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Abstract

Objectives: The ability of tumor cells to drive angiogenesis is an important cancer hallmark that
positively correlates with metastatic potential and poor prognosis. Therefore, targeting
angiogenesis is a rational therapeutic approach and dissecting proangiogenic pathways is
important, particularly for malignancies driven by oncogenic KRAS, which are widespread and
lack effective targeted therapies. Based on published studies showing that oncogenic RAS
promotes angiogenesis by upregulating the proangiogenic NF-xB target genes IL-8 and VEGF,
that NF-xB activation by KRAS requires the IKKp kinase, and that targeting IKKp reduces
KRAS-induced lung tumor growth /n vivo, but has limited effects on cell growth /in vitro, we
hypothesized that IKKp targeting would reduce lung tumor growth by inhibiting KRAS-induced
angiogenesis.

Materials and Methods: To test this hypothesis, we targeted IKKp in KRAS-mutant lung
cancer cell lines either by siRNA-mediated transfection or by treatment with Compound A
(CmpdA), a highly specific IKKp inhibitor, and used in vitro and in vivo assays to evaluate
angiogenesis.

Results and coclusions: Both pharmacological and siRNA-mediated IKKp targeting in lung
cells reduced expression and secretion of NF-xB-regulated proangiogenic factors IL-8 and VEGF.
Moreover, conditioned media from IKKp-targeted lung cells reduced human umbilical vein
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endothelial cell (HUVEC) migration, invasion and tube formation /n vitro. Furthermore, sSiRNA-
mediated IKK inhibition reduced xenograft tumor growth and vascularity /n vivo. Finally, IKK@
inhibition also affects endothelial cell function in a cancer-independent manner, as IKKf
inhibition reduced pathological retinal angiogenesis in a mouse model of oxygen-induced
retinopathy. Taken together, these results provide a novel mechanistic understanding of how the
IKKp pathway affects human lung tumorigenesis, indicating that IKKp promotes KRAS-induced
angiogenesis both by cancer cell-intrinsic and cancer cell-independent mechanisms, which
strongly suggests IKKp inhibition as a promising antiangiogenic approach to be explored for
KRAS-induced lung cancer therapy.
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1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide and KRAS-mutant lung
cancers account for approximately 25% of non-small cell lung carcinomas [1,2]. As with
other KRAS-driven malignancies, KRAS-driven lung cancer lacks specific targeted
therapies [3,4]. Most strategies currently being pursued to target KRAS involve inhibiting
effectors that promote proliferation and survival, proteins that display synthetic lethality with
mutant KRAS and proteins involved in mediating KRAS-induced metabolic changes [5-7].
Interestingly, KRAS-targets involved in promoting tumor angiogenesis remain
underexplored. This is surprising given the fact that the ability to drive angiogenesis is
crucial, not only for primary tumor growth, but also for metastatic dissemination. Therefore,
characterization of novel druggable targets involved in promoting KRAS-induced
angiogenesis could lead to novel therapeutic alternatives for lung cancer, as well as other
RAS-driven cancers.

Oncogenic Ras not only initiates tumor formation by stimulating proliferation, but also
ensures tumor progression by promoting tumor angiogenesis [8,9]. Different pathways
downstream of oncogenic Ras have been implicated in promoting tumor angiogenesis
ultimately by leading to transcriptional upregulation of vascular endothelial growth factor
(VEGF) and CXC chemokine interleukin-8 (I1L-8) [8,10-13]. Both VEGF and IL-8 have
been shown to play an essential role in tumor angiogenesis mediated by Ras [10,14,15].
VEGF inhibition by antisense technology in KRAS-mutated colon cancer cell lines blocks
their ability to form xenograft tumors, whereas VEGF expression in nontumorigenic KRAS
wildtype isogenic cell lines partially restores their tumorigenicity [14]. In addition, when
compared to HRAS-transformed wildtype murine embryonic fibroblasts (MEFs), HRAS-
transformed VEGF null MEFS display impaired ability to grow as fibrosarcomas /7 vivo due
to reduced vascular density and permeability [15]. Finally, inhibition of oncogenic Ras
expression or administration of an IL-8 neutralizing antibody in HRASY12 Hela cell
xenografts inhibits tumor vascularization and attenuates tumor growth [10]. Interestingly,
both VEGF and IL-8 are targets of the transcription factor NF-xB [16], which, in turn, is
activated by oncogenic KRAS in lung tumors /n situand is required for KRAS-induced lung
tumorigenesis [17,18].
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Canonical NF-xB activation under most circumstances is mediated by activation of the
IkappaB kinase (IKK) complex, which is comprised of two catalytic subunits (IKKa and
IKKP) and a regulatory subunit (IKK-y). Once activated, the IKK complex phosphorylates
the inhibitory protein IxBa (IxBa), which interacts with NF-xB and sequesters it in the
cytoplasm. Upon phosphorylation by IKK, 1xBa undergoes rapid ubiquitination and
proteasome-mediated degradation, thereby releasing NF-xB to translocate to the nucleus
where it regulates target gene transcription [16]. Not surprisingly, NF-xB activation by
oncogenic KRAS in the lung involves the IKK complex. In fact, Duran et al [19] showed
that oncogenic KRAS activates the IKK complex through the signaling adaptor p62 and
TRAF®6. In addition, NF-xB activity in both murine and human KRAS-transformed lung
cancer cells requires IKKP kinase activity [18].

Based on this evidence, we hypothesized that targeting the IKKp kinase, which is a
druggable target in the KRAS-mediated NF-xB activation pathway, would limit lung tumor
growth by inhibiting KRAS-induced angiogenesis. In support of this hypothesis, endothelial
deletion of IKKp during development leads to partial embryonic lethality due to impaired
liver angiogenesis and formation of hypovascular placentae [20,21]. Adult mice with
endothelial deletion of IKK display increased vascular permeability and decreased vascular
migration capacity [21]. Finally, we and others have shown that IKKp targeting only
minimally affects KRAS-mutant lung cell growth /n vitro, nonetheless it significantly
reduces KRAS-induced lung tumor growth /n situ [22,23].

Here, we show that VEGF and IL-8 secretion by KRAS-positive lung cancer cells requires
IKKp. Moreover, conditioned media from IKKp-targeted KRAS-mutant lung cells reduces
endothelial cell migration, invasion and tube formation /n vitro. Furthermore, SiRNA-
mediated IKK@ inhibition reduces KRAS-positive lung cancer xenograft tumor growth and
vascular density /n vivo. Finally, we determined that IKKp inhibition can affect endothelial
cell function in a cancer-independent manner as well, as systemic IKK@ inhibition therapy
reduces pathological retinal angiogenesis in a mouse model of neonatal retinopathy. Taken
together, these results suggest that IKK is an important mediator of KRAS-induced
angiogenesis, and that IKKp promotes angiogenesis both by cancer cell-dependent and -
independent mechanisms. Therefore, IKK inhibition therapy may provide a clinical
therapeutic benefit for lung cancer patients harboring KRAS mutations.

2. Material and Methods
2.1 Cell Culture

Cell passages were kept to a minimum and no cells were passaged continuously for more
than six months. Human non-small cell lung cancer cell lines harboring KRAS mutations
A549 (KRASC12S: ATCC CCL-185) and H358 (KRASG12C; ATCC CRL-5807) were grown
in RPMI 1640 (Thermo Fisher Scientific), supplemented with 10% (vol/vol) fetal bovine
serum (FBS) (Sigma-Aldrich). Cells were treated with the highly specific IKKp inhibitor
Compound A (CmpdA) [24] (Bayer) or vehicle control dimethyl sulfoxide (0.1% DMSO) as
indicated (see figure legends). HUVEC Cells (Lonza Group) were cultured at 37°C, 5%
(v/v) COs in endothelial growth medium (EGM, Lonza Group) supplemented with
epidermal growth factor (hEGF), vascular endothelial growth factor (VEGF), R3-insulin-like
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growth factor-1 (R3-IGF-1), ascorbic acid, hydrocortisone, human fibroblast growth factor B
(hFGF-B), heparin, FBS, and gentamicin/amphotericin-B (GA).

2.2 siRNA Transfections

Cells were seeded in 6-well-plates at a density of 1 x 10° cells/well 12 hours before
transfection and siRNA transfections were performed with 50 nM of either a non-targeting
siRNA control or siRNA smartpools targeting IKKp or KRAS (Dharmacon) according to the
manufacturer’s instructions. Cells were collected for RNA analysis 72 hours after
transfection and for protein analysis 96 hours after transfection.

2.3 RNA isolation and cDNA synthesis

Total RNA was isolated using Trizol reagent (Thermo Fisher Scientific) following the
manufacturer’s protocol. To synthesize cDNA, 1 pg RNA and Superscript 111 reverse
transcriptase (Thermo Fisher Scientific) were used, followed by real-time PCR analysis
performed in a 7300 Real-Time PCR System Step (Applied Biosystems) using SYBR®
Green Master Mix (Thermo Fisher Scientific) and 200 nM gene-specific forward or reverse
primers designed using Primer Express 3 software (Applied Biosystems). The sequences
used for each primer pair were as follows: IKKp (F, 5’-GCCCTTCCTCCCCAACTG-3’ and
R, 5’-TCTTCTGCCGCATTTTGAA-3’), KRAS (F, 5’-CCCAGGTGCGGGAGAGA-3’ and
R, 5’-CAGCTCCAACTACCACAAGTTT-3"), GAPDH (F, 5’-
ACCCACTCCTCCACCTTTGA-3’ and R, 5’-ACCGAGCCATTTCATTTCTG-3’), IL-8 (F,
5’-CTGGACCCCAAGGAAAACTG-3’ and R, 5°-
TGTGCCATCAACCTTACCAATAA-3"); and VEGF (F, 5’-
AGTGGTGAAGTTCATGGATGT-3’ and R, 5’-GCACACAGGATGGTTGAAGA-3)".
Relative quantitation was performed by the AACt method using GAPDH as endogenous
control.

2.4 Western Blotting

Whole cell lysates were prepared using RIPA buffer (20 mM Tris—HCI pH 7.5, 150 mM
NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40) containing protease and phosphatase
inhibitors (1 pg/mL leupeptin, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1
mM B-glycerophosphate, 1 mM NagVOy). Lysates (25 pg protein/lane) were electrophoresed
in 12 to 15% polyacrylamide minigels, using Mini-PROTEAN® vertical electrophoresis cell
(Bio-Rad). Electrophoresis was conducted with running buffer containing 25 mM Tris, 190
mM glycine, and 0.1% SDS, at 120 V for 60-90 minutes. Proteins were transferred to
nitrocellulose membranes (Bio-Rad), with Towbin buffer (25 mM Tris, 192 mM glycine,
20% methanol) at 30 V for 16 hours. Membranes were blocked with 5% BSA in TBST (20
mM Tris, pH 7.5, 150 mM NacCl, 0.1% Tween-20) for 1 hour. Finally, membranes were
incubated with primary antibodies, followed by incubation with fluorescently labelled
secondary antibodies. Fluorescence detection was performed using ODYSSEY (Li-Cor
Biosciences). The following primary antibodies were used: anti-GAPDH (Santa Cruz
Biotechnology), anti-B-actin (Sigma-Aldrich), anti-PanRAS (Merck Millipore), anti-IKKp
(Cell Signaling Technology), anti-phospho-1xBa.S€r32 (Cell Signaling Technology) and anti-
IxBa (Cell Signaling Technology). Primary antibodies were used at a dilution of 1:1000 in
TBST, containing 5% BSA and 0.1% NaNg3, and incubated for 16 hours at 4°C, with the
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exception of the anti-B-actin antibody, that was used at a 1:7000 dilution. The following
secondary antibodies were used: anti-rabbit Alexa Fluor® 680 (Thermo Fisher Scientific)
and anti-mouse Alexa Fluor® 680 (Thermo Fisher Scientific). All secondary antibodies
were used at a dilution of 1:15000 in TBST and incubated for 1 hour at room temperature.
Protein bands of interest were quantitated by densitometry using ImageJ software, expressed
relative to the endogenous control (B-actin or GAPDH) and normalized to the reference
sample as indicated in the figure legends.

2.5 ELISA Assay

Ab49 or H358 cells were transfected with siRNAs as previously described and at 96 hours
post-transfection, the culture medium was replaced with serum-free medium for 24 hours
and the culture medium was collected and stored at —80°C until analysis. IL-8 and VEGF
protein levels in the culture medium were measured by ELISA assay using commercially
available CytoSet Human IL-8/CXCL8 Quantikine kit and CytoSet Human VEGF
Quantikine kit (R&D Systems), respectively, as described by the manufacturer.

2.6 Migration and Invasion Assays

Migration assays were performed using 24-well transwell inserts with 8 um pore membrane
filters (Corning) and invasion assays were performed using matrigel-coated 24-well
transwell inserts with 8 um pore membrane filters (Corning). For both assays, conditioned
medium from A549 cells transfected with a non-targeting control siRNA (siCtrl) or with
SiRNA smartpools targeting KRAS (siKRAS) or IKKB (silKKp) was collected at 96 hours
post-transfection and 500 pul were added to the lower chamber to be used as chemoattractant.
Supplementation of conditioned media with 5 ng/ml IL-8 and 5 ng/ml VEGF was performed
as indicated. 1 x 10° HUVEC cells were resuspended in 500 pl serum-free medium, added
to the upper chamber and incubated for 24 hours at 37°C in 5% CO,. Nonmigrating cells
were scraped off the upper surface of the membrane with a cotton swab, and migrating cells
on the bottom surface were stained with crystal violet. Images were obtained under an 1X51
Inverted Microscope (Olympus). Cells from five random fields of view from three
independent experiments were counted.

2.7 Tube Formation Assay

Formation of capillary-like structures (tubes) was assessed in a matrigel-coated 24-well
plate. Briefly, 250 pl/well of reduced growth factor matrigel (BD Biosciences) were
transferred to a 24-well plate on ice and allowed to gellify at 37° C for 30 minutes. A549
cells were transfected as described above with a non-targeting control siRNA (siCtrl) or with
a siRNA smartpool targeting IKKB (silKKp) and conditioned medium was collected at 96
hours post-transfection. HUVECs were resuspended in conditioned medium as indicated
above and were seeded at a density of 1 x 10° cells per well in a final volume of 300 pL and
incubated at 37°C for 6 hours. Capillary-like tube formation was observed, and images were
obtained under an IX51 Inverted Microscope (Olympus). Numbers of closed capillary tubes
were counted in five visual fields per condition from three independent experiments.
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2.8 Tumor growth assay

All animal studies were carried out in accordance with the guidelines and regulations for
research and teaching involving animals of the National Counsil for Control of Animal
Experimentation (Conselho Nacional de Controle de Experimentacdo Animal-CONCEA).
The study protocols were approved by the Animal Use Ethics Committee (Comisséo de
Etica no Uso de Animais - CEUA) of the Chemistry Institute of the University of Sdo Paulo.
Briefly, siRNA-transfected A549 cells (1 x 106) were resuspended in 100 ul RPMI medium
and subcutaneously inoculated into each flank of 6-week-old, male Balb/C nude mice in
pathogen-free conditions at the University of Sdo Paulo Chemistry Institute Animal Facility.
Mice were monitored every 3 days for the appearance of tumors, and tumor volumes were
determined by direct diameter measurement with a caliper. Animals were sacrificed by CO,
euthanasia 55 days after inoculation, and tumor weight was determined. Tumor volumes
were calculated using the following equation: width? x length x 0.5.

2.9 Immunofluorescence

Xenograft tumors were dissected, incubated for 1 hour with 4% paraformaldehyde and
allowed to soak in 30% sucrose overnight. Tumors were then embedded in OCT compound
(Tissue-Tek) and processed into 14 pm sections using a cryostat (Microm HM 500 OMV
Cryostat Microtome). Sections were air-dried for 2 hours at room temperature and stored at
—80°C. On the day of the experiment, sections were rehydrated in 0.1 M phosphate buffer
saline (PBS, pH 7.4) for 10 minutes and blocked in PBS containing 0.2% bovine serum
albumin (Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-Aldrich) for 1 hour at room
temperature. Next, for CD31 staining, sections were incubated overnight at 4°C with 1:10
dilution of the CD31 antibody (PECAM, rat monoclonal, clone MEC13.3, BD Pharmingen),
washed with PBS and incubated for 2 hours at room temperature with 1:200 dilution of anti-
mouse Alexa-647-conjugated secondary antibody (Jackson ImmunoResearch). Alternatively,
for IKK staining, sections were incubated overnight at 4°C with 1:100 dilution of the IKKf
antibody (Cell Signaling Technology), washed with PBS and incubated for 2 hours at room
temperature with 1:200 dilution of anti-mouse Alexa-488-conjugated secondary antibody
(Jackson ImmunoResearch). Finally, slides were mounted in gel/mount (Biomeda Corp) and
analyzed under an Axioskop microscope equipped with Axiocam MRc5 camera (Zeiss).

2.10 Oxygen-induced retinopathy (OIR) model analysis

A well-established mouse model of oxygen-induced retinopathy was performed as reported
[25,26]. Briefly, litters of newborn C57BL/6 mice on postnatal day 7 and their mothers were
placed in an airtight incubator and exposed to an atmosphere of 75% O, (hyperoxia) for 5
days. Incubator temperature was maintained at 23°C, and O, was measured three times per
day with an oxygen analyzer. On postnatal day 12, mice were returned to room air. CmpdA
(10 mg/Kg body weight) was administered subcutaneously or intraperitoneally on postnatal
days 12, 14 and 16. Vehicle alone (DMSO) or PBS were administered similarly as controls.
Animals were sacrificed by CO, euthanasia on postnatal day 17, the eyes were removed with
a curved forceps and were immediately fixed in 4% paraformaldehyde for 30 minutes. Using
a dissecting forceps, the cornea was cut and the retinas isolated. Retinas were then
permeabilized for 30 minutes by incubation in PBS containing 0.5% Triton X-100 and
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stained with GS-1B4 isolectin conjugated to Alexa Fluor 594 (Thermo Fisher Scientific)
overnight at 4°C (10 pg/ml in PBS 0.5% Triton X-100). Under a dissecting microscope four
incisions were made on the retina at 90-degree angles, forming four similarly sized
quadrants united by the retina centre, the optic nerve region. The retinas were mounted on
glass slides with Vectashield mounting medium (MVector Laboratories) and covered with
cover slips. Images were obtained on a fluorescence zoom microscope Axio Zoom V16
(Zeiss). Quantitation of angiogenic vessels was made in Adobe Photoshop as described
[25,26]. Briefly, using the polygonal lasso tool, the entire retina was selected and the total
number of pixels was obtained in the histogram. Next, using the magic wand tool, the
vascular area was selected, and the number of pixels was obtained. The angiogenic area was
calculated as a percentage of the total retinal area as follows: number of pixels of angiogenic
vessels / number of pixels of the entire retina x 100.

2.11 Statistical analysis

All values are presented either as average = SD or as representative images of at least three
independent experiments. Statistical analysis was performed using Prism 5 (GraphPad
Software). All data have been evaluated for normality of distribution. In order to assess
differences within groups, we used one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test. For pairwise comparisons, we used a non-parametric
Student’s t test. Differences were considered statistically significant at p<0.05.

3. Results

3.1 IKKpB targeting in KRAS-positive lung cells reduces IL-8 and VEGF expression and

secretion.

Given our hypothesis that IKKp promotes KRAS-induced angiogenesis, which relies on
KRAS-induced VEGF and IL-8 secretion [10,14], and given that VEGF and IL-8 are
transcriptional targets of NF-xB [16], a transcription factor activated by oncogenic KRAS in
the lung in an IKKB-dependent manner [18], we decided to investigate whether IKKp
targeting would affect VEGF and IL-8 expression. First, we tested whether the IKKp
inhibitor CmpdA could inhibit IKKB-mediated signaling in KRAS-mutant A549 and H358
cells. CmpdA treatment reduced phosphorylation of the IKKp substrate 1xBa while, at the
same time, it increased total IxBa levels (Fig. 1a), thus confirming CmpdA’s inhibitory
activity. In agreement with our hypothesis, IKK@ targeting with CmpdA in A549 and H358
cells significantly reduced VEGF and IL-8 expression (Fig. 1b). Moreover, siRNA-mediated
inhibition of KRAS or IKKp expression resulted in decreased RAS protein levels and led to
undetectable levels of IKKp protein (Fig. 1c). Because the antibody used to detect RAS
recognizes all three RAS isoforms (H-, K- and NRAS), we also used qPCR to evaluate the
efficacy of our sSiRNA-mediated targeting. As can be seen in Fig. 1d, sSiRNA-mediated
KRAS targeting in A549 and H358 cells decreased KRAS mRNA levels by 96.5% and
88.7%, respectively. sSiRNA-mediated IKKp targeting in A549 and H358 cells led to a
similar reduction of IKKp mRNA levels (of 84.7% and 60.87%, respectively) (Fig. 1d).
These results indicate that our sSiRNA-mediated silencing approach was effective. As
expected, KRAS silencing reduced I1L-8 mRNA expression by 70.88% and 55.01% and
VEGF mRNA expression by 30.95% and 20.78% in A549 and H358 cells respectively (Fig.
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1e). Consistent with the idea that IKK mediates KRAS-induced IL-8 and VEGF
expression, siRNA-mediated IKKp silencing in A549 and H358 cells caused a reduction in
IL-8 and VEGF expression that matched the one observed by KRAS silencing: a reduction
of 69.29% and 61.35% in IL-8 mMRNA levels and of 21.53% and 33.18% in VEGF mRNA
levels in A549 and H358 cells respectively (Fig. 1f). More meaningfully, both KRAS and
IKKPB siRNA-mediated silencing in KRAS-mutant cells led to reduced VEGF and IL-8
secretion (Fig. 1g). These results indicate that IKKP promotes KRAS-induced expression
and secretion of proangiogenic factors VEGF and IL-8.

3.2 IKKpB targeting in KRAS-mutant lung cancer cells decreases endothelial cell
migration, invasion and tube formation in vitro

For neovascularization to occur during tumor angiogenesis, endothelial cells have to migrate
in response to proangiogenic factors and have to self-organize into tubular structures that
will give rise to new vessels [27]. Since IKKP targeting in KRAS-positive cells reduces
VEGF and IL-8 secretion, we decided to investigate how IKKp targeting in KRAS-mutant
cancer cells would affect endothelial cell migration, invasion and tube formation /n vitro. For
that purpose, we evaluated human umbilical vein endothelial cells (HUVEC) migration and
invasion using transwell assays, where conditioned medium from A549 cells with sSiRNA-
mediated inhibition of KRAS or IKKB was used as chemoattractant. Compared to
conditioned medium from A549 cells transfected with a non-targeting siRNA control
(siCtrl), conditioned medium from KRAS- or IKKp-targeted A549 cells reduced HUVEC
migration (Fig. 2a, upper panel) and invasion (Fig. 2b). Even though KRAS targeting was
more effective than IKKp targeting in reducing HUVEC migration (96.5% versus 68.19%,
Fig. 2a), IKKp targeting was more effective than KRAS targeting in reducing HUVEC
invasion (60.1% versus 32.4%, Fig. 2b). Interestingly, supplementation of conditioned
medium from KRAS- or IKKB-targeted A549 cells with IL-8 and VEGF rescued HUVEC
migration (Fig. 2a, lower panel) and similar results were obtained with H358 cells
(Supplementary Fig. 1), confirming that these proangiogenic factors are involved in
promoting KRAS- and IKKB-induced endothelial cell migration and supporting a role for
this pathway in promoting angiogenesis. In accordance, when compared to conditioned
medium from siCtrl-transfected A549 or H358 cells, conditioned medium from IKK-
targeted A549 or H358 cells decreased by 66.6% and 57,7%, respectively, the ability of
HUVEC cells to form tubular structures 7n vitro (Fig. 2c). Even though other IKKp-
independent pathways may contribute to KRAS-induced angiogenesis, our data indicate that
IKKB is an important mediator of KRAS-induced proangiogenic effects.

3.3 siRNA-mediated IKKp targeting in KRAS-mutant lung cancer cells reduces tumor
growth and angiogenesis in vivo

We have recently shown, using a mouse model of KRAS-induced lung cancer, that IKKfB
targeting with CmpdA reduces lung tumor growth and vascular density /n situ[23].
However, as IKK was systemically targeted, the contribution of cancer cell-intrinsic IKKp
activity for tumor angiogenesis was not clear. More importantly, because mice do not have
an IL-8 homolog [28], the contribution of this human-specific proangiogenic pathway, which
is required for RAS-induced angiogenesis [10], cannot be addressed in this model.
Therefore, to evaluate whether cancer cell-intrinsic IKK activity is required for KRAS-
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induced angiogenesis in human tumors, we performed xenograft studies with human A549
cells with siRNA-mediated IKKp silencing. Even though IKKB-targeted A549 cells still
formed xenograft tumors in nude mice, when compared siCtrl-transfected A549 cells, IKKp-
targeted A549 cells formed smaller tumors (Fig. 3a). IKKp targeting resulted in decreased
tumor growth over time (Fig. 3b) and in reduced tumor weight at the endpoint (Fig. 3c).
Consistent with the observed decrease in tumor growth, histologic examination of tumor
tissue showed that, compared to control tumors, IKKp-targeted tumors still displayed
significantly decreased IKKp expression (Fig. 3d). In addition, as assessed by
immunofluorescence for CD31, a specific endothelial marker, IKKp targeting reduced tumor
vascular density by 52.8% (Fig. 3e). These results indicate that cancer cell-intrinsic IKKp
activity contributes to KRAS-mutant human lung tumor growth and that this reduction is
associated with decreased angiogenesis.

3.4 IKKpB also affects endothelial function by cancer cell-independent pathways

In order to determine whether IKKp can affect pathological cancer cell-independent
angiogenesis /i1 vivo, we used a well-established model of oxygen-induced retinopathy
(OIR) caused by pathological retinal neovascularization [29,30]. This model has been
widely used to study the molecular mechanisms of blood vessel formation during relative
hypoxia and to assess the effect of compounds on angiogenesis [25,30,31]. To induce OIR,
newborn mice are exposed to 75% oxygen from postnatal day 7 to postnatal day 12.
Hyperoxia exposure causes vase-obliteration of immature retinal vessels and suppresses
postnatal retinal angiogenesis, which is a natural process of murine vascular retinal
maturation [32]. Subsequently, mice are transferred back to normoxia. The relative reduction
in oxygen levels leads to pathological retinal neovascularization, which is maximal at
postnatal day 17, and regresses thereafter [25]. To evaluate whether IKKp targeting could
reduce the pathological retinal neovascularization observed in this model, mice submitted to
OIR were treated with CmpdA (10 mg/kg) subcutaneously or intraperitoneally at postnatal
days 12, 14 and 16. When compared with animals treated with DMSO or PBS, animals
treated with CmpdA subcutaneously or intraperitoneally displayed retinas with markedly
decreased vascular area (Fig. 4). These results indicate that IKKp targeting decreases
pathological retinal neovascularization /n vivo, which suggests that IKKp also likely
contributes to angiogenesis through cancer cell-independent pathways.

4. Discussion

One of the hallmarks of cancer is the ability of cancer cells to drive tumor angiogenesis [33],
which not only sustains neoplastic growth of primary tumors, but is also a feature of invasive
tumors, as it is required for metastatic tumor growth [34,35]. In fact, in a wide variety of
malignancies, tumor vascular density positively correlates with increased metastatic
potential and poor prognosis [35]. Therefore, targeting angiogenesis is a rational approach to
prevent both primary tumor growth and malignant progression, thus improving survival.

Nonetheless, safe and effective antiangiogenic strategies to treat cancer patients have not yet
been translated into the clinic [34]. For example, tumor response to therapies targeting the
VEGF signaling pathway is short-lived and limited by development of resistance followed
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by restoration of tumor growth and progression, likely due to activation of alternative
proangiogenic pathways [36]. In that sense, dissecting the proangiogenic pathways induced
by dominant oncogenes might uncover upstream signaling nodes that may control different
proangiogenic pathways and provide better and more specific avenues to target tumor
angiogenesis.

Dissection of proangiogenic pathways is particularly important for malignancies driven by
the RAS oncogene, not only because oncogenic RAS is known to induce tumor
angiogenesis, but also because RAS-driven malignancies are widespread and lack effective
targeted therapies [3,4].

RAS-induced angiogenesis relies on the upregulation of proangiogenic factors VEGF and
IL-8. In fact, VEGF or IL-8 targeting reduces RAS-induced angiogenesis and tumor growth
[10,14,15]. Interestingly, VEGF and IL-8 have also been shown to be upregulated by the
transcription factor NF-xB to promote glioblastoma angiogenesis [37], and we and others
have shown that NF-xB activation by KRAS is required for KRAS-induced lung
tumorigenesis [17,18]. Given that NF-xB activation by KRAS in the lung requires the IKK@
kinase [18], and that systemic IKKp targeting reduced KRAS-induced lung tumor growth
[23], we hypothesized that IKK, which is a druggable target in the KRAS-induced NF-xB
activation pathway, would be involved in mediating KRAS-induced angiogenesis.

We show that both KRAS or IKK targeting reduces expression and secretion of IL-8 and
VEGF in KRAS-mutant A549 and H358 cells (Fig. 1). Interestingly, IKKp has been shown
to promote VEGF and IL-8 expression in different studies [38—44]. For example, Lee et al
[38] have found that IKK@ promotes both transcriptional upregulation of VEGF expression,
but also enhanced VEGF translation via mTOR and decreased VEGF expression is observed
in IKKB null MEFS [40]. Moreover, the IKK@ inhibitor IMD-0354 suppresses VEGF
production from ovarian cancer cells /n vitroand in vivo [42]. IKKP has also been shown to
promote IL-8 expression by binding to its promoter via interactions with p65 and EGR1
[43], and IKKp targeting with CmpdA in primary immortalized lung epithelial cells
transformed by KRAS reduces KRAS-induced IL-8 expression [18]. Our results, coupled
with the abovementioned findings, corroborate the hypothesis that, in lung cancer, KRAS
upregulates VEGF and IL-8 via IKK. Understanding this pathway is important because, in
NSCLC, expression of both IL-8 and VEGF is associated with angiogenesis, lymph node
metastasis, and unfavorable outcome [45-47].

Furthermore, conditioned medium from KRAS- or IKKp-targeted cells reduced the ability
of endothelial HUVEC cells to migrate in an 1L-8 and VEGF-dependent manner, as well as
invade and form tubular structures /n vitro (Fig. 2). More importantly, sSiRNA-mediated
IKKp targeting reduced KRAS-positive lung xenograft tumor vascular density /n vivo (Fig.
3). Even though IKK activity in endothelial cells is important for endothelial cell activation
and vasculogenesis [21,48], and even though systemic IKK@ inhibition reduces ovarian
xenograft tumor vascular density [42], our results show, for the first time, that efficient
tumor angiogenesis in KRAS-mutant lung tumor xenografts requires cancer cell-intrinsic
IKKP activity.
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Even though murine cells express a homolog of the IL-8 receptor, which responds to human
IL-8, mice do not have an IL-8 homolog [28]. Mice do have functional IL-8 homologs (KC,
MIP-2 and L1X), and the human counterparts of these homologs (CXCL1, CXCL2 and
CXCL5) also play a role in human angiogenesis [49-51]. Nonetheless, considering that 1L-8
is a critical mediator of RAS-induced angiogenesis [10], this important RAS-induced
proangiogenic pathway can only be investigated in human models. Previously, we have
shown that systemic treatment of murine KRAS-induced lung tumors with CmpdA was, not
only able to block IKKp activity in lung tumor cells /n situ, but also reduced tumor vascular
density [23]. Here, we show that IKKp targeting also reduces vascular density of IL-8-
secreting human lung tumor xenografts, thereby further validating IKKp as an
antiangiogenic therapeutic target for human KRAS-induced lung cancer.

In parallel to reducing vascular density, SIRNA-mediated IKK targeting in KRAS-mutant
A549 cells reduced lung tumor xenograft growth (Fig. 3), corroborating many studies that
clearly show an important role for IKK in promoting oncogenesis [38,52-58]. More
importantly, our results with human xenograft tumors also corroborate previous murine
tumor studies showing that genetic or pharmacological IKKp targeting reduces murine
KRAS-induced lung tumor growth [22,23,59], thereby further underscoring IKK inhibition
as a promising approach for KRAS-induced lung cancer therapy.

Nonetheless, when considering systemic cancer therapies, one must consider how target
inhibition in normal cells, such as the ones present in the tumour microenvironment, might
affect therapeutic outcome. The studies described above, where IKKp was targeted
systemically, cannot answer this question, because these studies cannot distinguish the
effects of IKKp inhibition in other cell types from cancer cell-intrinsic IKK@ inhibition.
Interestingly, studies where IKKp was specifically inhibited in different cell types show that,
whereas IKKp activity in endothelial cells is important for vasculogenesis [21] and myeloid-
specific IKKp activity promotes colon tumorigenesis [48], IKKP activity in cancer-
associated fibroblasts seems to actually have the opposite effect, suppressing angiogenesis
and tumor growth [60]. Nonetheless, these studies also have limitations as they study IKKp
inhibition in specific cell compartments and do not take into account how simultaneous
IKK targeting of these normal compartments would affect angiogenesis. Here we used a
cancer cell-independent /7 vivo model of pathological angiogenesis, the oxygen-induced
retinopathy (OIR) model [29,30]. Even though pathological angiogenesis in this model is not
induced by KRAS, it can result in activation of the IKK/NF-xB pathway due to the relative
hypoxia induced by the change in oxygen levels. In fact, NF-xB has been shown to be
activated by hypoxia to promote angiogenesis [39,61]. Using this model, we show that
systemic CmpdA therapy reduces pathological retinal neovascularization (Fig. 4).

This observation is important for two reasons. First, it indicates that CmpdA crosses the
blood-brain barrier and might be a promising stand-alone or coadjuvant therapeutic
approach to treat retinal diseases related to abnormal angiogenesis, such as diabetic
retinopathy and age-related macular degeneration (AMD). In support of this idea, IKKp
inhibition in a mouse model of diabetic retinopathy decreased vessel leakage, thus
preserving vascular integrity [62]. In addition, Lu et al have shown that conditional deletion
of IKKB in the retina or intravitreal or retrobulbar injection of TPCA-1, an IKKp inhibitor,
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reduced laser-induced choroidal neovascularization, which mimics the aberrant angiogenesis
associated with AMD [63]. Contrary to TPCA-1, which was associated with significant
toxicity [22], CmpdA is well tolerated in mice [23,24,64], and might therefore be a better
option for AMD therapy.

Second and most important, our results suggest that systemic IKKp inhibition might be an
effective antiangiogenic therapy for KRAS-induced lung tumours, and maybe even for other
KRAS-driven tumours, by acting both on cancer cells and on microenvironment cells to
reduce angiogenesis.

In conclusion, we have identified IKKp as a mediator of KRAS-induced angiogenesis in
lung cancer in part by promoting secretion of proangiogenic factors VEGF and IL-8. Taken
together, our results indicate that IKKp promotes KRAS-induced angiogenesis by both
cancer cell-intrinsic and cancer cell-independent mechanisms, which strongly suggests
IKKP inhibition as a promising antiangiogenic approach to be explored for KRAS-induced
lung cancer therapy and possibly also for therapy of other KRAS-driven malignancies.
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Highlights

IKKpB promotes KRAS-induced proangiogenic I1L-8 and VEGF expression
and secretion

IKKpB promotes KRAS-induced endothelial cell migration, invasion and tube
formation

IKK targeting reduces KRAS-mutant lung tumor growth and angiogenesis

IKKP targeting reduces pathological angiogenesis in a cancer-independent
model
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Figure 1. IKKP inhibition reduces IL-8 and VEGF expression and secretion.
(a) Western Blotting of A549 and H358 cells treated with 0.1% DMSO or 5uM CmpdA for

30 minutes. Antibodies used are indicated. Representative western blots are shown. Protein
bands were guantitated and normalized to the reference samples (0.1% DMSO-treated
samples). (b) A549 and H358 cells were treated with 0.1% DMSO or the indicated
concentrations of CmpdA for 24 hours and IL-8 and VEGF gene expression was evaluated
by real-time quantitative PCR (QRT-PCR). (c, d, e, f, g) A549 and H358 cells were
transfected with a non-targeting control siRNA (siCtrl) or with siRNA smartpools targeting
KRAS (siKRAS) or IKKB (silKKp). (c) Protein lysates were collected 96 hours post-
transfection and evaluated by Western Blotting with the indicated antibodies. (d) Expression
of KRAS (left panel) or IKKB (right panel) was analyzed 72 hours post-transfection by gRT-
PCR. (e, f) Expression of IL-8 (left panel) or VEGF (right panel) was analyzed 72 hours
post-transfection by gRT-PCR in cells transfected with siKRAS (e) or silKKp (f). (9)
Conditioned culture media were collected 120 hours post-transfection and protein
concentrations of IL-8 and VEGF were determined by ELISA. In all cases, bar graphs
represent average + 1s.d of three independent experiments. Statistical significance was
measured by one-way ANOVA followed by Bonferroni’s post-test (b, g) or by the Student’s
ttest (d, e, f) (*p<0.05, **p<0.01, ***p<0.001) by comparing DMSO-treated groups with
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CmpdA-treated groups (b) or siCtrl-transfected groups with siKRAS- and/or silKKp-
transfected groups (d, e, f, g). Groups being compared are indicated by horizontal bars.
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Figure 2. siRNA-mediated inhibition of IKKp expression decreases HUVEC migration, invasion
and tube formation in vitro.

A549 cells were transfected with a non-targeting control siRNA (siCtrl) or with SiRNA
smartpools targeting KRAS (siKRAS) or IKKp (silKKp) and conditioned medium was
collected as described in methods. (a) Transwell migration assay of HUVEC cells was
performed using conditioned medium from A549-transfected cells as chemoattractant as
indicated. Conditioned medium was supplemented with 5 ng/ml I1L-8 and 5ng/ml VEGF as
indicated (lower panel). Images shown are representative of three independent experiments.
(b) Transwell matrigel invasion assay of HUVEC cells was performed using conditioned
medium from A549-transfected cells as chemoattractant as indicated. Images shown are
representative of three independent experiments. (c) Endothelial cell tube formation assay.
HUVEC cells were plated onto Matrigel in the presence of serum-free conditioned medium
from A549- or H358-transfected cells as indicated. Images shown are representative of three
independent experiments. In all cases, bar graphs represent average + 1s.d. Statistical
significance was measured by one-way ANOVA followed by Bonferroni’s post-test
(**p<0.01, ***p<0.001) by comparing siCtrl-transfected groups with siKRAS- and/or
silKKp-transfected groups. Groups being compared are indicated by horizontal bars.
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Figl_Jre 3. si_Rl_\lA-_mediated inhibition of IKKP expression decreases tumor growth and
anglogenesis in vivo.

1 x 10 A549 cells transfected with a non-targeting control siRNA (siCtrl) or with a SIRNA
smartpool targeting IKKp (silKKp) were injected subcutaneously into flanks of nude mice
(n=9 per group). (a) Representative images of tumor-bearing nude mice 55 days after
inoculation. (b) Tumor growth kinetics assessed by tumor volume measurements overtime as
indicated. Each point represents average + 1s.d. of each group. (c) Dot plot representing
individual tumor weights 55 days after inoculation. Horizontal bars represent average weight
in each group. (d) IKKp expression was evaluated in tumor sections by immunostaining as
described in methods. Right) Representative images of stained tumor sections. Left)
Quantitation of IKKp-staining intensity (right). (e) Vessel density was evaluated in tumor
sections by immunofluorescence staining for CD31 as described in methods. Left)
Representative images of stained tumor sections. Right) Quantitation of CD31-stained
vessels. Statistical significance was determined by the Student’s #test (*p<0.05) and the
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significantly different comparisons are indicated by vertical (b) or horizontal (c, d) bars.
Error bars represent average + 1s.d.
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Figure 4. IKK@ inhibition reduces pathological neovascularization in a cancer-independent
oxygen-induced retinopathy (OIR) in vivo model.

Newborn C57Black6 mice were submitted to the OIR protocol and treated with PBS
(control), DMSO (vehicle control) or CmpdA as described in methods. Mice were
euthanized at postnatal day 17 and their retinas were dissected and stained with GS-1B4
Isolectin, showing the neovascular tissue in different groups. (a) Representative images of
Isolectin GS-1B4-stained retinas. High resolution images of retinal quadrants are depicted.
(b) Quantitation of the isolectin GS-1B4-stained angiogenic area was performed as described
in methods (n=10 per group). PBS) Control PBS-treated mice; DMSO) Vehicle control
DMSO-treated mice; CmpdA-sc) Mice treated with 10 mg/Kg CmpdA subcutaneously;
CmpdA-ip) Mice treated with 10 mg/Kg CmpdA intraperitoneally. Statistical significance
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was measured by one-way ANOVA followed by Bonferroni’s post-test (**p<0.01,
***n<0.001). Error bars represent average + 1s.d.
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