerve, followed by an oblique-coronal T2-weighted fast
spin-echo image. Contrast was injected via mouse-tail vein 0.1 mmol/kg Gd-DTPA
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(gadolinium diethylenetriamine penta-acetic acid). Oblique-coronal T1-weighted gradient-
echo images were acquired continuously pre- and post-injection. Tumor volume at the
injection site, volume and length of PNI were quantified with Paravision software.

Immunohistochemistry of human neuroinvasive cancer

Studies on human tissue samples were under a protocol approved by the MSKCC
Institutional Review Board. Patients underwent surgical specimen collection after planned
surgical resection of salivary ductal carcinoma. Specimens were embedded in Optimum
Cutting Temperature compound (Miles Inc.) rapidly frozen in liquid nitrogen. Sections were
stained with hematoxylin and eosin and assessed for the presence of nerve cancer
infiltration. Immunostaining with anti-GTP-Cdc42 was performed with a Ventana automated
staging system (Ventana Medical Systems, Tucson, AZ).

Statistical analysis

Two tailed paired t-tests were performed to test for statistical significance, using 95%
confidence intervals.

Results
Activation of Rho GTPases by glial cell line derived neurotrophic factor (GDNF)

The MiaPaCaz2 pancreatic cancer cell line invades nerves in co-culture /n vitro assays with
dorsal root ganglia (DRG), and following /n vivo injection into murine sciatic nerves (12—
13). We assessed if GDNF exposure affects the activity of Rho GTPases in MiaPaCa2 cells.
GDNF stimulation at 5 minutes resulted in phenotypic changes observed using a rhodamine-
phalloidin stain (Figure 1A), showing the formation of microspikes, filopodia, and
prominent stress fibers. The levels of the activated (GTP-bound) Rho GTPases (Cdc42,
Racl, RhoA) were measured by affinity precipitation using GST-fusion proteins carrying the
GTP-binding domains of GTPase-specific effector proteins. The addition of GDNF
(100ng/ml) to serum-starved MiaPaCa2 cells induced a rapid and transient activation of
Cdc42 beginning at 1 minute (Figure 1B). Racl appeared activated already at baseline for
MiaPaCaz2 cells, and there was a slight reduction in the activation level of Racl with GDNF
exposure (Figure 1C). RhoA activation was activated by GDNF but in delayed manner
fashion with maximal stimulation at 30 minutes (Figure 1D).

Cdc42 and Racl silencing impairs GDNF dependent chemotaxis

To investigate the effects of Rho GTPase depletion on cancel cell phenotype, we performed
transient SiRNA knockdown of Cdc42, Racl and RhoA (Figure 2C). Depletion of these Rho
GTPases in MiaPaCaz2 cells results in a change in cell morphology. Cdc42 silencing results
in the development of lamellipodial protrusions in all directions around the cell periphery,
without any directional preference. In contrast, Racl silencing blocks the formation of all
lamellipodial protrusions. RhoA silencing results in tail formation, likely from an inability
of the cell to retract its trailing rear (Figure 2A).

We assessed how Rho GTPase silencing affects GDNF dependent chemotaxis in Boyden
chamber migration assays. GDNF induces MiaPaCa2 cell migration in a dose-dependent
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fashion through RET receptor signaling (12-14). More robust migration is seen when live
explants of murine dorsal root ganglia (DRG) are used as the chemoattractant. DRG actively
produce GDNF, along with other potential neurotrophic factors including CCL2 (23). Cdc42
or Rac1 silencing impairs chemotaxis towards DRG as compared with either MiaPaCa2 or
siLamin A/C as control (p<0.05 for all comparisons, t-test), while RhoA depletion has no
effect (p=NS) without impairing cell proliferation (Figure 2B). In contrast, RhoA silencing
demonstrates no effect on chemotaxis towards either GDNF or DRG (Figure 2B).

siRNA screen of GEFs mediating cancer chemotaxis towards DRG

Guanine exchange factors (GEFs) activate Rho GTPases in response to diverse extracellular
stimuli (15-17). A comprehensive siRNA screen of 79 different guanine nucleotide
exchange factors (GEFs) was performed to identify factors necessary for Cdc42-mediated
MiaPaCa2 chemotaxis to DRG in a Boyden chamber assay. The silencing of 23 individual
GEFs was found to impair cancer chemotaxis (Fig. 3A). Ten of these GEFs were essential
for cell proliferation (Fig. 3B), and were excluded. Silencing of ECT2 resulted in a
multinucleated cell phenotype and was also excluded.

We next assessed how silencing the remaining 12 GEFs would affect the ability of GDNF to
activate Cdc42. Using a G-linked immunosorbent assay (G-LISA) to assess Cdc42 activity,
we identified 6 GEFs as candidate activators of Cdc42 in response to GDNF (Fig. 3C). Each
of these GEFs supports MiaPaCa2 chemotaxis towards DRG and GDNF-mediated Cdc42
activation, but is not required for cell proliferation.

ARHGEF7 (B-Pix) co-localizes with RET under GDNF stimulation

From these candidates, ARHGEF7 (B-Pix), an activator of Cdc42, was selected for further
evaluation. G-LISA demonstrated that the amount of activated Cdc42 was diminished in
GDNF-stimulated MiaPaCa2 with treatment by siRNA targeting B-Pix or Cdc42 (Figure
4A). Significant differences in active GTP-Cdc42 between siLamin A/C and siCdc42
(p<0.05, t-test), and between siLamin A/C and si-B-pix (p<0.05, t-test) were identified. Four
different siRNA duplexes were used to validate that the silencing of p-Pix consistently leads
to an inhibition of MiaPaCaz2 cell migration towards DRG in Boyden chamber assays as
compared with siLamin A/C (p<0.05, all comparisons, t-test, Figure 4B). Western blot
confirmed depletion of B-Pix by each of these four SiRNA duplexes (Figure 4C).

GDNF acts through stimulation of the RET receptor (12,14). To assess for a direct
interaction between GDNF-RET binding and p-Pix, we next directly assessed p-Pix and
RET co-localization following GDNF stimulation by immunofluorescence microscopy in
Caco2 cells transfected with both proteins. The transfection of f-Pix and RET into
MiaPaCaz2 led to cell death, but the human colonic epithelial Caco2 cell line was receptive to
transfection of these two proteins. At baseline, p-Pix and RET do not associate with one
another. However, under GDNF stimulation, B-Pix and RET co-localize together, suggesting
functional interactions between the two proteins when RET is activated (Figure 4D). Next,
Duolink proximity ligation experiments were performed to corroborate direct interactions
between B-Pix and RET. Under GDNF stimulation, p-Pix and RET again associated together
in close proximity, as demonstrated by PLA probe fluorescence (p<0.05, t-test, Figure E-F).

Mol Cancer Res. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chernichenko et al.

Page 8

These results suggest that RET and p-Pix interact together to mediate Cdc42 activation after
GDNF stimulates the RET receptor.

Cdc42 regulates cancer migration directionality and Racl cancer migration speed along
nerves in vitro

We investigated the effects of Cdc42 and Racl depletion on cancer cell migration using an in
vitro model of PNI. In this model, explants of murine DRG grown in Matrigel are co-
cultured together with cancer cells (Figure 5A). Neurites are axonal projections analogous to
small nerves that sprout from the DRG explants. Cancer cells exhibiting perineural invasive
behavior associate with neurites and migrate along them towards the ganglion (12-13, 23—
25). The process through which cancer cells invade DRG was captured by time-lapse
microscopy (Figure 5B). Each individual cell’s migratory path was tracked and its velocity
calculated.

The control (siLaminA/C) MiaPaCaz2 cells consistently associate with the DRG neurites and
migrate in a linear, unidirectional fashion along the neurites towards the center of the
ganglion, leading to invasion of the DRG (Figure 5C). In contrast, siCdc42 MiaPaCaz2 cells
continue to migrate, but have lost directionality in their migration pattern and move in
random patterns and directions (Figure 5D). These cells fail to consistently associate with or
migrate along the DRG neurites. They maintain an intact speed of migration (Figure 5F),
although this migration is without a consistent direction. In contrast, the siRacl MiaPaCa2
cells exhibited significantly reduced overall cell motility and a diminished speed of
migration (Figure 5F). These cells were unable to either associate with or migrate along the
DRG neurites (Figure 5E).

The degree of perineural invasion was quantified by measuring the area of PNI, defined as
areas where the cancer cells are in direct contact with DRG neurites, using Metamorph
software (13, 23, 25). Both siCdc42 (p=0.08) and siRacl MiaPaCaz2 cells (p=0.07)
demonstrated a trend towards a reduction in the area of PNI as compared with control
siLaminA/C MiaPaCaz2 cells (Figure 5G). These findings demonstrate that the loss of
migratory ability, either through impaired directionality (siCdc42) or through impaired
velocity (siRacl), correlates with a diminished PNI phenotype in this model.

Cdc42 regulates perineural invasion of cancer cells in vivo

We optimized an orthotopic murine sciatic nerve model that allows for the radiographic,
pathologic, and functional assessment of PNI /n vivo (12-13, 23, 25). We generated
MiaPaCaz2 cell lines stably expressing two different ShRNA targeting Cdc42 (Figure 6F), or
empty vector transfected control. Cancer cells were injected into the distal sciatic nerve
(Figure 6A), and sciatic nerve function was assessed over time by two methods: (/) the hind
limb motor response to manual extension (sciatic nerve function score) and (/i) the spread
width between the digits of the hind paw (sciatic nerve index).

In the control group, mice began to develop left hind limb weakness 4 weeks after tumor
implantation (Figure 6B). Mean scores for sciatic nerve function score show a significant
decline over 6 weeks for the control group (p<0.05, t-test), but not for the shCdc42 groups
(p=NS). Similarly, the control group showed a significant decline in sciatic nerve index
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(p<0.05, t-test), but not for the chCdc42 groups (p=NS). To account for differential growth
rates, comparisons were made between equivalent tumor volumes between week 6 data for
the control group, and week 7 in the shCdc42 groups.

Magnetic resonance imaging (MRI) was used to non-invasively measure the tumor volume
and the length of PNI in live mice. Cdc42 silencing results in slightly slower tumor growth
than control. To account for this potential confounder, MRI imaging was compared at
different time points when the mean primary tumor volume was equivalent for each of the
experimental groups: week 6 data for the control group and week 7 for both of the
experimental groups (Figure 6D, left panel). MRI revealed control tumors extending
longitudinally along the course of a thickened sciatic nerve, while in contrast the shCdc42
tumors grew in a spherical shape at the site of injection without evidence of PNI (Figure
6C). Image assessment of the length and volume of tumor invading the sciatic nerve revealed
a significant decreases in both of these measures of PNI for both shCdc42 groups as
compared to control (p<0.05 for both comparisons, t-test, Figure 6D, middle and right
panels).

Animals were sacrificed after week 7 for examination of the sciatic nerves. Control tumor
mice demonstrated gross nerve thickening and infiltration by tumor, with extension of tumor
proximally towards the spinal cord. In contrast, shCdc42 tumors remained localized to the
implantation site, expanding spherically as primary tumors but failing to invade along the
sciatic nerves, which remained intact as thin, white structures (Figure 6E).
Immunofluorescence microscopy demonstrates increased Cdc42, B-Pix, and p-RET
expression for control tumors as compared with shCdc42 tumors, while total RET
expression remained unchanged (Supplementary Figure). Immunohistochemistry
demonstrates robust GTP-Cdc42 expression in control tumors (Supplementary Figure).

GTP-Cdc42 is expressed in human carcinomas with perineural invasion

Immunohistochemistry was performed on fresh frozen human surgical specimens of two
human carcinomas to assess for GTP-Cdc42 expression. One salivary ductal carcinoma of
the parotid gland exhibited PNI of the facial nerve, causing a preoperative facial nerve
paralysis. A second salivary ductal carcinoma lacking PNI was assessed in comparison.
Nerve infiltration by cancer cells was confirmed with hematoxylin and eosin (H&E)
staining. Immunohistochemical staining revealed robust expression of activated GTP-Cdc42
by human salivary ductal cancer cells that are invading nerves, but a lack of expression of
GTP-Cdc42 in human salivary ductal cancer cells lacking any association with nerves
(Figure 7).

Discussion

The identification of a cancer invading and tracking along nerves is an ominous finding that
heralds poor clinical outcomes (1-10). PNI allows cancers to extend insidiously and
unpredictably along both sensory and motor nerves, tracking away from the primary tumor,
often in a proximal direction towards the central nervous system. PNI represents a unique
type of cancer behavior that is poorly understood, distinct from commonly recognized
modes of cancer progression such as lymphatic and hematogenous metastases. PNI causes
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morbidity from pain and paralysis, and is a pathologic feature that is associated with a
higher disease recurrence risk and a worse survival rate (2-10). Despite widespread
recognition of the significance of this process, the mechanisms underlying PNI remain
poorly defined.

Recent studies point to the active role that the tumor microenvironment plays in PNI, and
demonstrate that PNI results from reciprocal signaling interactions between cancer cells,
stromal cells and nerve cells (2-3). Both Schwann cells and monocytes have been shown to
play an important role in enabling PNI (26-27). Importantly, PNI is facilitated by neural
release of GDNF, which activates the RET tyrosine kinase receptor and induces cancer cell
migration towards nerves and PNI (12, 14). Either neutralizing antibodies against GDNF or
RET inhibitors are able to inhibit MiaPaCaz2 cell recruitment by murine dorsal root ganglia
(12). In addition, GFRa. is released in a soluble form by nerves to further support GDNF-
RET signaling and PNI (13). However, the specific downstream signaling events within the
cancer cell following RET phosphorylation that then drive directional migration towards
GDNF were unclear.

Cell migration is a fundamental process that is important for embryogenesis, immune
surveillance, and wound healing. Chemotaxis occurs when an external soluble factor
asymmetrically dictates the direction of cell migration. Studies of chemotaxis have using
Dictostelium discoideum and have demonstrated that the temporal regulation of PI3K at the
leading edge of cells plays an important role in mediating chemotaxis (28). Rho GTPases
have been shown to play key roles in cell migration (19). Rac, acting through WAVE and
Arp2/3, promotes actin polymerization at the leading edge of migrating cells (16). RhoA
acts at the rear of the cell to generate contractile forces that retract the tail of the cell (29).
Cdc42 is a regulator of cell polarity (30) that influences directional migration, linking
external cues to activation of Racl and Arp2/3 (16). Cdc42 activates atypical protein kinase
C, PAR3 and PARG at the leading edge of the cell to stabilize microtubules and promote
directional migration (31). Cdc42 is involved in regulating mesenchymal and ameboid types
of movement, and may be overexpressed by some cancer cells (32). Although Cdc42 plays a
role in macrophage chemotaxis (33), its role in cancer cell directional migration is less well
established (34). Cdc42 plays a role in enabling cancer cells to follow leading invading
fibroblasts (35), and in transendothelial cancer cell migration (22).

We investigated the role of Rho GTPases in PNI using a Boyden chamber assay, a dorsal
root ganglia (DRG) co-culture model and an 7n vivo murine sciatic nerve model. These
models have previously been shown to depend upon GDNF-RET mediated signaling (12—
13). We found that both RhoA and Cdc42 were activated in MiaPaCa2 cells by GDNF
stimulation, while Rac1 was already active prior to GDNF exposure. The depletion of Cdc42
or Racl, but not RhoA, led to an inhibition of chemotaxis in Boyden chamber assays. We
sought to identify the activators of Cdc42. Receptor TKs initiate intracellular signaling to
Rho proteins through GEFs, although one that couples RET-Cdc42 signaling had not been
previously reported. We identified and validated ARHGEF7 (B-Pix) (36-37) as a GEF that is
required for cancer cell migration towards DRG, activates Cdc42 in response to GDNF, but
is non-essential to proliferation. In addition, we demonstrate that $-Pix co-localizes with
RET under GDNF stimulation.
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In DRG co-culture assays, the depletion of Racl diminished cell speed and migration. In
contrast, the depletion of Cdc42 led to a loss of directional migration, but these cells
maintained intact speed and a random pattern of migration. To assess the effects of Cdc42 on
PNI in an animal model, we used a stably repressed Cdc42 cell line to generate tumors
within murine sciatic nerves. This model allows for the study of PNI in large caliber nerves,
and also accounts for the contributions of supporting glial cells, vessels, immune cells, and
other factors in the nerve microenvironment. The depletion of Cdc42 significantly
diminished PNI as measured by nerve function, MRI imaging, and histology. These findings
establish Cdc42 as a regulator cancer cell directional migration that is required for perineural
invasion.

These results suggest that GDNF activates cancer cell RET, which interacts with p-Pix to
activate Cdc4z2 as a regulator of cell migration directionality and support PNI in these
pancreatic cancer models. These results highlight the importance of directional cell
migration as a key process that is fundamental to perineural invasion. We found that that
Cdc42 is central for cancer cell chemotaxis in enabling cancer cells to directionally migrate
towards neural sources of GDNF, such as Schwann cells. The Neural Wiskott-Aldrich
syndrome protein (N-WASP) transmits signals from Cdc42 to actin filaments through the
ARP2/3 complex, supporting actin polymerization and formation of cell protrusions (38).
Interestingly, increased expression of N-WASP by immunohistochemistry has been
associated with PNI in human pancreatic cancer tissue specimens (39), further supporting
this model.

These findings provide novel insights into the molecular mechanisms underlying PNI. The
nerve microenvironment emits a molecular signal to attract Cdc42-dependent directional
cancer cell migration to the nerve. This interplay between cancer cell migration and the
nerve microenvironment involves the GDNF-RET-B-Pix-Cdc42 signaling pathway, and may
be potentially interrupted with pharmacologic agents targeting its components. Novel
therapeutic approaches to targeting PNI may potentially impede a highly aggressive form of
cancer progression and improve clinical outcomes.
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Cdc42 regulates cancer cell directional migration towards and along nerves in perineural

invasion.

Implications:
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Figure 1. Activation of Rho GTPases by glial cell line-derived neurotrophic factor (GDNF).
A. Serum starved MiaPaCa2 cells were exposed to 100 ng/ml of GDNF for 5 minutes and

then fixed in formaldehyde. Actin filaments were visualized with rhodamine-phalloidin
staining, demonstrating the development of microspikes, filipodia, and stress fibers. Serum
starved cells not exposed to GDNF were used as a control. (Scale bar = 15 pm) B-D.
Western blots of GST pull-down assays assess for changes in the active, GTP-bound forms
of Cdc42, Racl, and RhoA in response to exposure to GDNF (100 ng/ml) with
corresponding quantification by densitometry.
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Figure 2. Cdc42 and Racl silencing alters MiaPaCa2 cytoskeletal structure and impairs GDNF
dependent chemotaxis.

A. MiaPaCaz2 cells were transfected with the indicated sSiRNA SMARTpools. Actin
filaments were visualized with rhodamine-phalloidin staining. Cdc42 depletion results in
lamellipodial protrusion formation in multiple different directions simultaneously. Racl
inhibition impairs lamellipodial protrusion formation. RhoA depleted cells tend to retain
unidirectional lamellipodial protrusions. (Scale bar = 30 um). B. Serum-starved siRNA
transfected Cdc42, Racl, RhoA, or LaminA/C (control) MiaPaCa2 cells underwent Boyden
chamber assays using GDNF (100 ng/ml) or dorsal root ganglia (DRG) in the lower chamber
as an attractant over 24 hours. DRG were stronger than GDNF as an attractant. Cdc42 or
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Racl silencing impairs chemotaxis towards DRG as compared with either MiaPaCa2 or
siLamin A/C as control (p<0.05 for all comparisons, t-test), while RhoA depletion has no
effect (p=NS). C. Western blots of Cdc42, Rac1, and RhoA confirm protein depletion in the
siRNA SMARTpool transfected cells.
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Figure 3. I dentification of Rho GTPase GEFs necessary for migration and Cdc42 activation
using an SSRNA based screen.

A. MiaPaCaz2 cells were transiently transfected with individual siRNA from a GEF siRNA
library, and migration towards DRG by Boyden chamber assay was measured. The GEFs
required for migration (below the red line) were selected. B. Cell proliferation was assessed
following siRNA transfection of selected GEFs to exclude the GEFs required for
proliferation. Resulting GEF candidates (above the red line) were selected. ECT2 was
excluded because silencing resulted in a multinucleated cell phenotype. C. Each GEF
candidate underwent siRNA tranfection followed by quantification of GTP-Cdc42 (active
Cdc42) by G-LISA following stimulation with GDNF. The final 6 GEFs (below the red line)
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meet the criteria of: (1) driving cancer cell migration towards DRG, (2) not required for cell
proliferation, and (3) activating Cdc42.
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Figure 4. B-Pix interacts directly with RET upon GDNF stimulation.
A. Depletion of p-Pix in MiaPaCa-2 cells results in decreased active GTP-Cdc42 under

GDNF stimulation. Significant differences in active GTP-Cdc42 between siLamin A/C and
siCdc42 (p<0.05, t-test), and between siLamin A/C and si-B-pix (p<0.05, t-test) were
identified. B. Depletion of B-Pix in MiaPaCaz2 cells using four different sSiRNA duplexes
impairs MiaPaCaz2 cell migration towards DRG in Boyden chamber assays as compared
with siLamin A/C (p<0.05, all comparisons, t-test). C. Western blots were performed to
validate B-Pix depletion in siRNA transfected MiaPaCa2. D. B-Pix co-localizes with RET
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under GDNF stimulation in Caco2 cells transfected with GFP-RET and HA-B-Pix.
Immunofluorescence for HA-B-Pix (red) and GFP-RET (green) with and without GDNF
stimulation was assessed. The line scan function of Metamorph shows strong co-localization
of the two signals under GNDF stimulation, but not at baseline conditions. E. Proximity
ligation assay was performed to confirm direct interaction and co-localization between p-Pix
and RET in Caco2 cells under GDNF stimulation. Images were obtained by epifluorescence
microscopy. F. Puncta indicating p-Pix and RET interactions by proximity ligation assay
were counted using MetaMorph software, with threshold signal sizes ranging from 0.5-2.5
pum. A significantly higher number of B-Pix and RET interactions were detected under
GDNF stimulation (p<0.05, t-test).
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A Dorsal Root Ganglion (DRG) Model
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Figure 5. Cdc42 regulatesthe direction of cancer cell migration along nerves.
A. Dorsal root ganglia (DRG) were harvested from mice, grown in Matrigel, and co-cultured

with MiaPaCa2 cancer cells as an /n vitro model to explore cancer and nerve interactions. B.
DRG implanted in Matrigel develops axonal projections or neurites, as imaged by
immunofluorescence confocal microscopy using Tujl antibody (scale bar = 200 um, left
upper panel), or phase contrast microscopy, (scale bar = 400 um, left lower panel).
Representative MiaPaCa2 cells treated with siLaminA/C (upper central panel), siCdc42 (mid
central panel), or siRacl (lower central panel) are examined when associated with DRG
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neurites (scale bar = 200 um). High power, sequential, time-lapse micrographs are shown
(scale bar = 100 pum, right panels). Control siLaminA/C (right upper panels), siCdc42 (right
mid panels), and siRacl (right lower panels) MiaPaCa2 cells are depicted with colored
arrows marking the migrating cells. C-E. Coordinate graphs depicting the single cell
migration trajectories of control siLaminA/C (C), siCdc42 (D), and siRacl (E) MiaPaCa2
cells. The siLaminA/C cells demonstrate consistent migration along the direction of the
DRG neurites. The siCdc42 and siRacl cells both exhibit a loss of directional migration. F.
The average speed of single cell migration was calculated for the siLaminA/C, siCdc42, and
siRacl groups. Speed was maintained in the siLaminA/C and siCdc42 cells, but was
significantly diminished in the siRacl cells. G. The average area of DRG invasion was
measured for siLaminA/C, siCdc42 and siRac1 cells after 48 hours of co-culture. Silencing
of Cdc42 (p=0.08) or Racl (p=0.07) as compared with siLamin A/C resulted in a trend
towards a decrease in the area of PNI.
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Figure 6. Cdc42 regulates perineural invasion in vivo.
A. An in vivo model of PNI involves the implantation of cancer cells into murine sciatic

nerves. Stable MiaPaCa2 cell lines were generated with shRNA targeting Cdc42 or empty
vector transfected controls. Representative images of mice 6 weeks after tumor implantation
show left hind limb paralysis in the control tumor group, but normal limb function in the
shCdc42 groups. Asterisks indicate the location of the sciatic nerve tumor. B. Sciatic nerve
function was assessed by both the sciatic nerve function score (hind limb function), and the
sciatic nerve index (hind paw width). Mean scores for sciatic nerve function score show a
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significant decline over 6 weeks for the control group (p<0.05, t-test), but not for the
shCdc42 groups (p=NS, t-test). Similarly, the control group showed a significant decline in
sciatic nerve index (p<0.05, t-test), but not for the shCdc42 groups (p=NS, t-test). To
account for differential growth rates, comparisons were made between equivalent tumor
volumes between week 6 data for the control group, and week 7 in the shCdc42 groups. C.
Magnetic resonance images (MRI, T1 with gadolinium) are shown of a representative, non-
injected, sciatic nerve (no tumor), an shCdc42 sciatic nerve tumor (lacking PNI), and a
control sciatic nerve tumor (with PNI). The primary tumor is outlined in red, and the
perineural component is outlined in green. D. Quantification of the primary tumor volume,
the length of PNI, and the volume of tumor in the region of PNI by MRI. Comparisons were
performed between week 6 for the control group, and week 7 in the shCdc42 groups when
mean volumes were similar (p=NS, t-test). This comparison at different time points accounts
for differences in tumor growth rate. Both the length of PNI and volume of tumor in the PNI
were significantly reduced in both shCdc42 groups as compared with control (p<0.05 for
both comparisons, for both shCdc42(1) and shCdc42(2), t-test). E. /n-situimage of a
surgically exposed sciatic nerve in a non-injected mouse, with control at week 6, and
shCdc42(1) and shCdc42(2) tumors at week 7. Only the control has significant sciatic nerve
thickening, consistent with perineural invasion, although all tumor groups developed
equivalent primary tumor volume. F. Western blot of shCdc42(1) and shCdc42(2) MiaPaCa2
cell lines shows Cdc42 depletion as compared with control.
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Figure 7. GTP-Cdc42 expression in human neuroinvasive car cinomas.
Low (20x), medium (100x), and high (200x) power magnification hematoxylin and eosin

(H&E) and GTP-Cdc42 immunohistochemistry (IHC) staining of two different human
salivary ductal carcinoma specimens, one with and one without perineural invasion.
Asterisks indicate nerve fascicles, while arrowheads indicate sites of carcinoma.
Photomicrographs demonstrate active Cdc42 in cancer cells that are invading nerves, but
diminished Cdc42 expression in cancer cells lacking perineural invasion.

Mol Cancer Res. Author manuscript; available in PMC 2020 December 01.



	Abstract
	Introduction
	Materials and Methods
	Cell lines, reagents and transfections
	Antibodies, western blots, immunofluorescence microscopy
	Dorsal root ganglia (DRG) preparation
	Activity of monomeric GTPases
	Boyden chamber migration assay
	Dorsal root ganglion (DRG) co-culture model to assess nerve cancer cell interactions
	siRNA screen of guanine exchance factors necessary for cell migration and Cdc42 activation
	Co-localization of β-Pix and RET by immunofluorescence microscopy
	β-Pix and RET proximity ligation assay
	In vivo murine model of sciatic nerve function
	MRI imaging of perineural invasion in vivo
	Immunohistochemistry of human neuroinvasive cancer
	Statistical analysis

	Results
	Activation of Rho GTPases by glial cell line derived neurotrophic factor (GDNF)
	Cdc42 and Rac1 silencing impairs GDNF dependent chemotaxis
	siRNA screen of GEFs mediating cancer chemotaxis towards DRG
	ARHGEF7 (β-Pix) co-localizes with RET under GDNF stimulation
	Cdc42 regulates cancer migration directionality and Rac1 cancer migration speed along nerves in vitro
	Cdc42 regulates perineural invasion of cancer cells in vivo
	GTP-Cdc42 is expressed in human carcinomas with perineural invasion

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

