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CIP4 promotes lung adenocarcinoma metastasis
and 1s associated with poor prognosis

P Truesdell'?, J Ahn'?, H Chander'?, J Meens'?, K Watt'?, X Yang® and AWB Craig'~

Aberrant epidermal growth factor receptor (EGFR) signaling in non-small cell lung cancer (NSCLCQ) is linked to tumor progression,
metastasis and poor survival rates. Here we report the role of Cdc42-interacting protein 4 (CIP4) in the regulation of NSCLC cell
invasiveness and tumor metastasis. CIP4 was highly expressed in a panel of NSCLC cell lines and normal lung epithelial cell lines.
Stable knockdown (KD) of CIP4 in lung adenocarcinoma H1299 cells, expressing wild-type EGFR, led to increased EGFR levels on the
cell surface and defects in sustained activation of Erk kinase in H1299 cells treated with EGF. CIP4 localized to leading edge
projections in NSCLC cells, and CIP4 KD cells displayed defects in EGF-induced cell motility and invasion through extracellular
matrix. This correlated with reduced expression and activity of matrix metalloproteinase-2 (MMP-2) in CIP4 KD cells compared with
control. In xenograft assays, CIP4 silencing had no effect on tumor growth but resulted in significant defects in spontaneous
metastases to the lungs from these subcutaneous tumors. This correlated with reduced expression of the Erk target gene Zeb1 and
the Zeb1 target gene MMP-2 in CIP4 KD tumors compared with control. CIP4 also enhanced rates of metastasis to the liver and
lungs in an intrasplenic experimental metastasis model. In human NSCLC tumor sections, CIP4 expression was elevated greater than
or equal to twofold in 43% of adenocarcinomas and 32% of squamous carcinomas compared with adjacent normal lung tissues.
Analysis of microarray data for NSCLC patients also revealed that high CIP4 transcript levels correlated with reduced overall survival.
Together, these results identify CIP4 as a positive regulator of NSCLC metastasis and a potential poor prognostic biomarker in lung

adenocarcinoma.
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INTRODUCTION

Non-small cell lung cancers (NSCLCs) are frequently associated
with epidermal growth factor receptor (EGFR) overexpression,’'
gene amplification’ and acquired gain-of-function mutations.’
EGFR signaling in NSCLCs promotes tumor growth, survival and
metastasis.* For patients with EGFR mutations, EGFR inhibitors can
induce rapid tumor regression.” However, development of drug
resistance and progression to metastatic disease occurs
frequently.® Although targeting downstream effectors of EGFR
has shown some promise,”® new treatments are needed to
prevent EGFR signaling to effectors that promote metastasis.

CIP4 (Cdc42-interacting protein 4) is an adaptor protein
implicated in regulating EGFR trafficking and signaling in a variety
of cancer cell models.'®~"2 CIP4 is an adaptor protein composed of
F-BAR (Fer/CIP4 homology-Bin/Amphiphysin/Rvs), PKN homology
region-1 (HR1) and SH3 domains.”*'* F-BAR domains function in
sensing and stabilizing membrane invaginations'>'® and bind
phosphoinositides.''7"'?  Although Cdc42°™ is the exclusive
ligand of the HR1 domain of CIP4,"® the SH3 domain interacts
with a diverse array of proteins, including actin nucleation-
promoting factors (WASP, N-WASP, WAVE), formins (DAAM-1),
Dynamin and Cdc42/Rac GTPase-activating protein.'’2%723

CIP4 has been implicated in regulating glucose metabolism?*
and allergic responses in mice.® In neurons, CIP4 promotes
formation of lamellipodia®® and localizes to leading edge
projections.'® In human breast cancer cells, CIP4 silencing led to
impaired extracellular matrix (ECM) degradation, cell motility and

invasion.'? CIP4 also promotes chemotaxis of chronic lymphocytic
leukemia cells.?” Other studies have implicated CIP4 in regulating
osteosarcoma tumor progression®® and renal cell carcinoma cell
junctions.?®

Here CIP4 was studied in the context of EGFR-driven NSCLCs.
CIP4 expression was observed in normal human lung epithelial
cells and at higher levels in NSCLC cell lines. Stable silencing of
CIP4 resulted in defects in EGF-induced Erk activation and reduced
motility and invasiveness of H1299 cells. CIP4 silencing led to
reduced expression and release of matrix metalloproteinase-2
(MMP-2), which likely contributes to the observed defects in cell
invasion through ECM. In tumor xenograft assays, expression of
the epithelial-mesenchymal transition (EMT)-promoting transcrip-
tion factor Zeb1 and its target gene MMP-2 were reduced in CIP4
knockdown (KD) primary tumors compared with control. This
correlated with reduced numbers of distant metastases in mice
with CIP4 KD tumors compared with control. We also profiled CIP4
expression in human NSCLC tumor tissue sections and observed
increased CIP4 expression compared with normal lung tissue. A
survey of microarray studies also revealed that high CIP4 transcript
levels are associated with worse overall survival in NSCLC patients.

RESULTS
CIP4 regulates EGFR signaling in lung adenocarcinoma cells

As CIP4 was previously shown to regulate EGFR trafficking,' and
EGFR is a frequent driver of NSCLC,>° we surveyed CIP4 expression
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in a panel of cell lines derived from normal human lung
epithelium or NSCLC tumors. Immunoblot (IB) assays revealed
the expression of CIP4 in an immortalized normal lung epithelial
cell line (NL20) and at increased levels in the majority of lung
adenocarcinoma cell lines (Figure 1a). In contrast, the levels of
EGFR varied greatly likely due to gene copy number and/or
mutation status (Figure 1a). We selected A549 and H1299 cells
expressing wild-type EGFR for subsequent functional studies as
they are effective models of EGFR-driven cell motility and tumor
metastasis>'*? and express CIP4 at high levels. Stable KD of CIP4
expression was achieved using two separate shRNAs in H1299 and
A549 cell lines using a lentiviral system.'® Compared with vector
control cells (V), CIP4 levels were reduced by ~80% and ~70% in
CIP4 KD1 and KD2 H1299 cell pools (Figure 1b). No defects in cell
growth or survival were observed upon silencing of CIP4 (data not
shown).

As CIP4 silencing in A431 epidermoid carcinoma cells resulted
in defects in EGFR levels and trafficking,'" we investigated
whether CIP4 KD H1299 cells had altered EGFR levels on the cell
surface. Biotinylation of cell surface proteins was performed at 4 °C
to prevent internalization, and biotinylated proteins were
recovered by pull-down using streptavidin beads. Subsequent IB
assays revealed that CIP4 KD cells had a slight increase in surface
EGFR levels compared with control (Figure 1c). It is worth noting
that similar defects were observed with both CIP4 shRNAs,
suggesting that these effects are due to loss of CIP4 and not
off-target effects. As expected, addition of a quencher (sodium
2-mercaptoethanesulfonate (MESNA)) resulted in a near complete
loss of biotinylated EGFR on the cell surface (Figure 1c). Surface
EGFR levels were also elevated in CIP4 KD cells compared with
control cells when analyzed by flow cytometry (data not shown).
These results suggest that CIP4 regulates EGFR internalization or
downregulation in NSCLC cells, as shown previously in other cell
types.'!

To test whether EGFR signaling was affected by CIP4 silencing in
H1299 cells, a 20-min time course of EGF treatment was
performed. As expected, EGF treatment of H1299 V and KD cells
led to rapid phosphorylation of EGFR (pEGFR; Y1068) that was
sustained throughout the time course (Figure 2a). CIP4 KD cells
showed no overt defects in EGF-induced pEGFR levels compared
with control cells, as measured by densitometry (Figure 2a).
A longer time course of EGF treatment was performed to assess
the effects of CIP4 KD on EGFR signaling. EGF-induced phosphor-
ylation of Akt (T308 and S473) was transient in both H1299 V and
KD cells (Figure 2b). CIP4 KD cells consistently showed increased
pAkt levels compared with control cells, and this correlated with
increased phosphorylation of the Akt substrate mammalian target
of rapamycin (mTOR) at S2448 (pmTOR; Figure 2b). In contrast,
CIP4 silencing resulted in a less sustained phosphorylation of Erk
(pErk; T202/Y204) at later times of EGF treatment (Figure 2b, graph
depicts densitometry analyses from multiple experiments). Taken
together, these results implicate CIP4 in modulating the kinetics of
EGFR signaling to Erk and Akt/mTOR kinases in NSCLC cells.

CIP4 localizes to the leading edge and promotes NSCLC cell
motility and invasion

EGF treatment of H1299 cells promotes lamellipodia formation
and increased cell motility and invasion through ECM.3' As CIP4
was shown to localize to lamellipodia and regulate their assembly
in neurons,'® we examined CIP4 localization in H1299 cells by
immunofluorescence staining and confocal microscopy. In addi-
tion to a punctate distribution in the cytoplasm, which likely
reflects its localization to endosomes,'’ we observed a pool of
CIP4 at leading edge membrane protrusions marked by filamen-
tous actin (F-actin; Supplementary Figure S1a). This pattern of CIP4
localization at the cell periphery was also observed in actively
migrating H1299 cells, with considerable co-localization of CIP4
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Figure 1. CIP4 regulates EGFR trafficking in NSCLC cells. (a) CIP4
expression was analyzed in immortalized human lung epithelial
NL20 cells and a panel of adenocarcinoma cell lines (A549, BH-E,
H1299, H1975, HCC827, LC-T, H358, SW900, QuDB). Lysates (10 pg)
were analyzed by IB with EGFR, CIP4 and fp-actin antisera. (b) Stable
silencing of CIP4 in H1299 cells was assessed in lysates from cells
transduced with control vector (V) or CIP4 shRNA1 (KD1) or shRNA2
(KD2) lentiviruses by IB for CIP4 expression. CIP4 levels relative to
B-actin were determined by densitometry and displayed below.
(c) Surface biotinylation assays to assess surface levels of EGFR and
efficiency of quenching with MESNA in H1299 V, KD1 and KD2 cells
at 4°C, as described in Materials and methods. EGFR IB was
performed following pull-down (PD) of biotinylated proteins using
Streptavidin beads. Positions of molecular mass markers are shown
on the left. Results are representative of several independent
experiments.

PD: Streptavidin
IB: EGFR

and N-WASP at leading edge membrane protrusions
(Supplementary Figure S1b). However, it is worth noting that
CIP4 puncta closest to the cell periphery showed little co-
localization with N-WASP and may correspond to interactions
between the F-BAR domain and membrane phospholipids, as
described in neurons.'® These results are consistent with CIP4
localization to the leading edge of motile NSCLC cells and a
potential role for CIP4 in promoting recruitment and activation of
actin regulatory proteins.

To test whether CIP4 regulates NSCLC cell motility, we initially
performed wound-healing assays on CIP4 KD NSCLC cells treated
with EGF. In comparison with the H1299 V cells that closed most of
the wound area within 21 h, KD cells displayed reduced wound
closure (Figure 3a). CIP4 silencing in A549 cells also caused a
significant defect in wound-healing migration in response to EGF
(Supplementary Figure S2). To directly visualize and compare
H1299 V and KD cells during cell migration, H1299 V and KD cells
were placed into opposite chambers of an Ibidi p-dish, resulting in
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Figure 2. CIP4 modulates EGFR signaling in NSCLC cells. (a) Serum-

starved H1299 V and KD1 cells were treated with EGF (100 ng/ml) for
0-20 min. Lysates were subjected to IB with the antibodies indicated
on the right. Densitometry was performed, and relative phospho-
EGFR (pY1068) levels are shown below. Positions of molecular mass
markers are shown on the left. (b) Serum-starved H1299 V and
KD1 cells were treated with EGF (100 ng/ml) for 0-120 min. Lysates
were subjected to IB with the antibodies indicated on the right.
Densitometry was performed, and relative phospho-Erk levels are
shown in the graph below (mean+s.e.m.; pooled data from two
independent experiments; asterisk * indicates a significant differ-
ence between cell lines (P < 0.05)). Positions of molecular mass
markers are shown on the left.

a uniform 500-um gap between the cell lines (Figure 3c).
Following removal of the chamber and any non-adherent cells,
live-cell imaging was performed for an 18-h period by spinning
disk confocal microscopy. Although the majority of H1299 V cells
migrated into the wound area, the response of KD cells was
greatly impaired (Supplementary Video S1; Figure 3d). Analysis of
the migration distances of individual cells from multiple fields
revealed a significant defect in KD cells compared with control
(Figure 3e). Next, we compared the effects of CIP4 silencing on the
invasive potential of H1299 and A549 cells using Matrigel-coated
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Figure 3. CIP4 promotes NSCLC cell motility and invasiveness.

(@) EGF-induced wound-closure assay of H1299 V, KD1 and KD2 cells.
Starved cells were treated with EGF (50 ng/ml). Images were taken at
time 0 and 21 h posttreatment. (b) Quantification of the area of the
wound closures for H1299 V, KD1 and KD2 cells. (c¢) H1299 V and
KD1 cells were seeded on opposing sides of a 35-mm p-Dish (Ibidi)
and grown to confluence prior to insert removal and live cell
confocal imaging. (d) Representative images of live cell migration
video taken at 0, 12 and 18 h (hr) postinsert removal and addition of
EGF (50 ng/ml). H1299 V cells are shown on right side of wound and
KD1 cells on the left side. (e) Quantification of total distances
migrated by individual cells. Cells that actively migrated were
tracked, and the distances migrated were calculated (N =40 cells for
each V and KD1). (f) Quantification of invasion through Matrigel by
H1299 V and KD1 cells. A modified Boyden chamber assay was used
with Matrigel as the matrix barrier. Cells were induced to invade
over 48h using complete medium with EGF (50 ng/ml) as the
attractant. DAPI-stained cells on the lower membrane surface were
counted from four different fields per membrane. (g) Quantification
of H1299 V and KD1 cell invasion in a spheroid invasion assay. Cells
were aggregated into spheroids and then induced to invade the
surrounding matrix for 7 days. The area of the cell mass was
calculated and considered as a measurement of cell invasion. All
experiments were performed three times in triplicate (graphs depict
mean + s.e.m., asterisk (¥) indicates significant differences between
cell lines (P < 0.05)).

transwell chambers. Interestingly, both H1299 KD and A549 KD
cells showed severe defects in cell invasion compared with their
respective controls (Figure 3f, Supplementary Figure S2d). To
further investigate the role of CIP4 in cell invasion, H1299 V and
KD cells were subjected to a spheroid cell invasion assay where
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the cells were grown as spheroids surrounded by ECM prior to
inducing cell invasion with the addition of serum. Similar to the
transwell assays, the H1299 KD cells displayed a dramatic
reduction in the ability to invade into the ECM (Figure 3g, see
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Supplementary Figure S3 for representative images). Overall, these
results identify CIP4 as a positive regulator of NSCLC cell motility
and invasion through ECM.

CIP4 promotes MMP-2 expression and activity in NSCLC

The effects of CIP4 silencing on cell invasion led us to investigate
whether there were abnormal levels of MMPs in the absence of
CIP4. As an initial screen, conditioned media (CM) from H1299 V
and KD cells were analyzed using a human MMP multiplex
platform. This analysis revealed that the levels of secreted MMP-2
were greatly reduced in the CM from the KD cells, whereas levels
of MMP-9 were slightly elevated (Figure 4a). To test whether
reduced levels of secreted MMP-2 correlated with reduced
enzymatic activity, the CM was analyzed using gelatin zymogra-
phy. The most prominent gelatin digestion bands corresponded
to the sizes of MMP-2 and MMP-9 for H1299 V CM, whereas
MMP-2 activity was reduced in KD CM (Figure 4b). Quantification
of these assays revealed a significant reduction in MMP-2 activity
but not MMP-9 activity in CM from CIP4 KD cells (Figure 4c). To
test whether CIP4 KD effects the expression or secretion of MMP-2
in H1299 cells, IBs were performed on lysates from V and KD cells.
In comparison with V control lysates, the levels of MMP-2 protein
were reduced in KD cell lysates (Figure 4d). To further define how
MMP-2 levels are regulated by CIP4, we measured MMP-2
transcript levels by quantitative reverse transcriptase-PCR. Com-
pared with control cells, CIP4 KD cells had a significant reduction
in levels of MMP-2 transcripts (Figure 4e; glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) served as an input control).
Also, the >60% reduction in MMP-2 transcripts likely explains the
differences observed in MMP-2 protein levels and activity.
Together, these data indicate that CIP4 promotes expression of
MMP-2 in H1299 cells and that this pathway promotes NSCLC cell
invasion.

CIP4 promotes NSCLC metastasis in mice

To test whether CIP4 regulates NSCLC tumor progression or
metastasis, H1299 V and KD subcutaneous tumors were estab-
lished in the flank of Rag2™’/~:IL-2Ryc™’/~ mice. At 5 weeks
postinjection, mice were killed, and tumors and several other
organs were harvested. As no overt changes in tumor size or
average tumor mass was observed for CIP4 KD (Figures 5a and b),
we tested whether CIP4 silencing was maintained in vivo. To do
this, we analyzed primary tumor homogenates by IB and observed
a clear reduction in CIP4 levels in H1299 KD tumors compared
with control (Figure 5¢; B-actin served as a loading control). Next,
we tested whether CIP4 KD affects MMP-2 expression during

<

Figure 4. CIP4 promotes MMP-2 expression in NSCLC cells.
(@) Concentrations of MMP-2 and MMP-9 proteins in CM from
H1299 V and KD1 cells. Values were calculated by Eve Technologies
using a human MMP multiplex assay. (b) Gelatin zymography of CM
from H1299 V and KD1 cells. In all, 10 pg protein per lane were
analyzed. Positions of MMP-2 and MMP-9 activity are indicated on
the right with size markers on the left. (c) Quantification of MMP-2
and MMP-9 activity by gelatin zymography. Bands of gelatin
digestion for MMP-2 and MMP-9 from H1299 V and KD1 CMs were
measured by densitometry. (d) IB analysis of MMP-2 in H1299 V and
KD1 cell lysates (10 pg protein per lane). Positions of MMP-2, CIP4
and p-actin are shown on the right with size markers on the left.
(e) Relative expression of MMP-2 transcripts in H1299 V and
KD1 cells. Total RNA was isolated and analyzed by quantitative
reverse transcriptase-PCR using MMP-2-specific primers and nor-
malized to GAPDH expression. All experiments were performed
three times in triplicate (graphs are shown as the mean +s.em.;
asterisk (*) indicates significant differences between cell lines
(P < 0.05)).
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Figure 5. CIP4 promotes NSCLC tumor metastasis in mice.
(@) Representative images of subcutaneous H1299 V and KD1
tumors 5 weeks after injection of Rag2™/ :IL-2Ryc™’~ mice (scale bar
is 2.5 mm). (b) Graph depicts primary tumor mass (mean + s.e.m.) for
mice injected with H1299 V and KD1 cells (N=13 mice/group from
three experiments). (c) CIP4 and MMP-2 expression in H1299 V and
KD1 tumor homogenates was determined by IB analysis. Protein
positions are indicated on the right. (d) Relative expression of
MMP-2 and Zeb1 transcripts in H1299 V and KD1 tumors. Total RNA
was isolated and analyzed by quantitative reverse transcriptase-PCR
using MMP-2- or Zeb1-specific primers and normalized to GAPDH
expression. (e) Spontaneous metastases to the lungs in mice
harboring H1299 V and KD1 subcutaneous tumors were detected
by GFP fluorescence in whole lung tissue (top) and scored from
H&E-stained lung sections (bottom; metastases are indicated by
arrows; scale bar indicates 50 um). (f) Graph depicts the numbers of
lung metastases (mean+s.e.m.) that were counted in a blinded
fashion (N=13 mice/group from three experiments). (g) Experi-
mental metastasis assays with H1299 V and KD1 cells injected
in the spleen were performed, and representative images of
H&E-stained sections are shown for the liver (top) and lung (lower;
scale bar indicates 50 pm). (h) Graph depicts the number of liver and
lung metastases after splenic injection of H1299 V and KD1 cells
(mean = s.e.m.; N =9 mice/group from three experiments; asterisk (¥)
indicates significant differences between cell lines (P < 0.05)).

tumor progression in vivo and observed significant reductions in
MMP-2 protein and mRNA levels compared with control tumors
(Figures 5c and d). As MMP-2 expression is regulated by an EGFR/
Erk/Zeb1 pathway that promotes EMT in NSCLC,*®* we extended

© 2015 Macmillan Publishers Limited

our study to Zeb1 expression. Like MMP-2, we observed a
significant reduction in Zeb1 transcript levels in CIP4 KD tumors
compared with control (Figure 5d). These results are consistent
with CIP4 enhancing the EGFR/Erk/Zeb1/MMP-2 signaling axis in
NSCLC tumors in mice. Further examination of various organs in
these mice harboring subcutaneous tumors revealed green
fluorescent protein (GFP)-positive micrometastases within the
lungs (Figure 5e). Although CIP4 silencing did not eliminate lung
metastases (Figure 5e), scoring of the numbers of metastases from
hematoxylin and eosin (H&E)-stained lung tissue sections revealed
a significant reduction in incidence compared with control mice
(Figures 5e and f). To extend on these findings, an experimental
metastasis model involving intrasplenic injections of H1299 V and
KD cells was performed. Following splenectomy, the mice
developed numerous metastases in the liver and lung within
4 weeks (Figure 5g). To quantify the number of tumors, H&E
staining of the liver and lung sections from each group were
analyzed, and significantly fewer liver metastases were observed
with CIP4 silencing (Figure 5h). A similar trend was observed in the
lungs, and together these results provide novel evidence that CIP4
promotes NSCLC tumor metastasis.

CIP4 is highly expressed in a subset of human NSCLC tumors and
is associated with poor prognosis

As CIP4 promoted NSCLC metastasis in mice, we investigated the
expression of CIP4 in human NSCLC tumors and normal lung
tissues. Initially, we surveyed CIP4 protein in homogenates
prepared from 13 paired samples of NSCLC primary tumors (T)
and adjacent normal (N) by IB and observed increased CIP4 levels
in most NSCLC tumors compared with normal tissues (Figure 6a).
CIP4 levels were normalized to B-actin, and densitometry revealed
a 25+0.3 (mean+s.e.m.) fold increase in CIP4 in NSCLC tumors
compared with the normal lung. To gain more insights into CIP4
expression within human NSCLC tumors, we performed immuno-
histochemistry (IHC) staining of CIP4 after validating the specificity
of CIP4 antisera by IB and IHC (Supplementary Figure S4; CIP4
Ab#2). Next, CIP4 IHC staining of human NSCLC tumor tissue
microarrays was performed and revealed low levels of CIP4 in
normal lung epithelium and increased expression in a subset of
NSCLC tumors, including adenocarcinomas and squamous carci-
nomas (Figure 6b). Using the H-score algorithm to quantify CIP4
IHC staining, we observed greater than twofold increase in CIP4
levels in tumors compared with normal tissues in 20/46 (43%) of
adenocarcinomas and 11/34 (32%) of the squamous carcinomas
(Figure 6c). These results indicate that CIP4 expression is weak in
normal lung tissue but, in certain NSCLC cases, becomes
upregulated during tumor progression. Interestingly, the web-
based Kaplan-Meier Plotter analysis tool**** revealed that lung
adenocarcinoma patients with high CIP4 transcript levels had
worse overall survival (Figure 6d; hazard ratio=3.28, P < 0.001).
These data are consistent with our mouse studies that implicate
CIP4 in promoting NSCLC metastasis, which is the leading cause of
cancer deaths.

DISCUSSION

This study identifies CIP4 as a positive regulator of EGFR-driven
lung adenocarcinoma cell invasion and tumor metastasis in vivo.
We observed less sustained activation of Erk kinase downstream
of EGFR in NSCLC cells with CIP4 KD. As Erk promotes Zeb1
expression and upregulation of EMT genes including MMmP-2,333¢
we tested effects of CIP4 KD on this axis. Indeed, CIP4 silencing in
NSCLC tumor xenograft assays led to reduced expression of Zeb1
and MMP-2 in primary tumors, and this correlated with reduced
metastases in these mice. These results are consistent with defects
in EGF-induced cell migration and invasion in CIP4 KD NSCLC cells
in vitro. In human NSCLC tissues, CIP4 protein levels were high in a
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Figure 6. CIP4 expression is elevated in NSCLC tumors and associated with poor overall survival. (@) CIP4 expression in human NSCLC tumors
(T) and normal adjacent tissues (N). CIP4 was detected by IB analysis. The relative expression level of CIP4 for each T/N pair was determined by
densitometry using f-actin as a loading control and presented as fold change. (b) Representative images of elevated CIP4 expression in NSCLC
adenocarcinoma and squamous carcinoma compared with adjacent-to-cancer and normal lung tissues. CIP4 protein was detected by IHC
analysis on two different lung cancer tissue microarrays. Scale bar indicates 20 um. (c) H-score distribution for individual cases of NSCLC
adenocarcinoma, squamous carcinoma, adjacent-to-cancer and normal tissues. (d) Kaplan-Meier plot comparing overall survival of lung
adenocarcinoma patients with high or low level CIP4 expression was prepared as described in Materials and methods.

subset of lung adenocarcinomas and squamous carcinomas
compared with normal lung tissues. Interestingly, high CIP4
transcript levels were significantly associated with reduced overall
survival in patients with lung adenocarcinoma. Together, these
results provide novel evidence that CIP4 promotes EGFR-driven
NSCLC cell invasion and tumor metastasis and that high CIP4
expression may be a biomarker linked to poor prognosis.
Several recent studies have functionally linked CIP4 to EGFR
trafficking'’ and downstream signaling to pathways controlling
cell motility and invasiveness.'®'>%"?® These functions of CIP4 are
likely due to its role as a hub for signaling to actin regulatory
proteins at sites of membrane curvature.'® This includes
coordinating actin polymerization surrounding membrane invagi-
nations during clathrin-mediated endocytosis by CIP4 and related
F-BAR proteins.'”'>*” In addition, recent studies identified CIP4
localization to membrane protrusions, including lamellipodia and
invadopodia.'®'??%%” In cortical neurons, CIP4 localization to
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lamellipodia was dependent on its F-BAR domain and
phosphatidylinositol-3 kinase activity, whereas negatively regu-
lated by Arp2/3-induced actin branching.'® It is likely that these
pathways regulate CIP4 localization dynamics to lamellipodia in
NSCLC cells. We also observed co-localization of CIP4 and N-WASP
in puncta below the leading edge membranes in H1299 cells,
which may correspond to its role as an activator of N-WASP.'*?’
Studies are ongoing to identify whether CIP4 regulates the
dynamics of lamellipodia formation, as recently described in
neurons and CLL,'®%* and identify the relevant binding partners of
CIP4 at the leading edge of NSCLC cells.

Here we show that CIP4 silencing in NSCLC cell lines (H1299 and
A549) causes defects in EGF-induced cell motility and invasion
through ECM. This is a similar phenotype to a previous study of
CIP4 function in MDA-MB-231 breast cancer cells.'> However,
unlike MDA-MB-231 cells, our NSCLC cell models lacked detect-
able invadopodia and ability to focally degrade ECM (data not
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shown). In MDA-MB-231 cells expressing activated Src, the
internalization of MT1-MMP occurs via a CIP4-dependent pathway
regulated by phosphorylation of CIP4 by Src.'® Although H1299
cells lack MT1-MMP, they express high levels of MMP-2 and -9 and
are highly invasive.3®3 By profiling the levels of secreted MMPs in
CIP4 KD NSCLC cells, we identified a significant reduction in
MMP-2 levels. This difference was also observed at the level of
MMP-2 gene expression, which may be explained by less
sustained Erk activation in CIP4 KD cells. It is worth noting that
recent studies identify an EGFR/Erk pathway as critical for MMP-2
expression and the invasive phenotype of NSCLC cells.33%¢ As
MMP-2 is also part of the EMT signature, this could be consistent
with recent studies linking CIP4 to promoting EMT in kidney
epithelial cells and mesothelial cells.***' As E-cadherin can
antagonize EGFR-driven EMT in NSCLC cells,*® and the Drosophila
CIP4 ortholog is implicated in E-cadherin internalization,*? this
may contribute to the defects we have observed in EGFR signaling
and MMP-2 expression. Although H1299 cells do not express
E-cadherin, we have observed defects in Zeb1 expression in CIP4
KD tumors. As MMP-2 is a Zeb1 target gene, this likely explains the
reduced levels of MMP-2 in CIP4 KD NSCLC cells and tumors. Thus
CIP4 is an emerging regulator of EMT in NSCLC that contributes to
metastasis.

In our study, CIP4 was shown to enhance MMP-2 expression
and the incidence of metastases in NSCLC tumor-bearing mice.
These findings are highly consistent with CIP4 promoting NSCLC
cell motility and invasion through ECM in vitro. This is the first
report of CIP4 function in NSCLC tumor progression and
metastasis and potentially relevant to other EGFR-driven cancer
models. Recently, CIP4 has been identified as a positive regulator
of osteosarcoma tumor growth and lung metastasis.”® Another
study suggests that CIP4 may have opposing roles in cancers
depending on differential methylation of the trip10/cip4 gene
promoter.** They found that ectopic expression of CIP4 in
neuroblastoma cells enhanced tumor growth; while the opposite
effects were observed in an ovarian cancer cell model.”* The
contrasting functions of CIP4 in tumor progression may also
reflect differences in driver mutations and signaling pathways
associated with these cancer types. In our study, CIP4 promotes
metastasis of EGFR-driven NSCLC tumors to the lungs in mice
harboring subcutaneous tumors. As CIP4 silencing also reduced
the numbers of liver and lung metastases in an intrasplenic model,
we believe that CIP4 functions in promoting extravasation and
seeding efficiency of circulating tumor cells. It is interesting to
note that extravasation of T cells was also defective in CIP4
knockout mice during contact hypersensitivity reactions.® In
addition, CIP4 also promotes Zeb1 and MMP-2 expression in
primary tumors, likely contributing to early steps in the cancer
metastasis process.

Our study also identified high CIP4 protein levels in a subset of
human lung adenocarcinomas and squamous carcinoma tissue
specimens. As there was limited clinical data associated with these
tissue microarrays, we queried the microarray databases linked to
lung adenocarcinoma patient outcomes. Interestingly, low levels
of CIP4 was associated with > 70% overall survival compared with
high CIP4 levels and < 20% overall survival probability. Similar
analyses of CIP4 family members (Toca-1 and FBP17), or binding
partners (Cdc42 and N-WASP), failed to show an association with
overall survival (data not shown). It will be important to further
test the potential association between CIP4 and MMP-2 levels with
NSCLC clinical parameters and patient outcomes. Also, mechan-
isms controlling CIP4 expression in NSCLC tumors should be
explored. Future studies aimed at disrupting CIP4-mediated
signaling networks in these cancers may protect against
metastasis and improve patient outcomes.
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MATERIALS AND METHODS
Cell lines and antibodies

Normal lung epithelial cell line NL20 and NSCLC cell lines were previously
described.** NCI-H1299 cells (American Type Culture Collection, Manassas,
VA, USA) were grown in Dulbecco's modified Eagle's medium (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% fetal bovine serum
(PAA, Etobicoke, ON, Canada); A549 cells (kindly provided by Dr Susan
Cole, Queen’s University) were grown in RPMI (Sigma) supplemented with
5% fetal bovine serum and 1% L-glutamine. CIP4 antibodies include rabbit
anti-CIP4 Ab#1 used for IB'" and rabbit anti-CIP4 Ab#2 used for IHC (raised
and affinity purified using the peptide QDTPIYTEFDEDFEE, Open Biosys-
tems, Huntsville, AL, USA). Commercial antibodies included: CIP4, N-WASP,
pS2448-mTOR, pS473-Akt, pT308-Akt and Akt1/2 were from Cell Signaling
Technology (Danvers, MA, USA); EGFR, pY1068-EGFR and phycoerythrin-
conjugated mouse anti-human EGFR were from BD Bioscience (Mis-
sissauga, ON, Canada); and ERK1, pERK, 3-actin, MMP-2, a-actinin and EGFR
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell lysis and 1B

NSCLC cell lines in growth media were lysed using NP-40 Lysis Buffer
(20 mm Tris=HCl, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40,
10 pg/ml aprotinin, 10 pg/ml leupeptin, 1 mm NasVO, 100 um phenyl-
methylsulfonyl fluoride). For some experiments, cells were starved of
serum and treated with EGF (100 ng/ml; Peprotech, Rocky Hill, NJ, USA)
prior to cell lysis. IB analysis was performed with antibodies: CIP4 (1:1000),
EGFR (1:2500), pY1068-EGFR (1:1000), ERK1 (1:1000), pERK (1:1000), B-actin
(1:1000), pS2448-mTOR (1:1000), a-actinin (1:1000), MMP-2 (1:1000), pS473-
Akt (1:1000), pT308-Akt (1:1000), and Akt1/2 (1:1000). Horseradish
peroxidase-conjugated sheep anti-mouse immunoglobulin (1:10000; GE
Healthcare (Mississauga, ON, Canada)) or goat anti-rabbit immunoglobulin
(1:10000; GE Healthcare) and enhanced chemiluminescence (ECL Western
Blotting Substrate; Thermo Scientific, Waltham, MA USA) were used for
detection.

Lentivirus production and stable CIP4 silencing

Stable CIP4 KD was achieved in H1299 and A549 cell lines using a pLKO.1-
based lentiviral system (Open Biosystems), as described previously.10 Viral
supernatants were titered on H1299 cells and added to H1299 and A549
cells at a multiplicity of infection of ~3:1 and selected using puromycin
(2 pg/ml). For tumor studies, control and CIP4 KD cells were transduced
with pWPXLd to provide a GFP marker.

Surface biotinylation assays

H1299 V, KD1 and KD2 cells were grown in 35-mm dishes to 80-90%
confluency. Cells were starved overnight and then placed on ice for
20-30 min to inhibit receptor internalization, and surface biotinylation
assays performed as described previously.'°

Cell migration and invasion assays

Scratch wound migration assays were performed on H1299 V and KD cells
as previously described.' For A549 cells, a 35-mm u-Dish (Ibidi (Verona, WI,
USA)) was used with complete media containing EGF (50 ng/ml) for 9 h. For
live-cell migration assays, H1299 V and KD1 cells were grown to confluence
in either side of a 35-mm p-Dish (lbidi), serum starved overnight and
culture insert removed prior to imaging on a Quorum WaveFX-X1 spinning
disc confocal microscope (Quorum Technologies Inc., Guelph, ON, Canada).
Images were captured every 15 min for 18 h. Videos were created using the
MetaMorph Microscopy Automation and Image Analysis Software (Mole-
cular Devices, Sunnyvale, CA, USA). The migration distance of individual
cells was measured using the Image J software with Manual Tracker and
Click Forward add-ons (Bethesda, MD, USA). Transwell invasion assays were
performed as previously described.'® A549 cells were treated with TGF-B1
(2 ng/ml) prior to these assays to enhance their invasiveness. After 48 h,
DAPI-stained cells were imaged by epifluorescence microscopy (four fields/
insert) and scored using Image Pro Plus (Media Cybernetics, Rockville, MD,
USA).

Spheroid cell invasion assay

The invasive ability of the H1299 V and KD cells was investigated using the
Cultrex 96 Well 3-D Spheroid BME Cell Invasion Assay according to the
manufacturer’s instructions (cat no. 3500-096-K; Trevigen Inc,
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Gaithersburg, MD, USA). Briefly, 3000 cells were resuspended in spheroid
formation ECM solution and gently pelleted in a 96-well round bottom
spheroid formation plate. After 3 days, spheroids were imaged. To induce
invasion, the invasion matrix and medium were added to each well. Cells
invaded the surrounding matrix for 7 days, and images were captured. The
area of each cell mass (preinvasion and postinvasion) was measured. The
difference in the areas was considered to be a measurement of cell
invasion.

Gelatin zymography and MMP array

Gelatin zymography was performed to determine MMP-2 and MMP-9
activity in CM (0.5% fetal bovine serum/DMEM). Samples were analyzed in
SDS-PAGE (sodium dodecyl sulfate—-polyacrylamide gel electrophoresis)
gels containing 0.2% (w/v) gelatin as previously described.> CM from
H1299 V and KD cells were also analyzed using a Human MMP & TIMP
Array Discovery Assay (Eve Technologies Corporation, Calgary, AB, Canada).

RNA purification, cDNA synthesis and quantitative reverse
transcriptase-PCR

Total RNA was purified from cultured cells and tumor tissues using Trizol
(Life Technologies, Burlington, ON, Canada). First-strand cDNA was
synthesized using the iScript Select c¢cDNA Synthesis Kit (Bio-Rad,
Mississauga, ON, Canada). Quantitative PCR was performed using iQ SYBR
Green Supermix Kit (Bio-Rad). Primer sequences were: MMP-2 forward 5'-
AGCTCCCGGAAAAGATTGATG-3/, MMP-2 reverse 5-CAGGGTGCTGGCTG
AGTAGAT-3/, Zeb1 forward 5'-GTAGAGGATCAGAATGACTCTG-3', Zeb1
reverse 5-CCAGAATGTAATCGCATGTGTTC-3/, GAPDH forward 5-GCCTTCC
GTGTCCCCACTGC-3’, and GAPDH reverse 5-CAATGCCAGCCCCAGCGTCA-3'.

Immunofluorescence

H1299 cells growing on glass coverslips coated with 10 ug/ml fibronectin
(Roche, Mississauga, ON, Canada) were fixed (4% paraformaldehyde),
permeabilized (0.2% Triton-X100) and incubated in blocking buffer (5%
goat serum, 5% bovine serum albumin) for 30 min. Primary antibodies
(mouse a-CIP4, 1:100; rabbit a-N-WASP, 1:100) were detected with
appropriate secondary antibodies (Invitrogen, Burlington, ON, Canada).
Images were acquired by confocal microscopy.

Tumor xenograft assays

H1299 V and KD1 cells (10° cells/100 ul DMEM) were subcutaneously
injected into the left flank of 6-8-week male Rag2™/~:IL-2Ryc™’~ mice as
previously described' For experimental metastasis assays, intrasplenic
injections of Rag2™/:IL-2Ryc™’~ mice with H1299 V and KD1 cells (50 000
cells/50 ul DMEM) were performed on exteriorized spleens. After 3-5 min,
the splenic vein and artery were ligated, and the spleen was removed.
After 4 weeks, the mice were killed, and tissues were analyzed as above. All
experiments were approved by the Queen’s University Animal Care
Committee in accordance with Canadian Council for Animal Care
regulations.

Human lung tissue samples and IHC

Tumor and adjacent normal lung tissues were acquired at initial diagnosis
of 13 NSCLC patients (age 48-75 years; stage lI-lll; Ontario Tumor Bank,
Toronto, ON, Canada) and subjected to IB analysis. Human lung cancer
tissue microarrays (LC1005, LC1501, US Biomax, Inc., Rockville, MD, USA)
were stained using the Discovery XT Staining System (Ventana Medical
Systems, Inc., Tucson, AZ, USA). Antigens were retrieved with an EDTA pH
8.0 solution and incubated with rabbit anti-CIP4 Ab #2 (1:10). CIP4 IHC
staining was visualized using DAB and a hematoxylin counterstain.
Microarrays were scanned using the Aperio CS digital slide scanner
(Queen'’s Laboratory for Molecular Pathology) and analyzed with the
ImageScope software (Aperio, Leica Biosystems, Concord, ON, Canada).
Tumor-specific H-scores were calculated based on positive pixel intensity
according to the formula: (% weak positive x 1)+(% positive x 2)+(% strong
positive x 3). For analysis of CIP4 transcripts in lung adenocarcinoma
microarray studies, a Kaplan-Meier curve for overall survival was created
using the Kaplan-Meier Plotter (www.kmplot.com) with patients grouped
according to high and low expression of Trip10. Hazard ratio (with 95%
confidence interval) and logrank P-values were calculated and are
displayed on the graph.
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Statistical analysis

All experiments were performed at least three times, and graphs depict
mean +s.e.m. Paired Student’s t-test were performed to compare V and KD
cell lines, with significant differences defined by P < 0.05.
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