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Abstract

Lung cancer is the leading cause of cancer-related death, primarily due to distant metastatic
disease. Metastatic lung cancer cells can undergo an epithelial-to-mesenchymal transition (EMT)
regulated by many transcription factors, including double-negative feedback loop between the
microRNA-200 (miR-200) family and ZEB1, but the precise mechanisms by which ZEB1-
dependent EMT promotes malignancy remain largely undefined. While the cell-intrinsic effects of
EMT are important for tumor progression, the reciprocal dynamic crosstalk between mesenchymal
cancer cells and the extracellular matrix (ECM) is equally critical in regulating invasion and
metastasis. Investigating the collaborative effect of EMT and ECM in the metastatic process
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reveals increased collagen deposition in metastatic tumor tissues as a direct consequence of
amplified collagen gene expression in ZEB1-activated mesenchymal lung cancer cells.
Additionally, collagen fibers in metastatic lung tumors exhibit greater linearity and organization as
a result of collagen crosslinking by the lysyl oxidase (LOX) family of enzymes. Expression of the
LOX and LOXLZ2 isoforms is directly regulated by miR-200 and ZEB1, respectively, and their
upregulation in metastatic tumors and mesenchymal cell lines is coordinated to that of collagen.
Functionally, LOXL2, as opposed to LOX; is the principle isoform that crosslinks and stabilizes
insoluble collagen deposition in tumor tissues. In turn, focal adhesion formation and FAK/SRC
signaling is activated in mesenchymal tumor cells by crosslinked collagen in the ECM. Our study
is the first to validate direct regulation of LOX and LOXL2 by the miR-200/ZEB1 axis, defines a
novel mechanism driving tumor metastasis, delineates collagen as a prognostic marker, and
identifies LOXL2 as a potential therapeutic target against tumor progression.
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INTRODUCTION

Lung cancer is the leading cause of cancer-associated mortality largely due to metastatic
disease (1), therefore understanding the molecular mechanisms governing metastasis is vital
to improving overall patient survival. To that end, our group previously utilized the
KrasC12P p53R172H mouse model (KP) of metastatic lung adenocarcinoma to investigate
this biological process (2). Studies with lung cancer cell lines derived from the tumor tissues
of the KP model revealed an EMT-dependent mode of metastasis that is regulated by a
double-negative feedback loop between the ZEB1 transcription factor and the
microRNA-200 (miR-200) family (3-5). ZEBL1 is a well-established master regulator of
EMT in which increased expression of the transcription factor promotes a mesenchymal-like
phenotype in cancer cells, resulting in greater invasive and metastatic activity (6, 7).
Conversely, higher levels of miR-200 expression revert cells to a more epithelial state and
abrogate metastasis (3, 8-11).

Despite the significance of miR-200 and ZEB1 in regulating EMT and metastasis, the
specific downstream targets regulated by these two factors that produce the phenotypic
changes are still largely undefined. While the cell-intrinsic effects of miR-200/ZEBL1 are
crucial in regulating EMT, findings by our group and others have demonstrated that tumor
cell-extracellular matrix (ECM) interactions play a substantial role in regulating cell
behavior, including EMT, invasion, and metastasis (3, 12-17). Several reports also suggest
that there exists a reciprocal modulation between EMT and ECM structural and
compositional properties that determines the invasiveness of cancer cells (18). A main
component of the ECM that has been implicated in promoting EMT and driving cancer cell
invasion is collagen, which represents the majority of interstitial ECM proteins in
mammalian tissues (13, 16, 19). While collagen deposition appears to be necessary for
tumor progression, numerous studies have shown that collagen requires enzymatic
crosslinking to increase matrix stiffness and promote cancer cell invasion (3, 15, 20-23).
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Lysyl oxidase (LOX) is one family of enzymes with a conserved catalytic region that has
been known to crosslink collagen by oxidative deamination of its lysine residues and is
developmentally necessary for insoluble collagen maturation and deposition in tissues (16,
24). Up-regulation of the LOX and LOXL2 isoforms has been shown to promote invasion
and metastasis in certain cancer types (25). Despite ample evidence implicating LOX
modification of the ECM in promoting breast tumor malignancy, there has been little work
investigating this process in lung cancer systems. Moreover, the reciprocal crosstalk between
EMT and the ECM in regulating lung cancer metastasis has yet to be revealed. A few reports
have shown that lung adenocarcinomas possessing Kras¢Z2P;[ kb1~ mutations have
increased LOX expression leading to metastasis while KrasG22P:p537172H Jung tumors do
not show significant changes in LOX mRNA levels (26, 27). However, the studies do not
address the fact that KrasCZ2P p537172H mice exhibit over twice the metastatic rate as the
KrasG12D [ kb1 mice (36.5% versus 16%) (2, 27), nor do they address the involvement of
the EMT phenotype — shown to be adopted by a subset of cancer cells within the
heterogeneous tumor tissue (3) — in metastasis. Additionally, these studies have solely
focused on LOX without exploring the role of LOXL2, another major LOX isoform in ECM
modification and metastasis.

Here, we demonstrate that mesenchymal lung cancer cells drive invasion and metastasis by
increasing collagen deposition, crosslinking, and stabilization in their surrounding
microenvironment due to an increase in ZEB1-regulated LOXL2 expression. We further
demonstrate that collagen deposition in tumor tissues is necessary to activate focal adhesion
signaling, which has been shown in our previous work to drive invasion and metastasis (17).
We also define collagen type | and type 111 as promising prognostic markers and identify
LOXL2 as a potential therapeutic target for the treatment of lung cancer.

Expression of collagen and ECM-associated genes correlates with EMT

To determine if EMT alters the expression of ECM-associated genes, we correlated gene
expression patterns of patient tumor samples across multiple tumor types from the TCGA
dataset to our previously reported 76-gene EMT signature score (28). The analysis revealed
numerous ECM genes that have significant positive correlation with EMT (r>0.5) in at least
six different epithelial tumor types (Figure 1A-B, Supplementary Figure 1A, and
Supplementary Table S1). Focusing this analysis on lung adenocarcinoma and squamous cell
carcinoma samples with a high correlation cutoff, we delineated multiple collagen family
and ECM-associated genes that showed strong correlation with EMT (Figure 1B). To
validate which specific collagen genes are differentially regulated by miR-200 and ZEB1,
we performed gPCR assays of each collagen and collagen-associated gene from Figure 1B
in a panel of human and murine epithelial and mesenchymal lung cancer cell lines with
overexpression of ZEB1 or miR-200, respectively. Expression of miR-200 in mesenchymal
murine and human lung cancer cells (H157 and 344SQ) consistently showed a decrease in
mRNA levels for collagen type I, type I11, as well as the collagen crosslinking enzymes LOX
and LOXL2 (indicated by red arrows in Figure 1B, and Figure 1C — D). Conversely, ZEB1
expression in epithelial cells (H441 and 393P) consistently displayed an increase in mRNA
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levels for these genes (Figure 1E and 1F). Further induction of EMT in the metastatic 344SQ
murine lung cancer cell line by TGF-B (3) drastically up-regulated expression of the same
collagen-associated genes as well. (Supplementary Figure S2E). This relationship between
ECM-associated gene expression and EMT is consistent with results from 3D culture
experiments, which demonstrate that Zeb1-mediated mesenchymal lung cancer cell invasion
is not only dependent upon extrinsic collagen interaction (3) (Supplementary Figure S1B
and S1C), but requires additional crosslinking, maturation, and deposition of collagen fibers
when cultured under low collagen concentrations (12) (Supplementary Figure S1D).
Although several other collagen genes were correlated with EMT, expression of these genes
either showed inconsistent correlation between miR-200 and ZEB1 or had undetectable
gPCR signals due to low basal levels of expression in the lung cancer cell lines tested
(Supplementary Figure S2A-E).

Metastatic lung tumors have increased LOX, LOXL2, collagen deposition and linearization,
correlating with their EMT status

Once we confirmed the correlation between EMT and collagen-associated gene expression
in vitro, we next sought to verify this correlation /n vivo. Analysis of primary lung tumors in
KP mice capable of metastasis compared to non-metastatic KrascZ2P mice revealed greater
tumor areas presenting EMT patterns (based on Zebl, E-cadherin, and Vimentin levels),
which correlated with increased total collagen, collagen type I/type 111 deposition, and LOX/
LOXL2 expression (Figure 2A). Second harmonics generation (SHG) microscopy of
collagen fibers in the tumor tissues confirmed the increase in collagen density and revealed
increased collagen fiber linearization in the KP tumors (Figure 2A). To validate that
mesenchymal lung cancer cells were directly responsible for collagen deposition and
fibrillar organization in primary tumors, we analyzed syngeneic tumors generated by
subcutaneous injection of the non-metastatic 393P (epithelial) and highly metastatic 344SQ
(mesenchymal) murine lung cancer cell lines in syngeneic wild type mice (3). Tissue stains
confirmed the mesenchymal phenotype of 344SQ tumors (high nuclear Zeb1, low/
mislocalized E-cadherin, and high cytoplasmic vimentin) compared to 393P tumors (low/
absent nuclear Zeb1, high/membranous E-cadherin, absent vimentin), correlating with an
increase in collagen type I, type 111, and LOXL2 expression but no change in LOX levels
(Figure 2B). SHG analysis also showed increased linear collagen fibers in the mesenchymal
344SQ tumors (Figure 2B). Previous studies have shown that the collagen fiber linearization
is dependent on collagen crosslinking by LOX enzymes (12, 29, 30). Our findings suggest
that up-regulation of collagen and LOX/LOXL2 in mesenchymal lung cancer cells results in
increased collagen deposition and organization in the tumor microenvironment. Because
secreted LOX and LOXL2 are potential therapeutic targets (25) that have been implicated as
drivers of metastasis in various cancer types (22, 23, 29-31), we sought to further test their
mechanistic role in metastasis.

LOX and LOXL2 are directly regulated by miR-200 and ZEB1, respectively

Since our previous studies have shown that the ZEB1/miR-200 axis is critical in regulating
EMT and metastasis (3, 32), we wanted to determine if LOX and LOXL2 expression were
regulated by this EMT program. We first evaluated the protein levels of LOX and LOXL2 in
the panel of murine and human lung cancer cell lines that we previously characterized (3,
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32-35) and observed higher levels of LOX and LOXL2 in mesenchymal cell lines with
higher mesenchymal marker expression (Figure 3A, Supplementary Figure S3A, S3B, and
S3C). Snaill does not associate with the EMT status or LOX/LOXL2 expression in these
cells, which is consistent with our previous findings (3, 32) that EMT in this system is Zeb1-
dependent (Figure 3A). Although collagen | mMRNA levels were higher in mesenchymal
cells, collagen 111 expression did not significantly change between cell lines (Supplementary
Figure S3A). Analyzing the conditioned media from our murine cell line panel revealed
increased secreted LOXL2 protein from mesenchymal cells (Figure 3A) and demonstrated
active LOXL2 enzymatic function by Amplex Red assays (36) (Figure 3B). Interestingly, we
were unable to detect secreted LOX in the conditioned media from any of the cell lines
(Figure 3A). Additional analysis of miR-200 and LOX/LOXL2 gene expression confirmed
lower miR-200c levels in mesenchymal cell lines and showed a strong, inverse correlation to
LOX and LOXL2 mRNA levels (Figure 3C). Forced expression of ZEBL1 in epithelial
murine and human cell lines induced EMT at the molecular level and led to an increase in
LOX and LOXL2 protein levels (Figure 3C-D and Supplementary Figure S3D-F). Ectopic
miR-200 expression or sSiRNA-mediated Zeb1 knockdown in mesenchymal cells had the
contrasting effect (Figure 3D, Supplementary Figure S3D and S3G).

Due to the strong correlation between LOX, LOXL2, and the ZEB1/miR-200 axis, we
proceeded to test whether these two enzymes were directly regulated by ZEB1 or miR-200.
Evaluating potential microRNA binding sites in the 3’ -untranslated region (UTR) of LOX
using the TargetScan (www.targetscan.org) algorithm revealed one potential miR-200a and
two potential miR-200b/c/429 seed sequences. Luciferase reporter assays with a cloned
LOX 3’-UTR showed significant repression in luciferin signal in the presence of
miR-200b/c but no repression with miR-200a (Figure 3E), which was further validated
through introduction of miR-200b/c binding site mutations for each site individually or in
combination. These findings were consistent with algorithm predictions that showed the first
miR-200b site as having strong sequence binding while the miR-200a and second miR-200b
sites had weaker complementation (Supplementary Figure S4A). Although LOXL2 has no
predicted miR-200 binding sites, which we verified by 3’-UTR luciferase reporter assays
(Supplementary Figure S4A and S4B), the promoter region contains several ZEB1 and ETS1
regulatory sites predicted by the JASPER transcription factor binding database (http://
jaspar.genereg.net/). Luciferase reporter assays with the wild-type LOXL2 promoter region
confirmed transcriptional regulation by ZEB1, which was verified by introduction of
mutations into each of the ZEB1 binding sites individually and in combination. We further
confirmed direct binding of ZEBL1 to the endogenous LOXL2 promoter region by ZEB1
chromatin immunoprecipitation (ChlP) assays in multiple epithelial and mesenchymal cell
lines (Figure 3F, Supplementary Figure S4C). The collagen | (COL1A1) and collagen 111
(COL3A1) genes did not show any predicted miR-200 binding sites in their 3’-UTR
(Supplementary Figure S4A) nor any potential Zeb1 binding sites in their promoters (data
not shown), suggesting an indirect mechanism of regulation.

LOX enzymatic function is necessary for lung cancer cell migration and invasion

We next wanted to assess the functional relevance of LOX and LOXL2 in promoting lung
cancer cell migration and invasion. Inhibition of pan-LOX enzymatic activity with -
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aminopropionitrile (BAPN) significantly reduced enzymatic activity in conditioned media
(Figure 4A) as well as Transwell migration and collagen invasion of mesenchymal murine
344SQ, 393P-ZEB1, and human H157 cells, but with no significant change in invasion
through laminin-rich Matrigel (Figure 4B, Supplementary Figure S5A, and S5B). BAPN
treatment of 393P-ZEB1 cells significantly reduced formation of invasive structures in 3D
Matrigel/collagen | (Figure 4C) and reduced invasion of 344SQ cells through Matrigel alone
upon TGF-B induction (Supplementary Figure S5C). Because LOX enzymes require copper
as a co-factor, we also utilized the copper chelator D-Penicillamine (D-Pen) to inhibit LOX
enzyme function and observed a significant reduction in 393P-ZEB1 2D migration/invasion
in Transwell assays or 3D Matrigel/collagen | assays (Figure 4D and 4E). We observed no
adverse effects of the inhibitors on cell proliferation and viability (Supplementary S5D and
S5E). We next evaluated the effects of BAPN and D-Pen treatment on metastasis of 344SQ
cells in syngeneic mice /n vivo. Mice that received either inhibitor did not show a significant
change in tumor size or metastatic lesions (Supplementary Figure S6A and S6B).
Interestingly, analysis of collagen fibers by SHG revealed increased linearized collagen in
primary tumor tissues (Supplementary Figure S6C), which suggests that the inhibitors either
do not effectively reach the primary tumors or produced off-target effects. These results are
consistent with several studies corroborating the inconsistency and ineffectiveness of
chemical LOX inhibitors /in vivo (25, 29, 37-40).

LOXL2 is necessary for collagen deposition, crosslinking and tumor cell metastasis

Given the inconsistent results with LOX chemical inhibitors /n vivo, we next employed a
genetic approach to study the role of LOX and LOXL2 in driving invasion and metastasis.
Stable shRNA-mediated knockdown of LOX in metastatic 344SQ cells significantly
decreased migration and invasion through Transwell Matrigel or collagen | chambers (Figure
5A), but did not have a significant effect on primary tumor growth or metastasis /n vivo
(Supplementary Figure S7A). In contrast, LOXL2 knockdown decreased invasion only
through collagen | and significantly suppressed metastasis /7 vivo (Figure 5B and 5C). LOX
and LOXL2 knockdown in a different metastatic KP cell line, 344LN, produced comparable
results both /n vitroand in vivo, with LOXL2 knockdown cells exhibiting diminished
metastatic lung nodules that were also markedly smaller in size (Supplementary Figure S8A
— S8D). Analysis of the conditioned media showed a significant decrease in enzymatic
activity upon LOXL2 knockdown but an insignificant reduction when LOX was knocked
down (Supplementary Figure S7B).

Developmentally, extracellular LOX enzymes are required for insoluble collagen deposition
(16, 24, 41). Therefore, we analyzed the primary syngeneic tumors from our LOX and
LOXL2 knockdown experiments for collagen deposition and reorganization. Upon LOXL2
knockdown, both collagen type | and type 111 deposition were significantly reduced, along
with a significant decrease in linear collagen fibers (Figure 5D and 5E). Consistently, the
decrease in tumor collagen content and organization was followed by a decrease in tissue
stiffness (Figure 5F). In contrast, LOX knockdown had no effect on the deposition of either
collagen isoform (Supplementary Figure S7C), which is consistent with results from our
enzymatic activity assays. LOXL2 knockdown did not alter collagen I and 111 gene
expression (Supplementary Figure S7D), which suggests that the decrease in collagen
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deposition /n vivois due to lack of crosslinking and maturation. To further verify that
LOXL2 is involved in collagen crosslinking and linearization, we visualized collagen fibers
by scanning electron microscopy after culture of 344SQ-shLOXL2 cells in collagen | gels.
Fiber alignment algorithms showed a significant reduction in average linear collagen fibers
when LOXL2 was knocked down compared to the vector control (Figure 5G).

LOX and LOXL2 ectopic expression is not sufficient for epithelial cancer cell migration and

invasion

Next, we took the converse approach and ectopically expressed LOX and LOXL2 in
epithelial, non-metastatic 393P cells using a doxycycline-inducible pTRIPz vector. LOX and
LOXL2 were either tagged or untagged with GFP at the N-terminus region. Western blots of
LOX/LOXL2 induced cells confirmed proper expression of the desired proteins. However,
only the untagged version of LOXL2 was detectable in the conditioned media, suggesting
that the GFP interferes with the signaling peptide at the N-terminus region. GFP-tagged and
untagged LOX was undetectable in the conditioned media (Supplementary Figure S9A and
S9D). This finding was also verified by enzymatic assays of the conditioned media of the
overexpression cell lines, which showed that only the LOXL2 expressing cells had
extracellular enzymatic activity (Supplementary Figure S9B and S9E). There was no
significant difference in Transwell migration and invasion with induced LOX expressed
(Supplementary Figure S9C). However, when LOXL2 expression was induced, there was
only a significant increase in invasion when extrinsic collagen was coated on the Transwell
inserts (Supplementary Figure S9F). LOX and LOXL2 were also ectopically expressed in
epithelial murine 307P and human H322 cells, which have low endogenous levels of LOX/
LOXL2 (Figure 3A and Supplementary Figure S3B). Similar to 393P cells, we observed a
significant, robust increase in invasion only through collagen coated Transwells when
LOXL2 was expressed in 307P and H322 cells (Supplemetnary Figure S9G —J). Since
collagen gene expression is unaltered when LOX or LOXL2 is overexpressed
(Supplementary Figure S9K), this suggests that coordinate collagen expression by
mesenchymal cells is also necessary to drive invasion and metastasis and that LOX or
LOXL2 alone is not sufficient to promote migration and invasion.

LOXL2-mediated collagen deposition induces FAK/Src signaling in vitro and in vivo

Our group recently demonstrated that activation of the integrin B1/FAK/Src signaling
pathway through collagen type I interaction is necessary for lung cancer invasion and
metastasis (17). Since EMT causes lung cancer cells to deposit insoluble collagen by
LOXL2 crosslinking, we investigated the potential autocrine effect that LOXL2 has on
FAK/Src signaling. Immunofluorescent staining for activated phosphorylated FAK (Y861)
and Src ('Y416) showed that enzymatic inhibition or knockdown of LOXL2 decreased focal
adhesion formation and FAK/Src signaling after TGF-p-mediated stimulation of 344SQ
cells (Figure 6A — 6D). Western blotting confirmed the suppression of signaling by LOXL2
KD or inhibition and further emphasized that knockdown of LOX does not produce the same
effect (Figure 6E). Further analysis of primary syngeneic tumors with LOXL2 knockdown
(Figure 5D) by IHC staining revealed a decrease in activated FAK and Src versus control
tumors (Figure 6F), correlating with the decrease in collagen type | and type 111 deposition
in the tumors (Figure 5D). Collectively, our data supports a model in which ZEB1-driven
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mesenchymal lung cancer cells deposit collagen in the tumor microenvironment through
LOXL2 crosslinking, which further activates the integrin/FAK/Src signaling pathway in the
cancer cells, leading to invasion and metastasis (Figure 6G).

Increased collagen, LOX, and LOXL2 expression predicts poor prognosis among patients
with lung adenocarcinoma

Based upon these findings, we wanted to determine the prognostic value of the LOX and
collagen proteins in predicting lung cancer patient survival and how their expression
correlates with Zebl in human tumors. Pathologic assessment of stromal collagen | and 111
expression by IHC staining in a cohort of lung cancer specimens (n=490) revealed increased
levels in lung adenocarcinoma (ACC) versus squamous cell carcinoma (SCC) samples
(Figure 7A, 7B, and Supplementary Figure 10SA), but no statistically significant correlation
to pathologic stage or patient outcome (Figure S10B and S10C). However, cytoplasmic
scoring of collagen type | levels revealed greater amounts in poorly differentiated tumors of
all histologic subtypes (Figure 7C), consistent with our findings correlating collagen
expression with EMT. Although we observed a trend toward higher collagen levels in late-
stage adenocarcinomas and in patients with poorer outcomes (Supplementary Figure S10D
and S10E), the changes were statistically insignificant due to the relatively small sample size
of late-stage tumors. Collagen type Il did not display strong cytoplasmic staining in tumor
tissues. To determine if Zebl correlated with collagen expression, we scored Zebl IHC
stains specifically in the nuclei of tumor cells from the same cohort of tissue microarray
specimens (Figure 7A). Although Zeb1 did not show a significant difference between tumor
differentiation grades (Supplementary Figure S10F), there was an increase in expression in
patients with SCC compared to ACC (Figure 7D). Zeb1 expression H-scores correlated
moderately, but significantly with collagen | H-scores across all tumor histologic subtypes.
However, when the samples were stratified by ACC and SCC histology, we observed an
increased significant correlation between Zeb1 and collagen | expression in ACC patients
(Figure 7F) but no significant correlation in patients with SCC (Supplementary Figure
S10G). Zeb1l scores did not significantly correlate with stromal collagen | or 111
(Supplementary Figure S10H and S10I) nor did it correlate with patient outcome or
pathological stage (data not shown).

Although we tested multiple antibodies for each, we were unable to analyze LOX and
LOXL2 levels in the human specimens by IHC because none of the antibodies produced
staining of clinically acceptable quality for scoring. To circumvent these issues, we
performed Kaplan-Meier analyses using mRNA profiling from a large compendium of lung
adenocarcinoma patients (n=1,586), which revealed decreased overall survival in patients
whose tumors expressed elevated levels of collagen type I, type I1l, LOX, or LOXL2 (Figure
7D). This decrease in patient survival with high LOXL2 expression has also been previously
observed in patients with lung SCC (42).

DISCUSSION

The underlying mechanisms governing metastasis remain largely undefined, with numerous
studies proposing the Zeb1-driven EMT as a model for the dissemination process (3-8, 43—

Oncogene. Author manuscript; available in PMC 2017 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al.

Page 9

45). In addition to the cancer cell-intrinsic changes induced by EMT, numerous studies have
implicated the ECM as a crucial co-regulator of invasiveness (3, 12-15). Prior work by our
group utilizing 3D culture systems demonstrates that a cell-inherent EMT is insufficient to
produce invasion through laminin-rich Matrigel or synthetic gels of polyethylene glycol (15,
17). Lung cancer cells require additional extrinsic factors such as TGF-p stimulation (3) or
collagen type | seeding in the matrix to drive the invasive phenotype (17), suggesting an
undefined reciprocal dynamic interplay between the intracellular EMT machinery and the
ECM. To elucidate the specific molecular alterations involved in the EMT-ECM crosstalk,
we performed bioinformatic analyses of gene expression profiles from TCGA patient tumor
samples and delineated a strong positive correlation between collagen-associated genes and
EMT signatures. This observation is supported by histological and molecular analyses of
lung tumor tissues and cell lines, which reveal that metastatic tumors have increased
collagen levels due to direct deposition by mesenchymal cancer cells present in the
heterogeneous tumor tissues. Our findings are the first to demonstrate that lung cancer cells
that have undergone EMT are directly modifying the collagen composition of their
surrounding microenvironment.

Concurrent with collagen expression patterns, we observed that the LOX and LOXL2
isoforms are up-regulated in metastatic lung tumor tissues and mesenchymal cell lines and
our study is the first to demonstrate direct regulation of these targets by miR-200 and ZEB1.
LOX proteins have been shown in several tumor types, most notably in breast cancer
systems, to promote tumor progression and malignancy through various intracellular and
extracellular mechanisms, including collagen fiber reorganization and crosslinking (12, 22,
23, 25, 30, 31, 46-52). Our functional studies confirm that LOXL2 is specifically driving /in
vivo metastatic disease while LOX may have an intracellular effect on the /n vitro migratory
ability of mesenchymal lung cancer cells. Interestingly, our biochemical and functional
experiments also reveal that LOXL2, rather than LOX, is the major secreted isoform
involved in collagen crosslinking and deposition in primary tumor tissues, consistent with
the developmental role of LOX enzymes in maturing and stabilizing insoluble collagen in
tissues (16, 24, 41). These results are in contrast with studies of other tumor types, which
predominantly identify LOX as the primary isoform driving metastatic disease and matrix
modification. Furthermore, although LOX knockdown decreases cell motility, ectopic LOX
expression does not have the opposite effect, suggesting that another intracellular factor may
work in tandem with LOX to promote migration and invasion. Similarly, LOXL2
overexpression alone has no effect on migration and invasion unless extrinsic collagen is
introduced. Thus, LOXL2 is necessary, but not sufficient, to drive metastasis and emphasizes
the complementary effects of EMT in driving ECM changes that potentiate the invasion/
metastasis of mesenchymal cells. Our study is the first to determine the importance of
LOXL2 in maintaining collagen type | and 111 deposition in primary tumor tissues for lung
cancer metastasis.

The pleiotropic targets of the ZEB1/miR-200 axis in governing EMT and metastasis suggest
multiple tiers of regulation throughout the dissemination process. We previously
demonstrated that ZEB1/miR-200 regulates lung cancer cell invasion through CRKL
recruitment of the integrin p1/FAK/Src signaling complex to focal adhesions in response to
extracellular collagen (17). Here, we present a novel unifying mechanism by which
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mesenchymal lung cancer cells modulate the compositional and structural properties of their
surrounding ECM, resulting in stable collagen deposition in lung tumor tissues that activates
FAK/Src signaling, producing invasion and metastasis. The Zeb1-induced amplification of
collagen type I, type 111, and LOXL2 gene expression correlates with decreased overall
survival in lung cancer patients, conferring clinical significance of collagen as a prognostic
marker and LOXL2 as a potential therapeutic target. Due to the off-target effects and toxicity
of LOX chemical inhibitors as well as the isoform-specific role of LOXL2 in metastasis,
utilizing a LOXL2 monoclonal antibody currently undergoing clinical trials shows greater
promise for future therapeutic treatments of advanced lung cancer and metastatic disease
(25, 29). Our findings also the pave way for future investigations delineating the invasion-
promoting alterations of cancer cell signaling pathways in the presence of biochemically-
modified collagen.

MATERIALS AND METHODS

Plasmids and Reagents

Mouse LOX shRNA constructs were purchased from Thermo Fisher Scientific (Cat#:
RMM4534-EG16948, Grand Island, NY). Mouse LOXL2 shRNA constructs were cloned
using primers listed in the Supplementary Methods into the pLKO.1 lentiviral vector.
Murine LOX and LOXL2 isoforms were cloned using primers in Supplementary Methods
and expressed using the Doxycycline inducible pTRIPz-GFP lentiviral vector. Viral vectors
were the psPAX2 packaging and pMD2.G envelope vectors. Luciferase 3’ -UTR reporter
constructs were made by reverse-transcription PCR (RT-PCR) and PCR amplification of
~2.9 kb and ~2.6 kb of mouse LOX and LOXL2 3’-UTR mRNA, respectively. The promoter
region for LOXL2 was PCR amplified from mouse genomic DNA ~1.3 kb upstream of the
transcriptional start site. Site directed mutagenesis of binding sites were performed using the
QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA). Primers
to clone all 3’-UTRs and LOXL2 promoter regions along with corresponding site-directed
mutagenesis primers are listed in the Supplementary Methods.

Analysis of Human Cancer Datasets

Level 3 gene expression data from the TCGA pan-cancer data sets were used (53, 54). EMT
score was calculated based on the EMT signature previously published (28, 33). Pearson
correlation was used to quantify the association between EMT and collagen expression. To
investigate if collagen family genes were enriched with strong correlations with EMT, we
compared the correlations between EMT score and collagen family genes and correlations
between EMT score and non-collagen family genes using the Kolmogorov—Smirnov test.
For analysis of collagen-associated mRNA expression and lung cancer patient survival, we
examined a previously-assembled compendium dataset (34) of 11 published expression
profiling datasets for human lung adenocarcinomas (n = 1,492 tumors), with the addition of
another dataset from Sato et al (55), patients represented in both Shedden and Chitale
datasets (n=88 patients) were first removed from the Shedden dataset, and one patient from
the Bild dataset thought to potentially represent SQCC was also removed (leaving n = 1,586
tumors in total).
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Cell Culture and Transfections

All lung cancer cell lines were cultured in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS). HEK-293 cells were cultured in DMEM supplemented with 10% FBS.
Lentiviral vectors were co-transfected in HEK-293 cell with Lipofectamine LTX (Thermo).
Luciferase reporter assays used Lipofectamine 2000 (Thermo) as the transfection reagent.
Murine cell lines were previously generated by our lab (3) and human cell lines were
obtained through ATCC. All cell lines were verified to by mycoplasma negative monthly.

QPCR and Western Blotting

Total RNA was isolated from cells by TRIzol (Thermo) according to manufacturer protocol
and cDNA was generated using iISCRIPT reagents (Bio-Rad, Hercules, CA). QPCR assays
were performed using SYBR Green PCR Master Mix (Thermo) along with primers listed in
the Supplementary Methods and normalized to the L32 gene. Cell lysates were prepared
according to the RIPA buffer protocol (CS9806), separated by SDS-PAGE, transferred to
nitrocellulose membranes, and probed with antibodies listed in the Supplementary Methods.

Luciferase Reporter Assays

Luciferase reporter assays were carried out by transfection of 500 ng of the reporter
constructs in specified cell lines with 50 nM miR-200a/b/c precursors where appropriate
(Thermo). Assays were carried out using Dual-Luciferase Reporter Assay kit (Promega,
Madison, WI).

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation assays were performed as previously described (32, 35).
Immunoprecipitation was carried out using an anti-ZEB1 antibody or mock IgG control
(Santa Cruz, Dallas, TX). Promoter segment enrichment was analyzed by gPCR using
primers (Supplementary methods) flanking the potential ZEB1 binding sites along the
LOXL2 promoter.

Migration and Invasion Assays

Migration/invasion assays were performed using 8 pm Transwell inserts pre-coated with
Matrigel or 100 pl of 0.2 mg/ml collagen type | (BD Biosciences, San Jose, CA). Assays
progressed at 37°C for 8 hrs for human cell lines and 20 hrs for murine cell lines following a
published protocol (3). BAPN and D-Penicillamine were purchased from Sigma (St. Louis,
MO). Inserts were stained with crystal violet and cells were imaged by bright field
microscopy and counted using ImageJ software.

3D Matrigel and Matrigel/Collagen Culture

Glass 8-well chamber slides (Thermo) were coated with 100 pl Matrigel or Matrigel/
collagen type I mix at 1.5 mg/ml final collagen concentration. Cells were seeded in the
matrices and cultured for 7 days with indicated daily treatments. Collagen gels for SEM
analysis were 2 mg/ml of pure collagen with cells encapsulated and treated with TGF-p for 7
days.
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Syngeneic In Vivo Tumorigenesis and Metastasis Assays

Cells were subcutaneously injected in the right flanks of male, syngeneic 129/sv mice at 3
months of age and allowed to form tumors for 5 to 6 weeks. After euthanasia, tumors were
measured and lung metastatic nodules were quantified. For /n vivo inhibitor treatments, mice
received 100 mg/kg BAPN or 150 mg/kg D-Pen in H,O or PBS, respectively, by daily
intraperitoneal injection. Lung tissues and primary tumor tissues were formalin fixed,
paraffin embedded, and sectioned for further analysis. All animal experiments were
reviewed and approved by the Institutional Animal Care and Use Committee at The
University of Texas MD Anderson Cancer Center.

Immunohistochemistry (IHC) and Second Harmonics Generation (SHG) Microscopy

Paraffin embedded tissue sections were rehydrated, blocked with goat serum, and probed
with antibodies listed in the Supplementary Methods. Tissues were subsequently washed and
probed with HRP-conjugated secondary antibodies and signal was attained by developing
with a DAB reagent. For SHG microscopy, tissues stained by H&E were visualized using a
Zeiss LSM 7 MP Multiphoton Microscope at an excitation wavelength of 800 nm and
collagen fiber signals were detected at 380—430 nm using bandpass filters. Collagen linearity
was calculated as a ratio of the total length versus the end-to-end length of the individual
collagen fiber as previously described (12).

Immunofluorescence (IF) Staining

IF stains were performed as previously described (17), stained with antibodies listed in the
Supplementary Methods, and visualized by fluorescence microscopy.

Proliferation Assay

Cells were seeded in 96-well plates at 500 cells/well and treated with BAPN or D-Pen at
specified concentrations. Proliferation was measured following the WST-1 (Roche, Basel,
Switzerland) protocol and absorbance was measured at 450 nm after 2 hours.

Amplex Red Assay

LOX family enzyme activity from cell culture media with indicated treatments was
measured using the Amplex Red protocol (Thermo) and 2mM benzylamine (Sigma).

Mechanical Testing

A bioindenter (BHT, Anton Paar, Ashland, VVA) was used to test the local mechanical
properties of tumor tissues approximately 1 cm wide under hydrated conditions and carried
out using a 500 um diameter flat punch indentation tip with a constant loading rate up to a
maximum load of 60 PN. Instrumentation software analysis of the resulting unloading curve
by the Oliver & Pharr method was used to calculate the indentation modulus (56).

Cell macerated scanning electron microscopy

A modification of the NaOH cell-maceration technique reported by Rossi was used (57).
This technique dissolves the cellular elements, fixed, and dehydrated, leaving behind the
collagen matrix, network, allowing three-dimensional imaging using SEM. Dehydrated
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specimens were critical point dried (Critical Point Dyer 850, Electron Microscopy Science,
Hatfield, PA), mounted on aluminum mount (Electron Microscopy Science, Hatfield, PA),
sputter coated with 15 nm gold palladium in a Denton Desk V sputter (Moorestown, NJ),
and viewed in a FEI Quanta 400 ESEM FEG (Hillsboro, Oregon).

Collagen Fiber Alignment Analysis

Statistics

A custom-written MATLAB program was used to analyze the alignment of the collagen
fibers within the SEM images. The program imported the SEM tiff files, enhanced the
grayscale contrast, applied a filter and a mask to reduce white noise and detect the fiber
edges, respectively (58). The program then developed a high-resolution histogram (with 0.5
degree bins) of the fiber directions and set the mean fiber direction at 0 degrees. After
preparing this histogram for each SEM image, the distributions from multiple pictures taken
from each gel were compiled to obtain an accurate representation of the alignment of each
gel. The compiled histogram data from each gel was averaged across all gels within a
treatment group and then fit to a normal distribution. Because the compiled data sets were
extremely large, before performing a statistical analysis the data was subsampled to retain
only one out of every hundred points within each 0.5 degree bin.

Statistical analysis was performed with unpaired student’s t-test or otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of collagen and ECM -associated genes correlateswith EMT
(A) Representative plot correlating gene expression of collagen 1Al to EMT scores of

human tumors from TCGA datasets (BASAL.: Basal-like breast cancer; BCLA: Bladder
Urothelial Carcinoma; BRCA: Breast invasive carcinoma; COAD: Colon adenocarcinoma;
HNSC: Head and Neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC:
Lung squamous cell carcinoma; OVCA: Ovarian carcinoma). (B) Graph showing the
fraction of genes from TCGA dataset analysis below the correlation value to EMT score.
Purple line represents genes that are not associated with the ECM but still correlated with
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EMT gene signatures. ECM-related genes are represented by the red line with collagen-
associated genes specifically denoted by green points. Collagen genes above a high
correlation cutoff (r>0.5), as indicated by the red asterisks, were selected for further
validation. Red arrows indicate qPCR validated collagen-associated genes that were
consistently downregulated by miR-200, upregulated by Zeb1, and selected for further
analyses. (C, D) qPCR analysis for relative expression of COL1A1, COL3A1, LOX, and
LOXL2 in human H157 and murine 344SQ mesenchymal lung cancer cell lines with
inducible and stable miR-200 expression, respectively. (E, F) gPCR analysis for relative
expression of COL1A1L, COL3AL, LOX, and LOXL2 in human H441 and murine 393P
epithelial lung cancer cell lines with inducible and stable Zeb1 expression, respectively.
Asterisks (*) for qPCR data indicate significance value of p<0.01.
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Figure 2. Metastatic lung tumors have increased collagen deposition and linearization
(A) Hematoxylin and eosin (H&E), Masson’s trichrome, Zeb1, E-cadherin, Vimentin,

collagen type l/type 111, LOX, and LOXL2 immunohistochemical (IHC) stains, and second
harmonics generation (SHG) microscopy of lung tumor tissues from non-metastatic
KrasG12D and metastatic KrasC120p537172H (KP) mice (n=5 tissues per group). (B)
Staining of primary syngeneic tumor tissues generated by subcutaneous injection of non-
metastatic 393P and metastatic 344SQ murine lung cancer cell lines in syngeneic mice
(n=10 tumors per group). Upper right corners: Quantification of curvature ratio for
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individual collagen fibers (n=50 collagen fibers per sample) imaged by SHG microscopy of
tumor tissues from (A) and (B). Microscopy images were captured at 20x magnification,
scale bars represent 50 um.
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Figure3. LOX and LOXL 2 levelsare higher in metastatic lung tumorsand aredirectly regulated
by miR-200 and Zeb1, respectively
(A) Top: Western blot analysis of Zeb1, Snaill, N-cadherin, Vimentin, LOX, LOXL2, and B-
actin (loading control) in a panel of epithelial or mesenchymal murine KP lung cancer cell
lines. Bottom: Western blot of secreted LOX and LOXL2 in conditioned media of murine
panel cell lines. (B) Amplex Red assay to determine LOX/LOXL2 enzymatic activity in
conditioned media of murine cell line panel. (*): p<0.05 and (**): p<0.01. (C) Cluster plots
of normalized miR-200c and LOX or LOXL2 mRNA levels in epithelial and mesenchymal
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murine lung cancer cell lines. 393P-Zeb1 and 344SQ-miR200 cells have also been included
in the analysis. Data points represent mean + SD (n = 3 samples). Spearman’s rank
correlation used for co-expression analysis. (D) Western blot analysis of Zeb1, LOX,
LOXL2, and B-actin in epithelial 393P and mesenchymal 344SQ cell lines with constitutive
Zebl or miR-200a/b/429 expression, respectively. (E) Top: Schematic of luciferase reporter
constructs for wild-type (WT) mouse LOX-3"UTR and mutated potential miR-200b/c
binding sites. Bottom: Relative luciferase activity of LOX-3"UTR reporter constructs above,
co-transfected with non-targeting control miRNA, miR-200a, miR-200b, or miR-200c
precursors in 344SQ cells. Three experimental replicates were performed with three
technical replicates per experiment. (F) Top: Schematic of luciferase reporter constructs for
mouse LOXL2 promoter region containing predicted Zeb1 and Ets1 binding sites. Mutations
of potential Zebl binding sites indicated with red X and location of gPCR primers to
amplify the region containing potential Zeb1 binding sites indicated by black arrows.
Bottom-Left: Relative luciferase activity of LOXL2 reporter constructs above transfected
into epithelial 393P cells with vector control or Zeb1 expression. Bottom-Right: Fold
enrichment by gPCR analysis of LOXL2 promoter segments containing potential Zeb1
binding sites after chromatin immunoprecipitation in 393P-pcDNA vector control and 393P-
Zebl cells, using Zebl antibody or mock 1gG control antibody.
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Figure 4. LOX enzymatic function is necessary for lung cancer cell migration and invasion
(A) Amplex Red assay to determine LOX/LOXL2 enzymatic activity in conditioned media

of 344SQ and 393P-Zeb1 cells with or without 500 uM BAPN treatment. (B) Transwell
migration and invasion through collagen for 344SQ cells treated with 500 UM BAPN. (C)
393P cells with constitutive Zebl expression cultured in a 3D matrix consisting of 1.5 mg/ml
collagen/Matrigel mixture for 7 days, treated with 500 uM BAPN. (D) Transwell migration
and invasion through collagen for 344SQ cells treated with 300 uM D-Penicillamine (D-
Pen). (E) 393P cells with constitutive Zeb1 expression cultured in a 3D matrix consisting of
1.5 mg/ml collagen/Matrigel mixture for 7 days, treated with 300 uM D-Pen. Quantification
of fraction of invasive structures in 3D culture assays to the right (n = 50 structures counted
per condition). Microscopy images were captured at 4x magnification, scale bars represent
200 pm.
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Figure5. LOXL2isnecessary for collagen deposition, crosslinking and tumor cell metastasis
(A) Left: Western blot of LOX protein levels after stable ShRNA knockdown in 344SQ cells.

Right: Transwell migration and invasion through Matrigel and collagen for 344SQ cells with
LOX knockdown. (B) Left: Western blot of LOXL2 protein levels after stable ShRNA
knockdown in 344SQ cells. Right: Transwell migration and invasion through Matrigel and
collagen for 344SQ cells with LOXL2 knockdown. (C) Top: Primary subcutaneous tumor
volume of 344SQ cells with stable LOXL2 knockdown injected in syngeneic wild type mice.
Bottom: Quantification of lung metastatic surface nodules after subcutaneous injection of
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344SQ cells with stable LOXL2 knockdown in syngeneic wild type mice. (D) H&E and IHC
stains of LOXL2, collagen type I, and type 11l along with SHG microscopy of primary
syngeneic tumor tissues from 344SQ cells with either a vector control or stable LOXL2
knockdown. Microscopy images were captured at 20x magnification, scale bars represent 50
um. (E) Quantification of curvature ratio for individual collagen fibers imaged by SHG
microscopy of tumor tissues from (D). (F) Mechanical stiffness measurements of tumor
tissues from in D and E. (G) Right: Scanning electron microscopy (SEM) images of 2
mg/ml collagen gels after culturing 344SQ cells with or without LOXL2 knockdown.
Images were viewed at 10kV and images were captured at 10kX magnification. Scale bars, 5
pum (n = 3 collagen gel molds per cell line). Left: Alignment analysis of collagen fibers to
determine linearity and organization of collagen fibers as described in Methods section. The
Kuiper test was used to test for differences in alignment between the sets of decimated data
with significance as indicated.
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Figure 6. LOXL 2-mediated collagen deposition induces FAK/Src signaling in vitro and in vivo
(A) Immunofluorescent staining of p-FAK Y861 and p-Src416 (green dots) in 344SQ cells

treated with 5 ng/ml TGF-p for 48 hours in the presence or absence of 500 uM BAPN. (B)
Immunofluorescent staining of p-FAKY861 p-SrcY416 (green dots), and p-catenin (red) in
344SQ cells after stable sShRNA knockdown of LOXL2. B-catenin used as a marker to
identify cell membrane. (C) Quantification of p-FAKY861 and p-SrcY416 signal per cell from
immunofluorescent stains in (A). (D) Quantification of p-FAKY861 and p-SrcY416 signal per
cell from immunofluorescent stains in (B). (E) Western blot of p-FAK Y861 total FAK, p-
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SrcY416 and total Src in 344SQ cells + 5 ng/ml TGF-p treatment for 48 hours in the
presence of 500 uM BAPN, with stable LOX or LOXL2 knockdown. (F) H&E and IHC
stains of p-FAK Y861 and p-SrcY416 of primary tumor tissues from subcutaneous injection of
344SQ cells with stable LOXL2 knockdown in syngeneic wild type mice. Microscopy
images captured at 20x magnification, scale bars represent 50 um. (G) Proposed model
demonstrating Zeb1 regulation of collagen deposition in the tumor microenvironment
through LOXL2 crosslinking and stabilization, activating the Integrin p1/FAK/Src signaling
pathway in an autocrine manner leading to invasion and metastasis.
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Figure 7. Increased collagen, LOX, and L OXL 2 expression predicts poor prognosis among
patients with lung adenocar cinoma

(A) Well differentiated and poorly differentiated human lung adenocarcinoma tissue sections
IHC stained for collagen type I, collagen type 11, and Zebl. Scale bars, 200 pm. (B) Percent
stromal area of tumor tissues with collagen type | or type 111 expression in patients with lung
adenocarcinoma (ACC) or squamous cell carcinoma (SCC). (C) Average final cytoplasmic
H-score of collagen type | expression in lung adenocarcinomas of different grades. (D)
Average final nuclear H-score of Zebl in tumor cells of ADC or SCC specimens. (E) Cluster
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plot analysis of Spearman’s rank correlation between Zeb1 and collagen | H-score in both
ADC and SCC specimens. (F) Cluster plot analysis of Spearman’s rank correlation between
Zebl and collagen | H-score in ADC samples. (G) Kaplan-Meier survival analysis by log-
rank significance test of COL1A1, COL3A1, LOX, and LOXL2 mRNA expression levels
versus overall lung cancer patient survival from a compendium expression dataset of 1,586
lung adenocarcinoma cases. P-values by log-rank test.
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