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Abstract

Cancer metastasis is the underlying mechanism of 90% of cancer-related deaths, yet few
therapeutics exist that directly target it. Part of this scarcity is attributable to a general lack of
knowledge with regards to the underlying mechanisms that mediate traversal of the sequential
steps required for malignant dissemination. Recently, biologists and clinicians have gained
appreciation for the role that the microenvironment plays in promoting or inhibiting metastasis.

This thesis sought to expand our understanding of the involvement of extracellular matrix
(ECM) interactions during metastasis through the development and use of a novel ECM
microarray screening platform. This platform consists of 768 unique single and pairwise
combinations spotted in quintuplicate as 150pm features onto polyacrylamide coated glass
slides. Cells are seeded onto these arrays and queried for their adhesion, proliferation, and
marker expression using automated fluorescence microscopy in conjunction with automated cell
counting and image analysis. In the first part of this thesis, this platform is used in conjunction
with a mouse model of lung adenocarcinoma metastasis (KrastSL-G12D/+; p53flox/flox) where distinct
stages of metastasis are defined by characteristic cell lines derived from these mice. Hierarchical
clustering of the adhesion profiles revealed conserved alterations in ECM adhesion signatures
that correlate with metastasis. Additionally, they identify a role for combinations of ECM
composed of fibronectin with any of galectin-3, galectin-8, or laminin. In the next part of this
thesis, these molecules are investigated for their involvement in mice bearing the autochthonous
tumors or in humans with lung cancer. The integrin a3f1 is found to mediate adhesion to the
fibronectin-galectin combinations in vitro and promote metastasis in vivo. Subsequently, this
thesis investigates the role of carbohydrate-mediated interactions in promoting galectin
adhesion. The oncofetal T-Antigen glycan motif is found to be increasingly expressed on cells
with elevated metastatic potential, and is found to be the result of aberrant glycosyltransferase
activity. Finally the role of galectin-3 in the metastatic niche and its presentation on bone
marrow derived cells recruited to tumors is investigated.

The results of this thesis suggest a role for novel phenotypic screening platforms in investigating
regulation of the cancer microenvironment. Additionally, we extend these studies to the role of
ECM in the epithelial-mesenchymal transition (EMT) and lay the groundwork for the
development of nanoparticle-based therapeutics targeting the conserved glycan-ECM
interactions. Such technologies will likely prove useful to study other disease mechanisms as
well as identify novel biomarkers.

Thesis Supervisor: Sangeeta N. Bhatia
Title: John J. and Dorothy Wilson Professor of Health Sciences and Technology & Electrical
Engineering and Computer Science
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List of Figures

Figure 1.1. Cancer Survival Statistics. Age-adjusted U.S. mortality rates by cancer site
for both genders (a), males (b), and females (c). Relative survival by survival time by
cancer site for both genders (a), males (b), and females (c). Red squares are for cancers
of the lung and bronchus. Statistics are for all ages and all races. Data in (a)-(c) is from
US Mortality Files and (d)-(f) is from 1988-2008 SEER 9. Graphs were generated from
data provided by the NCI Surveillance and Epidemiology End Results (SEER) at
http://seer.cancer.gov/statistics/ Accessed 21 April 2013.

Table 1.1. Genetic Alterations in Lung Cancer

Table 1.2. Lung Cancer Survival by Stage. Survival rates at 1 and 5 years for NSCLCs
according to clinical stage. Adapted from reference [1]. TNM' refers to the TNM stage as
defined by the AJCC Cancer Staging Manual[2], where ‘T’ refers to the characteristics of
the primary tumor, ‘N’ refers to the involvement of lymph node metastases, and ‘M’
refers to the absence (0) or presence (1) of distant metastases.

Scheme 1.1. The metastatic cascade. (I) Outgrowth of the primary tumor; (II) Invasion
through basement membrane and interstitium; (III) Intravasation into the blood or
lymphatics; (IV) Survival in circulation; (V) Extravasation; (VI) Survival and migration
at a secondary site; (VII) Colonization.

Table 2.1. ECM Microarray Molecule List. This table lists all of the molecules included
in the ECM Microarray platform.

Figure 2.1. Extracellular Matrix Microarray Platform Presents Combinations of ECM
Molecules for Cell Attachment (a) ECM microarrays are generated by spotting 768
unique combinations of ECM molecules on glass slides coated with polyacrylamide
followed by seeding of cells onto the slides. (b) Fluorescence intensity of Rhodamine-
labeled dextran of various molecular weights spotted onto polyacrylamide-coated slides.
Slides were incubated in media at 37°C overnight and washed with PBS prior to
imaging. (c) Verification of presentation of all molecules by immunolabeling (colored
spots) or NHS-fluorescein labeling (grayscale spots) of all molecules subsequent to array
generation and rehydration.

Figure 2.2. Process Flow for ECM Microarray Experiments. Slides are prepared by
spotting ECM onto polyacrylamide-coated slides; cells are seeded onto slides; following
adhesion and growth of cells, slides are stained and imaged on an automated
epifluorescence microscope; images are quantified and analyzed using custom software.

Figure 2.3. Seeding Devices for ECM Microarrays. (a) Cross-sectional schematic of
seeding device. The device consists of four chambers each of which holds a single ECM
microarray slide. The bottom of each chamber consists of a recessed region into which
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the slides sit such that their top surface is flush with the remainder of the bottom of the
chamber. A vacuum port exists at the bottom of each chamber and connects to a central
vacuum line. The vacuum acts to hold the slides in place and prevents media from
leaking onto the backs of the slides. (b) CAD schematic depicting the four chambers of
the seeding device.

Figure 2.4. Cells Adhered to ECM Microarrays. Representative images of cells adhered
to ECM spots demonstrating selective adhesion to the regions where ECM has been
deposited. Nuclei (blue) are stained with Hoechst. Leftmost image is of five replicate
spots. Scale bar on five-spot image is 200pm. Scale bars on single-spot images are
50pm.

Figure 2.5. Combinatorial Adhesion Profiles are Generated using ECM Microarrays.
(@) Nuclear stain of cells seeded on the ECM microarrays. (b) Identification of individual
nuclei on one spot using CellProfiler[3]. (c) Quantification of adhesion to all molecule
combinations for one cell line. (d) Selected adhesion profiles for three molecules:
Collagen I (blue), Collagen IV (green), and Fibronectin (red) in combination with all
other molecules. Dashed blue lines represent adhesion to that molecule alone. Arrows
denote combinations with the other two molecules or alone. Error bars are s.e.m. of
three replicate slides. (e) Comparisons of three replicate slides for two representative
cell lines. Scale bars in (a) and (b) are 450pum and 100pm, respectively.

Table 2.2. Cell lines screened. This table lists the cell lines screened on the arrays and
their classifications. Cell lines derived from primary lung tumors that did not give rise to
metastases (Tnonmet), did give rise to metastases (Tmer), lymph node metastases (N/LN),
and distant metastases (M/Met).

Figure 2.6. ECM Microarrays Demonstrate Conserved Changes in Adhesion that
Correlate with Metastasis. Unsupervised hierarchical clustering of adhesion profiles
generated by the ECM microarrays. Vertical axis represents different ECM
combinations. Horizontal axis represents different cell lines. Yellow bars indicate
primary tumors (Tnonmet and Twme: lines). Red bars indicate nodal (N) or distant
metastases (M). Tronmet lines are in blue text, Tmet lines are in green text, N lines are in
orange text, and M lines are in red text. The dendogram at the top represents the results
of the clustering based on Euclidean distances.

Figure 2.7. Gene Expression Clustering. Unsupervised hierarchical clustering of gene
expression microarrays. All probesets displaying a variance>0.5 and expression>3.0
were included. Yellow bars demote primary tumor-derived cell lines (Tnonmer and Timer)
and red bars denote metastasis-derived cell lines (N and M). Clustering is performed
using complete linkage analysis with a half square Euclidean distance and average value
ordering weight.



Figure 2.8. Identification of metastasis-associated ECM molecules. (a) Average
adhesion of metastatic cell lines (M) to each combination compared to those of the
metastatic primary tumor cell lines (Tmer). (b) Comparison of 393M1 adhesion for each
combination to its clonally related primary tumor line, 393T5. Red dots indicate top
ECM combinations exhibiting preferential adhesion by metastatic lines over the
metastatic primary tumor lines. (c) Top three combinations exhibiting the greatest
increase in adhesion across tumor progression as represented by the four classes of cell
lines (Tronmet, Tmet, N, and M). Error bars in (c) are s.e.m. of the different cell lines of
each class (n = 3 cell lines per class) with the exception of the M class where there are
two lines, and thus the error bars are the range of the means.

Figure 2.9. Changes in adhesion correlate with metastatic progression. Molecules to
which there is a loss of adhesion (blue) or gain of adhesion (red) between the TnonMer (1
= 3), Tmet (n=3), N (n= 3), and M (n = 2) cell lines when examined alone (a) or as an
average of all combinations containing them (b). Combinations that exhibited the
greatest gains (red) or losses in adhesion (blue) as determined by linear regression are
depicted in (c). Combinations were selected based on the magnitude of the slopes
provided that the regressions had r2 values greater than 0.9. Y-axes represent
normalized adhesion. Values less than ~0.5 represent very minimal adhesion. Error bars
are s.e.m. of the different cell lines of each class with the exception of the M class where
there are two lines, and thus the error bars are the range of the means.

Figure 2.10. ECM combinations can have anti-adhesive effects when compared to
single molecules. (a) Heat map depiction of adhesion profile of the M line 393M1 for
each ECM combination. (b) All combinations of molecules containing fibronectin.
Fibronectin alone is depicted in blue. Four combinations that exhibited significantly
decreased adhesion when compared to fibronectin alone are depicted in red. CSP:
chondroitin sulfate proteoglycan; AGR: aggrecan; MUC: mucin; HSP: heparin sulfate
proteoglycan. The three metastasis-associated ECM combination hits are also denoted
(LAM: laminin; GAL3: galectin-3; GALS8: galectin-8). Error bars are s.e.m. of three
replicate slides. (c) Verification of anti-adhesive effects of the molecules highlighted in
(b) was performed by coating 96-well plates with the molecules and examining adhesion
of the 393M1 cell line. Error bars are standard error. ***P < 0.001; **P < 0.01; *P <
0.05. Significance was determined using one-way ANOVA with Tukey's Multiple
Comparisons post-test.

Scheme 3.1. The galectin family. (a) The three types of galectins: prototype, chimera
type, and tandem repeat type. (b) Structure of human galectin-3.

Figure 3.1. Identified ECM molecules are present in primary tumors and metastases.
(a) Staining on lungs containing primary lung tumors from KrastSL-G12D/+;pb53flox/flox
mice. (b) Staining of lymph node metastases from the mice. Red arrowheads denote
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tumor front exhibiting high osteopontin staining. (c) IHC of primary tumor-associated
ECM in the lung and lymph node. Black arrowheads: collagen I, open black arrowheads:
collagen VI. (d) Summary of IHC results. ‘H&E’: Hematoxylin and eosin. ‘Trichrome’:
Masson’s trichrome. ‘Hmga2: High-mobility group AT-hook 2 (marker of
metastatic/invasive tumor cells). ‘T’: primary lung tumor. ‘N’: lymph node metastasis.
‘M’: distant metastasis. Scale bars: (a) low magnification: Imm; high magnification:
100pm; (b) low magnification: 500pm; high magnification: 50pm; (c) 50pm.

Figure 3.2. Metastasis-associated ECM molecules are present in the sites of metastases
but not primary tumors. Immunostaining of the metastasis-associated ECM molecules
in the lungs, lymph nodes, and distant metastases of mice bearing endogenous lung
adenocarcinomas (KraslSL-¢12D/+;p53flox/flox mice). Insets are magnified views of boxed
areas showing ECM molecule fibrils. Number of tissues examined for each organ:
Lungs: 10; lymph nodes: 5; livers/kidneys: 22. “T": tumor. Dotted line depicts edge of
tumor and normal kidney. Scale bars are 50pm.

Figure 3.3. ECM production by cell lines has minimal correlation with adhesion.
Western blot analysis of the metastasis- and primary tumor-associated ECM molecules
produced by the 393T5 (Twmer) and 393M1 (M) cell lines. ‘Gal-3' Galectin-3; ‘Gal-8
Galectin-8; ‘FN’ fibronectin; ‘Lam’ laminin; ‘Coll I' collagen I, ‘OPN’ osteopontin.

Figure 3.4. ECM adhesion does not correlate with integrin gene expression. (a)
Comparison of ECM adhesion for all cell lines to gene expression of the cognate
integrins from gene expression microarray data. GeneGO software was used to identify
reported interactions between integrins and ECM molecules contained on the ECM
microarrays. For each reported interaction, the adhesion value from the ECM arrays was
plotted on the ordinate and the gene expression was plotted along the abscissa. (c)
Integrin subunit mRNA expression of the cognate integrins for the metastasis-
associated ECM molecules from Affymetrix microarray analysis in 393T5 (Tnonmer) and
393M1 (M) cell lines.

Figure 3.5. Integrin Surface Expression Correlates with ECM binding profiles. (a) Flow
cytometry of integrin surface expression in 393T5 (Tmer) and 393M1 (M) cell lines.
Integrin subunits that bind to metastasis-associated molecules show increased surface
presentation in the metastatic line (a5, av, a6, a3), while those that bind to primary
tumor-associated molecules show decreased presentation (a1 and a2). (b) IHC for
metastasis-associated integrins in mice bearing autochthonous tumors with
spontaneous metastases to the liver and lymph nodes. Scale bars are 100pm.

Figure 3.6. Flow cytometry analysis of surface integrin expression. (a) Median values
for fluorescence intensity of each of the Twme: (blue) and M (red) cell lines for the
metastasis-associated molecule cognate integrins and primary tumor-associated
molecule cognate integrins. (b) Multicolor flow analysis of integrin profiles in the 393M1
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(M) and 393T5 (Tmer) for the metastasis-associated molecule cognate integrins shows a
lack of discrete subpopulations.

Figure 3.7. Lung adenocarcinoma metastasis (LAM) network identified a361. GeneGO
software (Metacore) allows for the generation of in silico network maps depicting known
interactions between molecules as established in the literature. This manually curated
database generated networks based upon the most closely related molecules. Networks
were generated by seeding an autoexpand algorithm with the metastasis-associated
ECM molecules (fibronectin, laminins, galectin-3, and galectin-8) (a,b). (c) This network
was queried for the diseases most highly associated with it. P-values determined by
hypergeometric test. (b,d) Analysis of the network reveals that integrin o3p1 is the
surface receptor with the most edges.

Figure 3.8. Primary tumor network map. Here, GeneGO (Metacore) was used in an
equivalent manner as performed for the LAM network generated in Fig. 3.7 with the
exception that the autoexpand algorithm was seeded with the primary-tumor associated
ECM molecules (collagen I, IV, VI and osteopontin) (a). (b) Disease association rank of
the primary tumor molecule network shown in (a). P-values determined by
hypergeometric test.

Figure 3.9. Integrin a3f1 mediates adhesion and seeding in vitro and in vivo. (a,b) Flow
cytometry analysis of integrin surface expression following retroviral transduction of
short hairpins targeting the integrin subunits. (a) knockdown of ITGB1; (b) knockdown
of ITGAS3. Black: control hairpin against firefly luciferase; red: hairpin against integrin
subunits. Knockdown of both a3 and B1 integrin subunits by shRNA reduces adhesion
to metastasis-associated molecules in vitro (b) and prevents metastatic seeding in vivo
(c,d). shFF is the control hairpin targeting firefly luciferase. One-way ANOVA with
Tukey’s Multiple Comparison Test was used to analyze the data in figure (b). Error bars
in (b) represent standard error (n = 3). (c) Number of liver tumor nodules of the surface
of livers 2.5 weeks after intrasplenic injection. Mann-Whitney (non-parametric) test was
used to analyze significance. (d, top) Fluorescence imaging of whole livers after
resection. Cell lines express nuclear-excluded ZSGreen. Scale bars are 0.5cm. (d,
bottom) Hematoxylin and eosin stain of liver slices. Scale bars are 2mm. Blue data
points in (c) correspond to images in (d). All results shown are representative of
multiple independent experiments.

Figure 3.10. Metastasis-associated molecules are present in the metastases of human
Iung cancers (a-d) Oncomine[4] results for human lung cancer expression of LGALS3
and LGALSS8. (a) LGALS3 Expression in Hou Lung: Large Cell Lung Carcinoma —
Advanced Stage. (b) LGALS3 Expression in Bild Lung: Lung Adenocarcinoma —
Advanced Stage. (c) LGALS8 Expression in Hou Lung: Large Cell Lung Carcinoma —
Advanced Stage. (d) LGALS8 Copy Number in TCGA Lung 2: Lung Adenocarcinoma —
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Advanced M Stage. LGALS3 and LGALSS8 are overexpressed in Stage II lung cancer
compared to stage I (P = 0.018 and 9.72E-4, respectively) (a,c). Microarray data source
GSE19188[5]. (b) LGALS3 is overexpressed in Stage IV lung cancer compared to other
stages (P = 0.040). Microarray data source GSE3141(6]. (d) LGALS8 has increased copy
number in advanced M stage lung cancer (P = 0.013) in the “Lung Carcinoma DNA Copy
Number Data” dataset available from The Cancer Genome Atlas website (https://tcga-
data.nci.nih.gov/tcga/tcgaHome?2.jsp). (e) Representative images of human tissue
microarray staining results for galectin-3 presence or absence in the primary sites and
lymph nodes. Scale bars are 500pm. Box and whisker plots in (a-d): dots represent
maximum and minimum values, whiskers show 90t and 10t percentiles, boxes show
75t and 25t percentiles, and line shows median. P-values in (a-d) were computed by
Oncomine software using Student’s t-test (a, c-d) or Pearson’s correlation analysis (b).

Figure 4.1. Glycan-galectin interactions in lung cancer metastasis. (a) Schematic
depicting the mouse model used in these studies. Cell lines are generated from Kras.SL-
G12D/+; p53flox/flox mice following tumor development from the primary tumors that did
not metastasize (TnonMet), primary tumors that did give rise to metastases (Tmer), and
distant metastases (M). (b) Potential glycan ligands for the galectin-3 CRD. The T-
Antigen (GalB1-3GalNac-a1-O-S/T) is specific for the carbohydrate recognition domain
(CRD) of galectin-3 and -8. N-Acetyllactosamine (LacNAc) binds the CRD of all
galectins and exhibits increased affinities when in a polymeric form. The A- B- Type 2
blood group antigens have reported affinities for a variety of galectins, including
galectin-3, by glycan array analysis.

Figure 4.2. T-Antigen expression increases with metastatic progression. Peanut
agglutinin (PNA) exhibits a strong specific affinity for the T-Antigen. (a) Flow cytometry
analysis of lines 802T4 (TnonMer), 393T5 (Tmer), and 393M1 (M) for binding of PNA. Cells
were incubated with PNA conjugated to AlexaFluor 647 for 30 minutes prior to washing
and analysis by flow cytometry. (b) Staining by PNA (green) on 393T5 and 393MI cells.
Cells were cultured on tissue-culture-plastic, fixed, and stained with PNA conjugated to
AlexaFluor 647. Nuclei (blue) were stained with Hoechst.

Figure 4.3. T-Antigen expression on human NSCLC patients. Human tissue microarrays
were stained with peanut agglutinin (PNA) for presence of the T-Antigen. (a) Sample
images of PNA stains from human tissue microarrays. Quantitation of staining of lung
(b) and lymph node (c) samples looking at diffuse positive staining and membrane-
specific staining. (d) Results from (c) with representation of the subtypes of NSCLC.
Scale bars in (a) are 200pm and 100pm on the inset images. P values were determined
using Fisher’s Exact Test. PNA: peanut agglutinin; N: non-cancerous tissue; C:
cancerous tissue; Adeno: adenocarcinoma; LCC: large cell carcinoma; SCC: squamous
cell carcinoma.
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Figure 4.4. Galectin-3 adhesion is carbohydrate mediated. (a) Incubation of 393M1
cells with LacNAc (red) or Sucrose (black) prior to staining with fluorescent galectin-3.
LacNAc inhibition reduces galectin-3 adhesion in a carbohydrate-dependent manner.
(b) Short-hairpin knockdown of a3 and Bi1 integrin subunits (or control firefly
luciferase) in the 393ML cell line followed by PNA staining for the T-Antigen.

Figure 4.5. T-Antigen presentation increases with metastatic progression on a variety
of proteins. Surface proteins were isolated from ThonMet, TMet, and M cell lines and run
on SDS-PAGE gels. PNA lectin blots of cell surface proteins (a) and whole cell lysates
(b). Ponceau S stains show total protein.

Figure 4.6. Glycosyltransferase gene expression. (a) Gene expression microarray
analysis of known glycosyltransferase expression reveals minimal alterations in global
gene expression profiles between cell lines of the different stages. (b) Gene expression
microarray analysis of select genes predicted to generate the galectin-3 binding partners
(see Fig. 4.1b). All data is logz mRNA expression.

Figure 4.7. Gent3 and Stbgalnac4 are differentially regulated during metastasis. (a)
Comparison of the average primary tumor (all Tnonmet and Twmet lines) gene expression by
the average metastases (all N and M lines) gene expression for all glycosyltansferases.
(b) Expression of Gent3 and St6galnac4 in the three representative lines by qRT-PCR.
(c) Schematic depicting the glycosylation resulting from C2GNT2 and ST6GALNAC4
activity. (d) Gene expression microarray analysis for all cell lines for select
glycosyltransferase activity and the resulting structures. Size of spots in (a) refers to the
absolute difference between the clonally related 393T5 and 393M1 pair. P-values in (a)
are calculated between each class of lines (i.e. TrnonMet VS. TMet, TMet vs. N, N vs. M). Error
bars in (b) are s.e.m. of separate RNA isolations and in (d) are s.e.m. of different cell
lines of the same type. P-values in (b) and (d) were determined by one-way ANOVA
followed by Tukey’s multiple comparison post-test. * P < 0.05; ** P < 0.01; *** P <
0.001.

Figure 4.8. Gent3 downregulation and St6galnac4 upregulation promote galectin-3
adhesion. St6galnac4 was knocked down by retroviral transduction of short hairpins.
Galectin-3 (a) and PNA (b) staining of 393M1-shSt6galnac4 and 393M1-shLuc control
cells. Galectin-3 (a) and PNA (b) staining of 393M1 cells transfected with Gcnt3
plasmid. (e,f) Quantitation of (c,d). GCNT3 copy number in human tissue taken from
blood, normal lungs, or lung adenocarcinoma.

Figure 5.1. Galectin-3 is expressed on CDI11b* peripheral blood leukocytes in mice
bearing tumors. Peripheral blood was harvested by cardiac puncture from mice
implanted with subcutaneous flank tumors derived from various cell lines. Cells were
gated based on their FSC and SSC profiles. (a,b) Galectin-3/Mac-2 staining of all
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peripheral blood cells. (c,d) CD11b staining of all peripheral blood cells. (e,f) Gating for
CD11b+*Mac-2+ double-positive cells. (g) FSC vs. SSC for all cells (red) and galectin-
3/Mac-2+ cells (blue). ‘NT’ no tumor; ‘Tnonmet’ mice bearing the 802T4 cell line; ‘M’ mice
bearing the 393M1 cell line. *** P < 0.001. NT: no tumor.

Figure 5.2. Tumor-bearing mice have enriched galectin-3+ CDI11b+Gr-1+ and
CD11b*Ly6Chi cells. Mice bearing no tumors (NT), Tnonmer tumors, or M tumors injected
into their rear flanks were analyzed for CD11b+ subsets by flow cytometry. (a) Staining
for Gr-1+ cells. (b) Staining for CD115+* monocytes. (d,e) Mice with tumors have elevated
levels of Ly6Chi monocytes. (f) Fluorescence intensity of galectin-3 staining on
monocytes from mice with and without tumors. Intensity of galectin-3 staining on (g) all
CD11b+ cells and (h) Gr-1+ cells. (i) Percentage of all monocytes that are galectin-3+. ** P
< 0.01; *** P< 0.001. NT: no tumor.

Figure 5.3. Galectin-3 expression in cell lines and mice. (a) Gene expression microarray
mRNA levels of Lgals3 (galectin-3) and Lgals8 (galectin-8) for cell lines from each of
the four classes: TnonMet (N=3), Tmer (N=3), N (n=3), and M (n=2). (b) Western blot
analysis of protein levels of galectin-3 and -8 for three representative lines: 802T4
(TnonMet), 393T5 (Tmer), and 393ML1 (M). (c) ELISA analysis of serum levels of circulating
galectin-3 in mice bearing TnonMer and Twmet cell lines. (d) Western blot analysis of
galectin-3 and -8 levels of the livers of mice bearing tumors but no detectable
metastases. (e) Flow cytometry of galectin-3 levels on CDI11b+* cells of mice bearing
tumors following MACS separation in the presence of 200mM lactose or sucrose. **** P
< 0.0001; n.s. not significant. RM resident monocyte; IM inflammatory monocyte;
MDSC myeloid-derived suppressor cell.

Figure 5.4. Mice bearing the metastatic tumor line have galectin-3+ macrophages in
accumulation in the tumors. Mice were implanted with the 393M1 (M) tumor cell line.
Tumors were harvested and stained for macrophages (F4/80, green) and galectin-3
(pink). Nuclei (blue) are stained with Hoechst. Scale bars on the top and bottom rows
are 100pm. Scale bars on the middle row are 25pm. Middle row is zoom of the dashed
white box from the top row. IgG: isotype control.

Figure 5.5. Mice bearing tumors exhibit accumulation of galectin-3* macrophages in
their livers. Staining of livers from transplanted tumor-bearing mice prior to the
detection of metastatic cells for macrophages (F4/80) and galectin-3. Nuclei are stained
with Hoechst. Scale bars on the top and bottom rows are 50um. Scale bars on the
middle row are 25pm. IgG: isotype control.

Figure 5.6. Conditioned medium from tumor lines induces rapid recruitment of
CDI11b+*Mac-2+ leukocytes into circulation. Fresh medium (white), 393M1 conditioned
medium (red), or fresh medium with 20pg/mL recombinant galectin-3 (Gal-3, gray) was
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injected into circulation of naive mice. Peripheral blood, harvested two hours after
media injections, was analyzed by flow cytometry for (a) the percentage of all cells
CD11b+, (b) the percentage of all cells galectin-3+, (c) the percentage of all cells CD11b*
and galectin-3+, (d) the percentage of all cells CD11b*Gr-1+, (e) the ratio of inflammatory
to resident monocytes, and (f) the expression levels of galectin-3. (g) Luminex ELISA
analysis of cytokine levels in the fresh (white) and conditioned (black) medium. (h)
Galectin-3 levels of medium supernatant from 393M1 lines transduced with hairpins
against galectin-3 (shGal3) or firefly luciferase (shLucMis) by ELISA. *** P < 0.001;
N.D. not detected.

Figure 6.1. Profiling adhesion of cells undergoing EMT. (a) Schematic of the screening
workflow: (I) ECM microarrays are spotted, (II) wild-type HMLERs, HMLERs
expressing TWIST, or a 1:1 ratio of both are prepared, and (III) seeded onto the ECM
arrays. (b) Micrographs of cells on individual spots stained for E-cadherin or N-cadherin
(top). Epithelial and mesenchymal cells were stained with green and orange Calcein AM,
respectively and seeded on the arrays after mixing (middle and bottom).

Figure 6.2. Identification of ECM combinations yielding the greatest adhesion. Rank
ordered cell counts for all of the combinations on the ECM microarrays for both the
wild-type (a) and TWIST-expressing (b) HMLERs four hours following seeding of the
arrays. Red bars and inset graphs indicate the top 2.5% of combinations.

Figure 6.3. EMT induces differential adhesion to ECM. (a) Unsupervised hierarchical
clustering of replicate slides for both the wild-type and TWIST+ cells depicts conserved
differences in adhesion profiles. (b) Normalized adhesion values for all of the ECM
combinations on the arrays plotted as wild-type cells (abscissa) versus the TWIST* cells
(ordinate). Black line depicts equivalent adhesion values (x = y). (c) Top differential
adhesion values between the two cell states. Combinations listed as “1” (blue) represent
elevated adhesion by the wild-type cells and “2” (red) represent those to which the
mesenchymal cells exhibit greater adhesion. (d) Top differential hits as calculated by the
absolute value of the difference between the wild-type and TWIST+ cells. Blue bars
depict combinations to which the epithelial values are higher and red bars refer to those
to which the mesenchymal values are higher.

Figure 6.4. EMT induces differential proliferative responses to ECM. Rank ordered
population doublings for the top ECM combinations as quantified by the ratio of day 2
counts to day O counts for the (a) mesenchymal and (b) epithelial cells. (c) Top
differential counts following normalization to the non-zero means of the slides.
Combinations listed under “1” (red) are those to which the mesenchymal cells had
higher counts and those under “2” (blue) represent the epithelial hits. (d) The same as
(c) but where the counts have not been normalized. Here “1” (blue) refers to the
epithelial hits and “2” (red) represents the mesenchymal hits.

16



Figure 6.5. Galectin-3 induces increased E-cadherin expression. (a,c) E-cadherin
expression measured as fluorescent intensity and normalized to cell counts per spot for
all combinations where the standard deviation is less than 2x10% (a) or 1x105 (c). (a)
depicts values for the wild-type cells and (c) depicts TWIST* cells. (b) Top 10
combinations with the highest E-Cadherin staining from (a). Combinations listed in red
contain galectin-3 as one of their components. Blue dots in (c) represent combinations
that contain galectin-3 or its cleaved form galectin-3c. Error bars in (b) are s.e.m.

Scheme 7.1. ECM interactions in metastasis. This schematic depicts the working model
of ECM interactions during metastasis as explored in this thesis. Primary tumors exhibit
adhesion to a variety of collagens and osteopontin. These tumors also secrete collagens.
They express high levels of integrin al and a2 subunits on their surfaces. These tumors
express high levels of Gcnt3 and low levels of St6égalnac4 in a manner that promotes O-
glycan extension and branching. Both the primary and metastatic tumors secrete
galectin-3 and -8, which can be found in the circulation. The metastatic tumors exhibit
increased adhesion to fibronectin, laminins, galectin-3, and galectin-8. Additionally,
they secrete osteopontin. These tumors exhibit elevated surface presentation of integrin
a3, a5, a6, and av subunits. Furthermore, they have elevated T-Antigen presentation,
which is a result of downregulation of Gent3 and upregulation of St6galnac4 and that
mediates galectin-3 adhesion. Early in tumorigenesis, CD11b* leukocytes are recruited
to the blood and sites of metastases. These cells exhibit high levels of galectin-3 on their
surfaces.

Scheme A.1. Nanoparticle Synthesis. Iron oxide nanoparticles have dextran coatings
crosslinked by epichlorohydrin. The nanoparticles are aminated using ammonium
hydroxide. The free amines are first reacted with the NHS esters on the SIA crosslinkers.
The iodoacetyl groups are then reacted with the end-terminal cysteines on the peptides
to generate particles presenting T-Antigen-specific peptides in a multivalent fashion.

Figure A.l. Nanoparticle Characterization. (a) Dynamic light scattering (DLS)
measurements of nanoparticle diameters. (b) Flow cytometry analysis of nanoparticle
binding and T-Antigen inhibition on 393M1 cells. Nanoparticles incubated with no
(blue) or 20uM (red) concentrations of nanoparticles. PE monitors nanoparticle
TAMRA fluorescence, and APC measures PNA binding. (c) Nanoparticle titration and
quantification of parameters measured in (b).

Figure A.2. Nanoparticles bind the T-Antigen and prevent lectin interactions. Cell lines
from the Tnonmet (802T4), Tmer (393T5), and M (393M1) lines were incubated with
fluorescent PNA in the presence of nanoparticles and analyzed for PNA binding by flow
cytometry. (b,c) Cells were cultured with nanoparticles and washed and imaged to query
uptake. Error bars represent s.e.m.
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Figure A.3. Nanoparticles bind tumors in vivo. Mice are injected into contralateral
flanks with tumor cells lines from different classes (i.e. TrnonMer VS. Tmet vs. M). (a,b) IVIS
quantification of fluorescence in tumors excised from mice 3.5 hours after injection of

nanoparticles into systemic circulation. (c) Fluorescence of tumor lysates 30 hours after
injection of nanoparticles or PBS control.
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Chapter 1. Introduction

1.1 Scope

Cancer is the second leading cause of death in the United States following heaft disease
and accounts for roughly 23.3% of all deaths[7]. It kills 580,350 people domestically
(estimated for 2013)[8] and 7.6 million people worldwide (2008)[9] per year. Of those
deaths, 90% are thought to be the result of metastasis, the process by which cancer
spreads throughout the body, rather than outgrowth of the primary tumor[10-11]. In
order for this process to occur, cancer cells must alter the way they interact with their
microenvironments through de novo mutations, alterations in regulatory mechanisms,
or cooption of existing programs. These alterations allow tumor cells to break free from
their sites of origin, survive the circulatory and lymphatic transport systems, take root at
a distant site, and ultimately colonize that tissue. Despite many recent advances in the
field, this driver of morbidity is a poorly characterized process. In particular, the study
of how cells interact with the dynamic molecules of the extracellular matrix (ECM)
throughout the metastatic cascade has yet to benefit from systematic unbiased large-
scale characterization. Thus, the overall goal of this thesis is to improve our
understanding of the role of ECM in cancer metastasis through the use of

engineering approaches.

1.2 Lung Cancer

1.2.1 Incidence
With an estimated US death toll of 159,480 in 2013, lung cancer is the largest killer
among all neoplasms[8]. It far surpasses both breast (40,030) and prostate (29,720)

cancers despite having less than half the incidence rates[8]. Nonetheless, while $15,690
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and $9,376 research dollars were spent per cancer death in 2010 for those two cancer
types, respectively, only $1,792 was spent per lung cancer death[12], and it is considered
one of the most underfunded cancers both within the US and abroad[13]. Furthermore,
while a reduction in tobacco use within the US has resulted in a slight decline in deaths,
the mortality rates of lung cancer still far surpass any of the other cancers (Fig. 1.1a-c),
and the survival from time of diagnosis is one of the shortest of all malignancies (Fig.
1.1d-f). The brevity of this survival time is primarily due to the existence of distant overt

metastases at the time of diagnosis for which no curative treatment can be provided.
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Figure 1.1. Cancer Survival Statistics. Age-adjusted U.S. mortality rates by cancer site for both
genders (a), males (b), and females (c). Relative survival by survival time by cancer site for both
genders (a), males (b), and females (c). Red squares are for cancers of the lung and bronchus.
Statistics are for all ages and all races. Data in (a)-(c) is from US Mortality Files and (d)-(f) is
from 1988-2008 SEER 9. Graphs were generated from data provided by the NCI Surveillance
and Epidemiology End Results (SEER) at http://seer.cancer.gov/statistics/ Accessed 21 April
2013.

1.2.2 Etiologies

The primary cause of the majority of lung cancers is tobacco smoking. Epidemiological
studies are perhaps the most convincing evidence with 87% of lung cancers arising in
current or recent smokers[14]. Additional causes include other environmental exposures
such as asbestos[15] and radon[16] and genetic alterations, which will be discussed

below.

1.2.3 Genetics

Like all cancers, lung cancer is an inherently genetic disease. Perhaps, the most common
genetic alteration that occurs in lung cancers are mutations in the tumor suppressor
gene p53[14, 17]. Patients bearing germline p53 mutations have increased incidences of
lung cancer[18] that is exacerbated by smoking[19]. Other major tumor suppressor
genes commonly altered in lung cancer include RBI, p16(INK4a), FHIT, and LKBI[19-
21]. Additionally, genome-wide association scans of SNPs in lung cancer patients
identified a variation at 15925.1, the location of PSMA4 and subunits of the nicotinic
acetylcholine receptor[22]. These SNPs showed a weak correlation with smoking
behavior, but a strong correlation with lung cancer susceptibility. As nicotine stimulates
the cholinergic receptors, these findings may help to explain the correlation between

smoking and lung cancer incidence[22].
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In addition to alterations in tumor suppressor activities, lung cancers typically harbor
one or more mutations in oncogenes. These alterations typically vary depending on the
lung cancer subtypes. In particular, small-cell lung cancers (SCLC) often present
alterations in C-KIT, MYCN, and MYCL, while non-small-cell lung cancers (NSCLC) are
typically accompanied by alterations in EGFR or KRAS[14, 17] (Table 1.1). While the
latter two are common to NSCLC, they are nearly mutually exclusive with EGFR
mutations occurring most commonly in non-smokers, particularly Asian females[23-
24]. These EGFR mutations sensitize patients to gefitinib, whereas patients without the
mutations have no response[25-26]. Additionally, the EML4-ALK fusion protein occurs

in 7% of adenocarcinomas|17].

Abnormality SCC Adeno SCLC
KRAS mutation Very rare 10 to 30% very rare
BRAF mutation 3% 2% very rare
EGFR

kinase domain mutation very rare 10 to 40% very rare

amplification 30% 15% very rare

variant ITT mutation 5% Very rare very rare
HER?

kinase domain mutation very rare 4% very rare

amplification 2% 6% unknown
ALK fusion very rare T% unknown
MET

mutation 12% 14% 13%

amplification 21% 20% unknown
TITF-1 amplification 15% 15% very rare
| p53 mutation 60 to 70% 50 to 70% 75%
ILKB7 mutation 19% 34% Very rare
PIK3CA

mutation 2% 2% very rare

amplification 33% 6% 4%

Table 1.1. Genetic abnormalities in lung cancer. This table lists the
common genetic abnormalities found in human lung cancer. SCC:
squamous cell carcinoma; Adeno: adenocarcinomas; SCLC: small
cell lung cancer. Table is adapted from reference [17].
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1.2.4 Diagnosis and Staging

Clinical presentation of lung cancers can result from features related to the primary
tumor, local or distant metastases, or paraneoplastic syndromes. Patients will often
present with cough, dyspnea (shortness of breath), hemoptysis (blood stained sputum),
cachexia, or chest pain related to pleural involvement[14, 27]. Typical sites of metastases
for lung cancer include the brain, pleura, bone, liver, adrenals, contralateral lung, and
skin, and the presenting symptoms may be related to involvement of these sites rather
than the primary tumors[27]. At the time of initial diagnosis, only 15% of patients have
resectable early stage disease for which the survival rate is 48%[14]. All other patients
have metastases, and are primarily treated with palliative care. Survival rates for
patients with NSCLC are shown in Table 1.2 (adapted from ref [1]). While a range of
paraneoplastic syndromes occur with lung cancer ranging from coagulopathies to
glomerulonephritis to Cushing syndrome to neurological syndromes[28], only a small
number of patients will first present with symptoms related to them rather than the

tumors themselves[27].
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Stage TNM 1yr Survival |5yr Survival
Local
IA TINOMO 94 67
1B T2NOMO 87 57
IIA TIN1IMO 89 55
Locally Advanced
B T2N1MO 73 39
T3NOMO
IITA TIN2MO 64 23
T2N2MO
T3N1MO
T3N2MO
II1B AnyTN3MO 32 3
Advanced
II1B T4AnyNMO 37
v AnyTAnyNM1 |20 1

Table 1.2. Lung Cancer Survival by Stage. Survival rates at 1 and 5 years for
NSCLCs according to clinical stage. Adapted from reference [1]. "TNM’ refers to
the TNM stage as defined by the AJCC Cancer Staging Manual[2], where ‘T’
refers to the characteristics of the primary tumor, ‘N’ refers to the involvement
of lymph node metastases, and ‘M’ refers to the absence (0) or presence (1) of

distant metastases.

patients[29].

20

Screening approaches for detection of lung cancer have been generally unsuccessful.
Screening by chest radiography and sputum cytology did not show a significant
reductionn in deaths. Screening using high-resolution computed tomography (CT)

scanning is still considered controversial, but may be beneficial in high-risk

Diagnosis of lung cancer is typically made through a combination of imaging and
histological evaluations. Imaging typically includes chest X-ray and chest CT scans.
Fiberoptic bronchoscopy is used for visualization of central lesions. For peripheral
lesions, CT-guided fine-needle aspiration is highly effective[27]. The use of positron-
emission tomography (PET) in combination with CT can be more effective than the use

of either alone for diagnosing mediastinal disease[30]. Evaluation of node involvement




allows for staging and determination of management. Patients with node-positive
disease will typically undergo bone scans and brain MRI imaging prior to pursuing

aggressive local therapy[1].

Lung cancers are typically classified as either SCLC or NSCLC. SCLCs make up
approximately 13.7% and 18.3% of lung cancers in men and women, respectively[31],
and occur almost exclusively in smokers[14]. Of NSCLCs, adenocarcinomas are the most
common (37.5%) followed by squamous cell carcinomas (26.8%) other histologies

(26.5%), large-cell carcinomas (5.7%), and bronchioalveolar carcinomas (3.5%) [32].

NSCLC is staged following the TNM staging guidelines according to the AJCC Cancer
Staging Manual[2]. The ‘T’ stage, graded 1 to 4, refers mainly to the size of the primary
tumor nodule and its invasive characteristics. The ‘N’ stage, graded O to 3, refers to the
number and identity of lymph nodes involved, and the ‘M’ stage, graded O, 1la, or 1b,
refers to the existence of metastases. Accurate staging of lung cancers is essential for

proper management of the disease.

Metastasis occurs early in SCLC making TNM staging an uninformative method for
staging this type of disease. Instead clinicians typically categorize the disease state as
either ‘limited’ or ‘extensive’ disease. Limited disease is defined as a tumor burden that
is confined to the ipsilateral hemithorax within one radiation port (i.e. one treatment
field) and represents approximately one-third of all presenting patients[1]. All other

disease is defined as extensive.
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1.2.5 Management

Whenever possible the primary choice of NSCLC patients with early disease is surgical
resection. It is currently thought that patients with stage I to IIIA have potentially
resectable disease and are good candidates for surgical treatment. Even so, the
propensity for lung cancers to metastasize early results in, at best, a 67% survival rate at
5 years (Stage IA) and drops to 23% for stage IIIA[1, 33]. Surgery includes either
lobectomies or pneumonectomies with removal of any involved mediastinal nodes. The
role of either adjuvant chemotherapy or adjuvant radiation in the post-operative setting
is less clear. Most studies of adjuvant radiotherapy show no improvement in survival
time and some indicate increased relative risk of death[34]. While the use of adjuvant
chemotherapy in this setting is still under debate, the use of platinum-based

chemotherapy for these patients may have some marginal benefits[35].

In patients with stage III nonresectable (Stage IIIB) or resectable but locally advanced
(Stage IITIA) disease, the use of neoadjuvant therapy may be advantageous. Neoadjuvant
therapy refers to the use of non-surgical therapy as the initial treatment. Using this
approach, treatment may shrink the tumors resulting in increased survival and clean
margins following surgery. Studies have shown that while radiotherapy alone provides
little survival benefit, combined radiation and chemotherapy can increase survival
significantly, in this setting[36-37], and even in the context of nonresectable

disease[38].

While patients with advanced stage NSCLC (Stage IIIB or IV) will not be cured, there are
benefits to the use of chemotherapy. Stage IV patients represent 40%-50% of patients

presenting with lung cancer[27]. Use of chemotherapy can increase survival two to four
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months and may improve quality of life[1]. Surgical approaches have no benefit to this

patient cohort.

Chemotherapy regimens for advanced stage NSCLC are typically two-drug platinum-
based regimens. The choice of agents (i.e. cisplatin, paclitaxel, gemcitabine, docetaxel,
or carboplatin) does not appear to have significant effects on outcome, but the use of

two drugs does improve survival over conventional one-drug regimens[39].

Chemotherapy can be highly effective in patients with SCLC despite an earlier
propensity for metastatic dissemination than NSCLC. While surgical resection is not
typically used in these patients, it can be performed on those with stage I or II disease.
Typical chemotherapy regimens for patients with limited disease include the use of
irinotecan and cisplatin with a marginal benefit over etoposide and cisplatin[40], which
can benefit from the addition of radiotherapy[41]. Patients with extensive disease
receive etoposide with either cisplatin or carboplatin. Despite the initial benefits of
chemotherapy in patients with SCLC the 5 year survival rates are only 15-25% in

patients with limited disease and less than 5% in patients with extensive disease[1].

Overall, survival rates of all patients with lung cancer are poor. That even stage I
patients have only a 60-70% 5 year survival rate combined with the improved survival
benefits with chemotherapy at all stages of the disease suggest that metastatic
dissemination of the tumors prior to diagnosis is the major contributor to morbidity.
While chemotherapy and some prophylactic radiotherapy, such as whole brain
radiation, are beneficial for reducing metastatic burden, no specific targeted

therapeutics exist for treating metastases in the context of lung cancer.
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1.3 Cancer Metastasis

While cancer metastasis is responsible for 90% of cancer-related deaths[10-11], the
programs that govern this process are still poorly understood. As a result few
therapeutic targets have been identified and even fewer have seen realization[42].
Increasing our understanding of the biology of metastasis will not only improve our
diagnostic and prognostic toolsets, but also promote the development of therapeutics for

currently incurable disease states.

1.3.1 Biology of Metastasis and the Metastatic Cascade

In order for malignant neoplasms to spread throughout the body and develop into
clinically relevant metastases, they must traverse the highly inefficient process known as
the metastatic cascade (Scheme 1.1). This process consists of loss of cell-cell adhesion,
local invasion, intravasation, survival and transit in the blood or lymphatics,

extravasation, and colonization of the distant tissue[43-44].

29



Scheme 1.1. The metastatic cascade. (I) Outgrowth of the primary tumor; (II) Invasion
through basement membrane and interstitium; (III) Intravasation into the blood or
lymphatics; (IV) Survival in circulation; (V) Extravasation; (VI) Survival and migration at a
secondary site; (VII) Colonization.

The first step of this cascade, known as local invasion, relates to the ability of primary
tumor cells to break free from their local microenvironment and invade into adjacent
stroma. To achieve this ability, cells will downregulate the adhesion molecules that
attach to their neighboring cells (i.e. cell junction proteins such as cadherins, occludins,
and connexins) and to the underlying basement membrane (i.e. specific integrins). They
also must break through that basement membrane, which is typically achieved through
the expression of matrix metalloproteinases or downregulation of their inhibitors,
TIMPs[45]. This local invasion can occur in a cohesive multicellular fashion “collective

invasion” or at a single-cell level in either a adhesion-dependent manner known as
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“mesenchymal invasion” or an adhesion-independent manner known as “amoeboid

invasion”[46-47].

After invading through the basement membrane and local stroma, cancer cells must
invade blood vessels and lymphatics to travel to distant sites. During growth of the
primary tumor, blood vessels are recruited following activation of the “angiogenic
switch”[48-49]. Metastasizing tumor cells must degrade the basement membrane
surrounding these vessels and cross the endothelial barrier in order to gain access to the
lumens of these vessels. While this process is still poorly understood, it is thought that
the leaky vasculature coupled with a general lack of pericytes in the newly recruited

vessels aids in the process of intravasation[50-51].

The next phase of metastasis involves survival in circulation. Recent clinical evidence
has shown that circulating tumor cells exist in the blood of patients with cancer and can
be a useful biomarker of disease progression as well as represent the diverse biology of
these cells[52-56]. In this anchorage-independent state, circulating tumor cells (CTCs)
must avoid anoikis. Furthermore, they must evade immune surveillance by cells such as
natural killer (NK) cells. In some instances, this evasion may be achieved through
binding to platelets in a manner that shields them from NK cells[57-59]. Furthermore,
signaling from platelets to tumor cells can promote metastasis through the induction of

epithelial-mesenchymal transitions[60] or generation of tumor thrombi[61-62].

Eventually, CTCs will arrest within blood vessels and subsequently extravasate. The
timeframe within which a given CTC is in circulation is still debated, but considerations
of capillary lumen size (~8um) compared to tumor cells size (~20-30pum) along with

data from experimental metastasis assays suggest that it is unlikely that most CTCs have
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more than one pass through circulation[43]. Nonetheless, organ-specific metastasis is a
clinical reality, and while microenvironment effects on colonization are likely the main
agents of this specificity, elements of the vasculature may also play a role. Increased
exposure to basement membrane proteins in the context of inflammation may permit
increased adhesion of tumor cells. Tumor cells expressing a3pl integrin have been
shown to bind laminin-5 in vascular basement membrane[63]. Metadherin expression
may also potentiate adhesion specifically to pulmonary vasculature by breast cancer

cells[64].

Following arrest, tumor cells can extravasate immediately or continue to grow in the
lumen prior to extravasation[65]. The ability for cells to extravasate at distant sites can
be challenging in the absence of the same vascular permeability available during
intravasation. Thus, it is now suggested that CTCs may re-seed the initial tumor while
slowly undergoing whatever alterations are necessary to extravasate or colonize distant
sites|66]. Alternatively, establishment of a pre-metastatic niche wherein recruited
myeloid cells secrete factors such as VEGF may also potentiate increased

extravasation|[67-68].

Following extravasation, disseminated tumor cells (DTCs) can survive as
micrometastases for extensive time periods without colonizing distant tumors.
Clinically, it is not infrequent to see breast cancer patients survive ten years without any
recurrence following surgical resection of their primary tumor only to later find
outgrowth at distant sites. Experimental evidence suggests that tumor cells can survive
as dormant micrometastases without colonizing the tissue[69]. Thus, it is now

appreciated that all of the prior stages of the metastatic cascade occur early in tumor
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progression, and that colonization is the rate-limiting step in the development of
clinically detectable metastases[70-74]. This transition from latency to overt metastases
is likely governed by the ability of the DTCs to interact with their microenvironment.

These interactions will be discussed in more detail in subsequent sections.

1.3.2 Metastasis as a Therapeutic Target

Despite the well characterized effects of metastasis on disease prognosis, few
therapeutics exist that directly address this phase of the disease progression. Challenges
range from detection to delivery of therapy to heterogeneity of the tumors to resistance
against conventional drugs. Nonetheless, a variety of gene expression studies have
helped to elucidate changes that occur during metastatic progression and have resulted
in signatures that have significant clinical utility[75-80]. While these signatures have
provided useful biomarkers for disease progression, they still do not provide a means to

treat the disease.

Conventional treatment regimens for cancer typically consist of the use of chemotherapy
and radiation. These approaches target rapidly dividing cells by preventing cell division
or inducing DNA damage. It is now appreciated that there may be a subset of slow-
growing cells that maintain the ability to repopulate the tumors. The self-renewal
capability of these cells has led some to label them as ‘cancer stem cells’ (CSCs) [81-83].
In addition to their ability to drive tumor heterogeneity and self-renewal, these
populations are typically resistant to radiation and chemotherapy[84-87]. Recent
studies have linked CSCs to the embryonic program known as the epithelial-
mesenchymal transition (EMT)[88]. This process is thought to play a role in metastasis.

Subsequent studies have shown that these cells are not only resistant to conventional

33



chemotherapies, but have identified alternate small molecule inhibitors that have little
effect on the primary tumor cells, but are highly effective against this CSC
population[89]. Such screening approaches may help identify new classes of inhibitors

that selectively target metastatic populations.

Recent advances in RTK inhibitors and biological therapeutics provide an alternative to
conventional therapeutics in treating cancer. While these approaches often suffer from a
lack of a durable response and eventual recurrence of the disease, their specificity often
yields incredible initial responses with relatively few side effects. Just as metastatic cells
often behave differently than their primary tumor counterparts, the genes that regulate
and inhibit this phase of the disease are also different. Recently a class of genes, known
as metastasis-suppressor genes (MSGs), have emerged that act to prevent metastasis
formation[90]. These roughly twenty genes act to suppress the various components that
promote metastasis. NM23, PEBP1, RECK, CTGF, KAIl, KISS1, RHOGDI12, MAP2K4,
BRMSI, and CASP8 have all been useful as prognostic indicators of metastasis[90-92].
In addition to their prognostic value, a variety of approaches can be taken to utilize
MSGs. These approaches include the use of exogenous gene expression, induction of
upstream activators, pharmacologic induction of expression, altering epigenetic
regulation, exogenous introduction of the proteins, and inhibiting downstream

targets[90, 93-99].

As systemic spread likely occurs early in metastatic progression, the most advantageous
steps of the cascade to target are probably those of extravasation and colonization[100].
Thus, approaches that target the microenvironment of the metastases may be beneficial.

Stromal cells such as osteoclasts and myeloid-derived cells (discussed in the next
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section) may serve as good targets. Inhibition of additional angiogenesis can be achieved

with anti-VEGF therapies such as Bevacizumab.

Perhaps, the most effective treatment against metastases may prove to be an increase in
immune surveillance for cancer cells. Recent treatments aimed at reducing regulatory
immune phenotypes through inhibition of CTLA4 and PD-1 have proved highly effective
in patients with advanced stage melanoma and other cancers[101-102]. Unlike
approaches that target BRAF activation[103-104] where patients eventually relapse,
these immunotherapies have the potential to elicit complete responses. These responses
may, in part, be due to the ability of the immune system to target dormant cells in

combination with their recognition of broad antigen presentations.

1.4 Effects of the Microenvironment on Tumor Progression

The role of the microenvironment on promoting normal tissue homeostasis was elegant
demonstrated in 1975 when malignant teratoma cells were reprogrammed by an
embryonic blastocyst to generate normal chimeric mice[105]. Recently, it has become
apparent that the tumor microenvironment dramatically impacts metastatic
progression[106]. These effects range from interactions with other cell types such as
fibroblasts or recruited myeloid cells to alterations in the extracellular components such
soluble factors and extracellular matrix. These factors affect the ability of cells to
traverse each step of the metastatic cascade and ultimately colonize distant organ sites

where the microenvironment is vastly different from the tissue of origin.

In 1889 Stephen Paget first presented his theory of “Seed and Soil” as it pertains to
metastasis suggesting that the relationship between the migrating cells and the

microenvironment of the secondary site is a key factor in the ability of a tumor to
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spread[107]. While some of the differential tissue specificity observed in different
cancers may be attributed to the locations of capillary beds during hematogenous
dissemination, this fluid mechanics argument cannot fully explain the patterns observed
clinically. The diversity of molecules and cells in different organs is likely to play a role
in why some cancers preferentially spread to particular tissues over others. A variety of
studies have aimed to elucidate the regulatory networks that promote tissue-specific

metastasis[66, 108-111].

Changes in cancer cell-extracellular matrix (ECM) interactions likely influence each
stage of the metastatic cascade, starting with the loss of basement membrane adhesion
to colonization of distant sites. Furthermore, alterations in matrix production and
crosslinking can promote metastasis[112-114]. Consequently, inhibiting interactions of
tumor cells with their microenvironments by targeting adhesion molecules is an area of
active investigation[115-116]. In addition to their effects on cell adhesion, ECM
molecules contain many domains capable of binding other ECM molecules and growth
factors in a manner that can yield synergistic signaling events in cells[117]. This synergy

highlights the importance of studying multiple ECM components simultaneously.

In addition to the role of altered ECM, a variety of cells are frequently recruited to
promote metastasis. Recently, it has become appreciated that paracrine signaling loops
between cancer cells and other cell types are acting to establish microenvironments that
are conducive to metastasis[106]. Recruitment of mesenchymal stem cells through
CCL5[118] and bone marrow stromal cells by osteopontin[119] or VEGFR1/VLA-4[67]
signaling has been shown to promote metastasis. Furthermore, increased osteoclast

activity in bone metastases through activation by soluble VCAM-1[120] and TGFp[121]
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promotes establishment of a metastatic niche and the RANKL cytokine promotes
migration in bone by the cancer cells[122]. Tenascin-C has been found to act both in an
autocrine fashion and from the tumor stroma to promote metastatic outgrowth[114].
Secretion of LOX by premetastatic cells can crosslink collagen IV at metastatic sites and
induce recruitment of bone marrow derived cells to establish the metastatic niche[123].
It is now understood that macrophages help establish the metastatic niche[124]. Recent
evidence suggests that these cells are likely recruited through CCLZ2 signaling to
inflammatory monocytes that subsequently promote extravasation of tumor cells by
secretion of VEGFA[68]. Many of these paracrine loops involve direct alterations of
ECM or integrin presentation, while others result in indirect presentation through the
cells that they recruit. In general, chemokine signaling plays a large role in recruitment
of stromal cells and conferring tumor cell homing in a manner that helps explain tissue

specificity of metastasis[125].

In general, the majority of the cellular interactions involve leukocytes that either
stimulate or perpetuate an inflammatory microenvironment or discourage cytolytic
adaptive immune responses through the recruitment of regulatory leukocytes. Tu2 CD4+
T-cells prevent anti-tumor activity by CD8+ T-Cells and NK cells[106]. Tumor-
associated macrophages (TAMs) have been found to promote tumor growth and
metastasis in animal models, and have shown correlations to poor prognosis,
clinically[126-127]. Secretion of factors such as CSF1 by cancer cells can attract TAMs in
a paracrine fashion[128-129]. Furthermore, intravital imaging studies have revealed

that TAMs can act to promote intravasation of tumor cells[130]. In addition to TAMs,
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myeloid-derived suppressor cells (MDSCs) promote tumor progression and metastasis

through inhibition of anti-tumor responses[131-132].

1.5 Extracellular Matrix and Integrins

At each step of the metastatic cascade, cells must alter their interactions with
extracellular matrix and integrins. Appropriate modifications of these interactions are
necessary for the traversal of these stages, and failure to adapt is likely at the root of the
inefficiencies of this process. In this section, these classes of molecules are briefly

reviewed.

1.5.1 Extracellular Matrix

Extracellular matrix plays essential roles in maintaining tissue homeostasis as well as
permitting the evolution of disease states. ECM provides a scaffold on which individual
cells can migrate and, in the context of the basement membrane, upon which layers of
epithelial cells can form. At a tissue level, it provides structural support for organs and
helps organize groups of cells within tissues to coordinate their functions. Modulations
of the mechanical properties of ECM can affect cellular responses[133-134]. Through
integrins (discussed in the next section), this diverse set of dynamically-regulated
molecules helps to control the responses and fates of cells that make up our tissues in a

manner that may exceed those of soluble factors[117].

In addition to its role in cellular adhesion, ECM affects a wide range of cellular
responses. Patterning of ECM has been shown to guide the orientation of the cell
division axis[135]. Basement membranes, composed primarily of collagen IV, laminin,

nidogen, and perlecan, act not only to support parenchymal epithelial sheets, but also
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support blood vessels and angiogenesis[136]. ECM molecules contain a variety of
growth factor binding domains. Heparan sulfate proteoglycans bind FGF and this
complex is what is recognized by FGFR[137]. Furthermore, sequestration of TGF-f by
ECM molecules such as fibrillins controls its activity. As a result, Marfan’s patients, who
have mutations in the fibrillin gene, suffer from aberrant TGF-f3 signaling, which results
in a number of adverse pathologies once thought to be a direct effect of altered
mechanical properties of fibrillin[138]. ECM molecules often contain EGF-like
domains[139-140], which may themselves be capable of ligating EGFR and inducing
signaling[117]. That ECM molecules typically contain multiple domains capable of
binding cells, growth factors, and other ECM molecules suggests an attractive model of
these molecules as signal integrators that act to induce localization and synergistic
activation of growth factor receptors and integrins in a spatially constrained

manner|[117].

While ECM proteins play important roles in maintaining normal tissue physiology, their
contributions to malignancy cannot be ignored. Frequently, alterations in MMP and
cathepsin activity in cancer are observed, suggesting a role for matrix degradation in
tumor progression[141-144]. Additionally, matrix crosslinking by lysyl oxidase[123]
promotes development of the premetastatic niche, and TG2-induced crosslinking may
inhibit tumor growth[145]. Just as heparan-sulfate PGs can promote FGF signaling,
improper regulation of HSGAGs can promote tumor growth and assist in immune
evasion[146-147]. Production of tenascin-C and osteopontin, as discussed previously,
has been shown to assist in establishment of the metastatic niche[114, 119, 148-149].

Alterations in laminin isoforms are evident at the invading front of carcinomas[150].
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Elegant animal models based on human tissue neoplasia have identified a temporal
regulation of ECM-related genes during squamous cell carcinoma progression[151].
Production of type VI collagen by adipocytes has been shown to promote mammary
tumor progression[152]. Galectins, a family of -galactoside binding lectins and the
subject of later chapters in this thesis, have a diverse set of roles in tumorigenesis[153].
The importance of ECM in cancer is so profound that it has even elicited
recommendations of tissue engineering approaches to cancer therapy that aim to
normalize the mechanical properties of the ECM[154]. As an immense body of literature
has aimed to characterize the role of ECM in neoplasia, the aforementioned findings

represent only a small sampling of its diverse roles in this disease.

1.5.2 Integrins

The identification of fibronectin (originally termed “LETS protein”) as an extracellular
matrix molecule by Richard Hynes and others in the mid-1970s initiated a considerable
interest in identifying its corresponding surface receptor[155-158]. Its significant effects
on adhesion and migration[159-160] coupled with its association with viral
transformation[155, 158] highlighted its relevance in normal physiology and,
potentially, disease states. The identification of the minimal fibronectin-derived binding
sequence, RGDS, by Erkki Ruoslahti’s group[161] in conjunction with the recognition of
GPIIb/IIla as a fibronectin receptor[162] led to the eventual cloning and classification of

the integrin receptor[163-164].

Integrins, named after their recognition as an integral membrane protein capable of
linking ECM to the cytoskeleton, are the main class of adhesion molecules. Integrins are

heterodimers that consist of an a chain and a B chain. There are 18 unique a and 8
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unique B subunits that dimerize to form 24 distinct integrins[165]. In addition to their
roles as ECM adhesion molecules, many of the integrins are present on leukocytes and
potentiate their ability to home to sites of inflammation through interactions with
VCAM-1 (a4B1) and ICAMs (aLB2), binding complement through C3b (aMf2), and

binding E-Cadherin and intestinal microvasculature(aEB7)[166-168].

Integrins serve both as signaling molecules and force transducers, and these roles are
not wholly independent. Their ~50 amino acid long cytoplasmic tails interact directly
with the actin-based microfilament system. In order to bind their corresponding
ligands, integrins typically must be activated by inside-out signaling. This phenomena is
readily apparent on leukocytes and platelets, where activation mediates a switch toward
inflammation and coagulation, respectively[165]. Regulation of activation of integrins
on epithelial cells likely also plays a role in adhesion and migration[169]. This activation
can result in altered positioning of the metal in the metal ion-dependent adhesion site
within the I/A domain in integrins with a-I/A domains[170] or separation of the 3-1/A
domain from the 7-bladed B-propeller in the a subunit of integrins lacking a-I/A
domains[171]. The activation state of the integrins is controlled by the localization of
their C-terminal ends, wherein only upon separation of these tails can the integrins be
activated[172-174]. In addition to inside-out signaling that mediates integrin activation
states, integrins also potentiate outside-in signaling upon ligation in a manner that can
promote survival, growth, and migration and that is typically dependent upon

recruitment of focal adhesion kinases (FAK) or Src family kinases (SFK).

As might be expected from their roles in adhesion, proliferation, and migration,

regulation of integrin activity can have profound effects on tumor progression[115, 175].
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Loss of a2f1 is found in many tumors and its re-expression in mammary tumor cells
reduces their malignant phenotype[176]. Anchorage-independent growth is a hallmark
of cancers, as most epithelial cells will undergo anoikis in the absence of integrin-
mediated contacts. Furthermore, it has been claimed that unligated integrins may
promote apoptosis[177]. In many tumor cells, however, unligated avf33 promotes
survival[178]. Integrin signaling by both tumor cells and endothelial cells can promote
angiogenesis. Furthermore, av integrins have been shown to work in concert with
growth factor receptors to promote activation of angiogenesis pathways[179]. Similarly,
integrin-growth factor complexes can form within tumor cells to mediate cooperative
signaling[180-182]. Mutant p53 can induce constitutive activation of EGFR/integrin
signaling by promoting integrin recycling in a manner that increases invasion[183].
Integrins promote recruitment of bone marrow-derived cells that are pro-
tumorigenic[184-185], and interactions between VCAM-1 on tumor cells and a4B1 on
leukocytes promote tumor growth and metastasis[120, 186]. FAK signaling has been
found to be necessary for tumor progression in breast cancer[187] in a manner that acts
through Ras and PI3K[188]. MMP-2 can interact with avf33 on invasive cells to promote
ECM degradation during invasion[189]. As integrins have many roles in tumor
progression, targeting these interactions can inhibit malignancy. Valerie Weaver and
Mina Bissell used a 3-dimensional culture system to demonstrate the efficacy of a B1
inhibitory antibody to revert the malignant phenotype of breast cancer cells[116].
Subsequently, a variety of antibodies and peptides targeting integrins have been

developed and are currently undergoing clinical trials[115, 190].
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1.6 Phenotypic Screening

Phenotypic screening approaches have gained recent popularity, particularly by
pharmaceutical companies, in order to assess the effects of small molecules or RNA
interference during drug discovery. Traditional genetic screens have been useful in
identifying candidate genes, elucidating signaling pathways, and associating genes of
similar function through transcriptional profiling. Such approaches have been
implemented in the study of normal cell function and disease mechanisms. In
particular, a variety of gene expression screens have been utilized for cancers of the lung
and other tissues[76-77, 109-110, 151, 191-194]. While these screens have identified a
diversity of candidate effector genes and gene sets, the disparity between these profiles
implies a lack of conserved mechanistic alterations that occur at the gene expression
level to confer malignancy. Phenotypic screening has the added advantage of the ability
to assess a diversity of functional responses beyond alterations in gene expression.
Using such approaches, one can uncover conserved phenotypic responses that are not
reflected by transcriptional profiling. Nonetheless, many phenotypic screens are based
on RNAI, and while they measure functional responses rather than transcriptional ones,
they still suffer from the reliance on genetic perturbations [195-198]. Other phenotypic
screens utilize small molecules and automated microscopy to determine drug effects on
cellular responses[199-200}. While these screens can provide insights beyond
alterations in expression, the measured phenotypes are often confined to viability or

morphological changes.

Despite its drawbacks, phenotypic screening has still exhibited a large degree of success

in the pharmaceutical industry. Genetic and other approaches have been useful in
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identifying a variety of targets whose underlying molecular mechanisms make them
strong candidate targets for therapeutics. As a result target-based screens are frequently
used to discover new drugs. While such approaches appear, theoretically, to be a
superior method for drug discovery, phenotypic screening has proved more effective in
delivering  first-in-class small-molecule drugs than existing target-based
approaches[201]. Despite its successes, however, attrition rates are still exceedingly high
using phenotypic screening. Advances in high-content screening, will likely improve
these screening techniques by allowing investigators to query many diverse readouts
instead of simple measures such as cell death[202]. Additionally, novel screening
technologies that permit investigation of interactions beyond solution-phase
administration of small molecules, short RNAs, and peptides will likely reveal a variety
of cellular responses that cannot currently be queried with existing technologies. Such
advances in technologies and approaches will be essential for the development of

additional first-in-class drugs that can sustain the patent expirations[203].
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Chapter 2. Development of an Extracellular Matrix
Screening Platform

Adapted from: Reticker-Flynn, N.E., et al. “A combinatorial extracellular matrix
platform identifies cell-extracellular matrix interactions that correlate with metastasis.”
Nat Commun 3, 1122 (2012).

2.1 Introduction

Cancer metastasis is a poorly understood multistep process that results in 90% of
cancer-related deaths[10-11]. At the time of initial diagnosis, almost half of lung
adenocarcinoma patients have detectable metastases and the majority of the remaining
half will relapse with metastatic disease after surgical removal of the primary tumor and
adjuvant chemotherapy[27]. Despite the ominous nature of metastatic disease, the
molecular mechanisms that drive each step are poorly characterized and few effective
therapies exist[42]. Recently, it has become apparent that the tumor microenvironment
dramatically impacts metastatic progression[106]. Changes in cancer cell-extracellular
matrix (ECM) interactions likely influence each stage of the metastatic cascade, starting
with the loss of basement membrane adhesion to colonization of distant sites.
Furthermore, alterations in matrix production and crosslinking can promote
metastasis[112-114]. Consequently, inhibiting interactions of tumor cells with their
microenvironments by targeting adhesion molecules is an area of active

investigation[115-116].

While a variety of techniques exist for studying microenvironmental interactions, it has
been challenging to date to interrogate the functional implications of specific cell-ECM
interactions in a high-throughput manner. Microinjection of Rous sarcoma virus into

embryos documented the anti-tumor effects of the embryonic microenvironment[204-
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205], and coculture studies have identified the roles of carcinoma-associated fibroblasts
on tumor progression[206]. ECM-coated transwells have been used to study the effects
of small numbers of individual candidate ECM molecules on 2D invasion[207], and 3D
collagen gels have been useful particularly in the study of matrix metalloproteinase
activity[144]. In vivo studies using gene-targeted mice have documented the importance
of several ECM molecules and their receptors in transplant-based models of cancer and
metastasis[208-209]. Each of these techniques has documented key
microenvironmental regulators of metastasis, but they have not allowed an unbiased

systematic evaluation of the role that ECM components play.

Cell-ECM interactions are particularly difficult to study due to their complexity of
synergistic and antagonistic interactions in vivo[117]. Experiments targeting integrins, a
central family of cell surface receptors that mediate ECM interactions, have implicated
integrin-ECM interactions as important regulators of cancer progression[115, 151, 190].
However, in addition to adhesion, integrins regulate stress transmission and
bidirectional signaling, and typically bind multiple ECM molecules[165]. Furthermore,
transmembrane collagens, syndecans, lectins, carbohydrates, gangliosides, glycolipids,
CD44, and dystroglycans are among a host of non-integrin ECM receptors. Thus,
techniques that allow the specific unbiased interrogation of cell-ECM adhesion are

required to directly query the diversity of potential interactions.

In this chapter, we describe a high-throughput platform capable of systematically
uncovering cell-ECM interactions, and use this method to characterize the global
changes in ECM adhesion in a model of cancer progression. We previously described a

first-generation platform that utilized robotic spotting technology to generate arrays
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with combinations of five ECM molecules found in normal basement membrane and
connective tissue[210]. Since then, others have utilized similar platforms to investigate
ECM responses[211-214]. While these platforms have demonstrated feasibility of such
approaches in physiologic processes such as differentiation of stem cells, they have not
yet been applied to increase our understanding of disease states. Furthermore, their
limited size (typically five different ECM molecules) has prevented them from querying
the diversity of ECM interactions present in the human body. Here, we present an
expanded ECM microarray platform containing 768 unique pairwise ECM molecule
combinations expressed differentially in development, regeneration, and disease
including an expanded representation of proteoglycans and glycosaminoglycans which
are difficult to study through integrin manipulation alone, and apply them to investigate
changes in adhesion throughout metastatic progression. We have established a high-
throughput pipeline to generate these microarrays that utilizes liquid handlers for
mixing of source ECM, optimized cell-seeding devices, and automated image capture
and analysis. We studied the adhesion profiles of lung adenocarcinoma cell lines
generated from a genetically engineered mouse model where discrete stages of
metastatic progression have been defined, and correlated the findings with in vivo ECM
distributions in mice and humans with metastatic lung cancer[194, 215-216]. This
approach is easily extensible to other disease states, ECM combinations, and phenotypic

readouts.

2.2 Results

2.2.1 Extracellular Matrix Microarrays to Probe Cell-ECM
Adhesion
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To allow the unbiased study of the ECM adhesion characteristics of any cells-of-interest,
we developed a novel high-throughput platform. We expanded, automated, and
optimized our adhesion platform[210-211] to include every single and pairwise
combination of 38 unique ECM molecules (Table 2.1). Thus, these arrays contain 768
different combinations in quintuplicate and 160 control spots, for a total of 4000

arrayed features.

ECM Molecules
Collagen I Keratin Thrombospondin-4
Collagen I Mucin Osteopontin
Collagen IIT Superfibronectin Osteonectin
Collagen IV F-Spondin Testican 1
Collagen V Nidogen-2 Testican 2
Collagen VI Heparan Sulfate Proteoglycan | Fibnin
(Perlecan)
Fibronectin Biglycan Tenascin-C
Laminin Deconn Nidogen-1
Laminin o2 Galectin-1 Vitronectin
Tenascin-R Galectin-3 Agrin
Chondroitin Sulfate Proteogly- | Galectin-3c Hyaluronan
cans
Aggrecan Galectin-4 Brevican
Elastin Galectin-8

Table 2.1. ECM Microarray Molecule List. This table lists all of the molecules included in the
ECM Microarray platform.

To fabricate the arrays, the slides are first prepared by coating with a polyacrylamide gel
approximately 100pm thick. To achieve this coating, fresh prepolymer solution
consisting of 10%(w/v) acrylamide, 0.5%(w/v) bis-acrylamide, and 20%(w/v) Irgacure
2951 is prepared. 100pL of the prepolymer solution is pipetted onto acrylated glass
slides. A number 1 coverslip it placed on top of the prepolymer, ensuring an even
distribution of solution between the slide and the coverslip, and the slides are exposed

to UV irradiation for 5 minutes. The slides are then allowed to soak in ddHz0 for one
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minute prior to removal of the coverslip. The slides are then left in new water for two
days with four changes of the water to completely remove any unreacted monomer.
Slides are then dehydrated on a hotplate and stored at room temperature prior to

printing.

To print the slides, the 38 ECM molecules and rat tail collagen I controls are transferred
from a 96-well source plate to two low-volume 384-well plates and mixed thoroughly
using a Tecan robotic liquid handler. These 384-well plates are then used as source
plates for deposition of the matrix combinations onto the slides by a DNA microarray
spotter. The dehydrated hydrogel acts to entrap molecules without requiring their
chemical modification (Fig. 2.1a). Our data indicate that molecules larger than ~10kDa
can be robustly entrapped in the hydrogel (Fig. 2.1b), and we verified their entrapment
using NHS-Fluorescein labeling or antibody-mediated detection after entrapment (Fig.
2.1c). Of the 38 molecules that we tested by these methods, all showed excellent
reproducibility and uniformity within the expected region of printing (Fig. 2.1c and data
not shown). Furthermore, the positive controls allow for monitoring of spatial effects

during seeding.

It should be noted that, while these data demonstrate entrapment of all of the ECM
molecules, a variety of factors may prevent their appropriate presentation. Differences
in spotting buffer pH or steric hindrance imposed by the hydrogel pore size may prevent
the orientation or conformation of molecules to allow cellular interactions in a manner
analogous to in vivo interactions. Furthermore, the purity of the molecules is likely not
100%, suggesting the possibility of additional unknown ECM interactions during the

screening. Finally, these slides are briefly sterilized by exposure to ultraviolet light. This
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UV exposure may induce radiation damage to the ECM molecules. All of these effects
may play a role in the cell-ECM interactions measured on the arrays, and should be

taken into consideration when evaluating the relevance of negative results.
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Figure 2.1. Extracellular Matrix Microarray Platform Presents
Combinations of ECM Molecules for Cell Attachment (a) ECM
microarrays are generated by spotting 768 unique combinations of
ECM molecules on glass slides coated with polyacrylamide followed
by seeding of cells onto the slides. (b) Fluorescence intensity of
Rhodamine-labeled dextran of various molecular weights spotted
onto polyacrylamide-coated slides. Slides were incubated in media at
37°C overnight and washed with PBS prior to imaging. (c)
Verification of presentation of all molecules by immunolabeling
(colored spots) or NHS-fluorescein labeling (grayscale spots) of all
molecules subsequent to array generation and rehydration.

To measure cell-ECM interactions, cells are seeded onto the arrays in serum-free

medium and allowed to adhere for 1.5 hours at 37°C (Fig. 2.2). Prior to seeding the

50



arrays, the slides are rehydrated in PBS and sterilized by UV exposure for ten minutes.
The PBS is then replaced with medium for five minutes, which is then aspirated and the
cells are seeded. To ensure uniform seeding, the slides are agitated every fifteen
minutes. Furthermore, the top surfaces of the slides are held flush with the bottom of
the plate through the use of a custom-designed seeding device that employs a vacuum
seal (Fig. 2.3). This device minimizes seeding variability between experiments and
avoids cell loss by preventing cells from settling below the slide surface or on the backs
of the slides. For cancer cell experiments, cells are seeded at a concentration of 4x10°
cells in six milliliters of serum-free medium per slide. Following initial seeding, the
arrays are washed once and placed in medium with serum in 4-well tissue culture plates.
The arrays are left at 37°C prior to staining. Uniformity of seeding across individual
arrays and between replicate arrays was confirmed using test slides composed of only

one matrix molecule (data not shown).
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Figure 2.2. Process Flow for ECM Microarray Experiments. Slides are prepared by spotting
ECM onto polyacrylamide-coated slides; cells are seeded onto slides; following adhesion and
growth of cells, slides are stained and imaged on an automated epifluorescence microscope;
images are quantified and analyzed using custom software.
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Figure 2.3. Seeding Devices for ECM Microarrays. (a) Cross-sectional schematic of
seeding device. The device consists of four chambers each of which holds a single ECM
microarray slide. The bottom of each chamber consists of a recessed region into which the
slides sit such that their top surface is flush with the remainder of the bottom of the
chamber. A vacuum port exists at the bottom of each chamber and connects to a central
vacuum line. The vacuum acts to hold the slides in place and prevents media from leaking
onto the backs of the slides. (b) CAD schematic depicting the four chambers of the seeding

device.
To quantify cells bound to each spot, nuclei are stained according to conventional

fluorescence staining protocols, and the slides are imaged using an automated inverted
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epifluorescence microscope with NIS Elements software (Fig. 2.2 and 2.4). Large images
are cropped to individual spots and indexed using MATLAB (Mathworks). Regions
outside of the ECM spots are masked, and adhesion is quantified using CellProfiler
software to detect and count nuclei (Fig. 2.5b)[3]. Nuclei are identified using the
“IdentifyPrimaryObjects” module with the Otsu Global thresholding method. Clumped
objects are distinguished using “Intensity”. Subsequent image and data analysis are

performed in MATLAB.

Figure 2.4. Cells Adhered to ECM Microarrays. Representative images of cells
adhered to ECM spots demonstrating selective adhesion to the regions where ECM
has been deposited. Nuclei (blue) are stained with Hoechst. Leftmost image is of five
replicate spots. Scale bar on five-spot image is 200pm. Scale bars on single-spot
images are 50pm.

Comparisons of adhesion signatures are performed using the following approach. The
average and standard deviation of counts on replicate spots are quantified. Spots for
which the count is greater or less than one standard deviation above or below the mean,
respectively, are discarded, and the average of the remaining counts is computed (x).
Each slide is then normalized by first computing the average count across all ECM

combinations on the slide for which the count is greater than zero (X). The normalized
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adhesion value for each combination is then computed by dividing the average of the

raw counts for the combination by the average of the non-zero counts for the slide (x/X).
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Figure 2.5. Combinatorial Adhesion Profiles are Generated using ECM Microarrays. (a)
Nuclear stain of cells seeded on the ECM microarrays. (b) Identification of individual nuclei on
one spot using CellProfiler[3]. (c) Quantification of adhesion to all molecule combinations for
one cell line. (d) Selected adhesion profiles for three molecules: Collagen I (blue), Collagen IV
(green), and Fibronectin (red) in combination with all other molecules. Dashed blue lines
represent adhesion to that molecule alone. Arrows denote combinations with the other two
molecules or alone. Error bars are s.e.m. of three replicate slides. (e) Comparisons of three
replicate slides for two representative cell lines. Scale bars in (a) and (b) are 450pum and 100pm,

respectively.

2.2.2 ECM Microarrays Identify Distinct Adhesion Profiles
During Metastatic Progression
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To uncover changes in the global adhesion profile of cancer cells during cancer
progression and metastatic spread, we analyzed a panel of murine lung adenocarcinoma
cell lines derived from non-metastatic primary tumors (Tnonmer), primary tumors that
metastasized (Tmer), or lymph node (N) and liver (M) metastases (Table 2.2)[194]. These
cell lines were derived from a genetically engineered mouse model of metastatic lung
adenocarcinoma in which tumors were initiated in KrasLSL-G12D/+;p53flox/flox mice with
lentiviral-Cre vectors. The stable and random integration of the lentiviral vector allowed
the clonal relationship between the multifocal primary tumors and metastases to be
established[194]. Previous gene expression analysis revealed conserved alterations in
expression patterns between the Tnonver and Twvier lines, but not the Tver and N/M lines.
These studies revealed a role for Nkx2-1 and HmgaZ2 in discouraging and promoting

metastasis, respectively[194].

Cell Line Classification
368T1 TnonMet
394T4 TnonMet
802T4 TnonMet
389T2 TMet
39375 TMet
482T1 TMet
389N1 LN
482N1 LN
2691N1 LN
393M1 Met
2691M1 Met

Table 2.2. Cell lines screened. This table lists the cell lines
screened on the arrays and their classifications. Cell lines
derived from primary lung tumors that did not give rise to
metastases (Tnonver), did give rise to metastases (Twmer), lymph
node metastases (N/LN), and distant metastases (M/Met).
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To determine whether conserved alterations in adhesion correlate with metastatic
progression, we ran these cell lines on the ECM microarrays. Analysis of the adhesion
profiles of these cell lines highlighted the diversity in adhesion of a given line to
different ECM combinations (Fig. 2.5¢c). Our analysis of these cell lines revealed highly
reproducible adhesion between replicate spots and arrays, confirming the quantitative
nature of the assay (Fig. 2.5e and data not shown). We examined the profiles to
interrogate whether various populations exhibit enhanced adhesion to combinations of
ECM molecules, relative to the same molecules spotted in isolation. This analysis
revealed that different pairwise combinations of ECM molecules result in additive,
synergistic, and antagonistic effects on adhesion. For example, for the Tnonmet cell line
shown in Figures 2.5¢ and 2.5d, many molecules improve adhesion to collagen I, while
others reduce cell binding in comparison to the molecule in isolation (blue line, Fig. 2.5d
top panel). A similar range of responses was observed for other molecules, including
collagen IV and fibronectin (Figure 2.5d middle and bottom panels, respectively). These
types of combinatorial effects were present for many molecules and, while the specific
patterns varied, all cell lines tested exhibited examples of increased and reduced binding
to various ECM combinations (data not shown). For each of the fifteen murine lung
adenocarcinoma cell lines tested, distinct profiles that were highly reproducible across

replicate slides were obtained (Fig. 2.5e).
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Figure 2.6. ECM Microarrays
Demonstrate Conserved Changes in
Adhesion that Correlate with
Metastasis. Unsupervised
hierarchical clustering of adhesion
profiles generated by the ECM
microarrays. Vertical axis represents
different ECM combinations.
Horizontal axis represents different
cell lines. Yellow bars indicate
primary tumors (Tnonver and Twet
lines). Red bars indicate nodal (N)
or distant metastases (M). Tronmet
lines are in blue text, Ty lines are in
green text, N lines are in orange text,
and M lines are in red text. The
dendogram at the top represents the
results of the clustering based on
Euclidean distances.
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We used the ECM microarrays to compare the adhesion profiles of populations from

each of the Tnonmer, Tnmer, N, and M classes of cell lines. We applied unsupervised
hierarchical clustering analysis of the adhesion values in a manner analogous to
clustering of gene expression microarray data. Of note, all the cell lines derived from
metastases (N or M), save for one lymph node line, clustered independently from the
cell lines derived from primary lung tumors (Tnonmet or Twmer) (Fig. 2.6). This result is
particularly notable, since two of the metastatic lines (393M1 and 389Nl1) were
generated from metastases that originated from two of the primary tumors (393T5 and
389T2, respectively), yet clustered more closely to the other metastases than the lines

derived from those primary tumors. Thus, there is a conserved change in the ECM
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adhesion profile of cancer cells present in a metastatic site compared to those that
remain in the primary tumor. Furthermore, this differential clustering was not evident
from unsupervised hierarchical clustering of the gene expression of these lines (ref[194]
and Fig. 2.7), suggesting that the metastasis-specific adhesion phenotype provides a
complementary, non-overlapping view of the molecular mediators that influence

metastatic progression.

Figure 2.7. Gene Expression
Clustering. Unsupervised
hierarchical clustering of gene
expression microarrays. All
probesets displaying a variance>0.5
and expression>3.0 were included.
Yellow bars demote primary tumor-
derived cell lines (Tnonmer and Twer)
and red bars denote metastasis-
derived cell lines (N and M).
Clustering is performed using
complete linkage analysis with a half
square Euclidean distance and
average value ordering weight.

2.2.3 Identification of Metastasis-Associated ECM Molecules
In light of the hierarchical clustering results, we asked whether there were particular
combinations of molecules that are favored by metastatic cells rather than by cells from

primary tumors. Thus, we compared the average adhesion of the liver metastasis-
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derived cell lines (M) for each ECM combination to the average adhesion of the Twmet
lines (Fig. 2.8a). While many of the M lines exhibit elevated binding to combinations
containing fibronectin, pairings that combined fibronectin with any of galectin-3,
galectin-8, or laminin had the highest differential adhesion between the Tme: and M
lines. To explore changes in adhesion that specifically correlated with changes in
metastatic progression, we compared the Tmer cell line 393T5 and the clonally-related
liver metastasis-derived cell line 393M1. This pair of lines was derived from a primary
tumor and a metastasis that disseminated from that tumor, as confirmed by
examination of the lentiviral integration site[194]. Furthermore, the differential
adhesion to the aforementioned ECM combinations was clear in both the group-wise
comparison (Fig. 2.8a) and in the direct comparison of this primary tumor-liver

metastasis pair (Fig. 2.8b).
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Figure 2.8. Identification of metastasis-associated ECM molecules. (a)
Average adhesion of metastatic cell lines (M) to each combination
compared to those of the metastatic primary tumor cell lines (Twmer). (b)
Comparison of 393MI1 adhesion for each combination to its clonally
related primary tumor line, 393T5. Red dots indicate top ECM
combinations exhibiting preferential adhesion by metastatic lines over
the metastatic primary tumor lines. (¢) Top three combinations
exhibiting the greatest increase in adhesion across tumor progression as
represented by the four classes of cell lines (Tnonmet, Tnmet, N, and M).
Error bars in (c) are s.e.m. of the different cell lines of each class (n=3
cell lines per class) with the exception of the M class where there are
two lines, and thus the error bars are the range of the means.

Collectively, the patterns observed suggest that combinations of molecules may play a
more significant role in the adhesion profile of a given population than the tendency to
bind to any of the ECM molecules alone. Interestingly, the trend towards increased
binding to fibronectin/galectin-3, fibronectin/laminin, and fibronectin/galectin-8
combinations was consistent across tumor progression when we compared the average
adhesion of all TnonMet, Tmer, N, and M cell lines (Fig. 2.8c). Binding to these molecules,
when presented alone, showed minimal (fibronectin) or no trend (laminin, galectin-3,
and galectin-8) across the four groups of cell lines (Fig. 2.9a, red bars). When in
combination, however, these pairs demonstrated enhanced effects that exceed the

additive values of their individual adhesion.

In contrast to the increases in adhesion on the metastasis-associated combinations,
other combinations demonstrated a reduced adhesion trend in relatively more
metastatic populations, including a variety of collagens and osteopontin (Fig. 2.9a-c,
blue bars). Taken together, these data suggest that adhesion to fibronectin in
combination with any of galectin-3, galectin-8, or laminin is highly associated with
tumor progression in this model system. Furthermore, a loss of adhesion to a variety of

combinations containing collagen correlates well with metastatic progression. These
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gain and loss of adhesion trends are particularly enhanced in combinations of ECM

molecules over presentation of their individual constituents.
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Figure 2.9. Changes in
adhesion correlate with
metastatic progression.
Molecules to which there
is a loss of adhesion (blue)
or gain of adhesion (red)
between the Tnonmer (1= 3),
Tumet (n=3), N (n=3), and
M (n = 2) cell lines when
examined alone (a) or as
an average of all
combinations containing
them (b). Combinations
that exhibited the greatest
gains (red) or losses in
adhesion (blue) as
determined by linear
regression are depicted in
(c). Combinations were
selected based on the
magnitude of the slopes
provided that the
regressions had r? values
greater than 0.9. Y-axes
represent normalized
adhesion. Values less than
~0.5 represent very
minimal adhesion. Error
bars are s.e.m. of the
different cell lines of each
class with the exception of
the M class where there
are two lines, and thus the
error bars are the range of
the means.



In addition to the additive and synergistic effects of combining multiple ECM molecules,
we noted that some combinations of molecules appear to elicit antagonistic effects on
adhesion. We looked more closely at the adhesion profile of the M line 393M1 (Fig.
2.10a) and observed that, while the metastasis-associated molecules laminin, galectin-3,
and galectin-8 all increase adhesion to fibronectin, other molecules appeared to
decrease adhesion to it (Fig. 2.10b). In vitro adhesion assays using co-adsorbed ECM to
multiwell polystyrene plates confirmed that the addition of these molecules does exhibit
decreased adhesion of this line when compared to fibronectin alone(Fig. 2.10c). Possible
explanations for this decrease in adhesion could include hindrance of access to binding
domains within fibronectin by these high molecular weight proteoglycans or inhibition
of adsorption of fibronectin to the plates through its interactions with these molecules.
Collectively, the existence of both synergistic and antagonistic effects highlights the
importance of investigating combinations of ECM molecules rather than isolated

components.
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Figure 2.10. ECM combinations can have anti-adhesive effects when
compared to single molecules. (a) Heat map depiction of adhesion profile of
the M line 393M1 for each ECM combination. (b) All combinations of
molecules containing fibronectin. Fibronectin alone is depicted in blue. Four
combinations that exhibited significantly decreased adhesion when
compared to fibronectin alone are depicted in red. CSP: chondroitin sulfate
proteoglycan; AGR: aggrecan; MUC: mucin; HSP: heparin sulfate
proteoglycan. The three metastasis-associated ECM combination hits are
also denoted (LAM: laminin; GAL3: galectin-3; GALS8: galectin-8). Error
bars are s.e.m. of three replicate slides. (c¢) Verification of anti-adhesive
effects of the molecules highlighted in (b) was performed by coating 96-well
plates with the molecules and examining adhesion of the 393M1 cell line.
Error bars are standard error. ***P < 0.001; **P < 0.01; *P < 0.05.
Significance was determined using one-way ANOVA with Tukey's Multiple
Comparisons post-test.

2.3 Discussion

Our ECM microarrays provide a high-throughput multiplexed platform capable of
measuring a variety of cellular responses to ECM. Here, we show they are capable of
identifying adhesion patterns that differentiate metastatic populations from primary

tumors. We found that metastatic lung cancer cells preferentially bind to fibronectin in
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combination with laminin, galectin-3, or galectin-8 compared to cells derived from
primary tumors. It is worth noting that the combinations of these ECM components
elicited the strongest effects, highlighting the importance of using a platform that is

capable of measuring responses to more than individual molecules.

The use of gene expression signatures for patient stratification in the clinic has become
more widespread[76, 191, 217-219], but while genomic approaches have been beneficial
for identifying candidate genes, the diversity of findings makes the development of
broad therapeutic options seem nearly impossible. By assaying for conserved
mechanisms at the phenotypic level, however, relevant targets can be identified and
therapeutics can be developed for a broad spectrum of patients. Our results highlight the
utility of phenotypic screening approaches for identifying clinical biomarkers. We
demonstrate that the adhesion signatures generated by the ECM microarrays are
capable of differentiating between genetically similar populations with varying
metastatic potential. The signatures gleaned from this platform may provide a
complementary set of biomarkers that could assist conventional and genetic biomarkers

in staging patients and deciding upon treatment options.

The value of the ECM microarray platform extends beyond the specific application of
cancer metastasis. While this study documents the ability to profile adhesion patterns,
cells bound to the arrays can be kept in culture for multiple days to monitor long-term
responses to ECM such as cell death, proliferation, and alterations in gene or protein
expression. Toward that end, one could use multiplexed antibody staining to probe the
effects of ECM on stem cell differentiation or activation. Orthogonal screens can be

performed to look at the effects of growth factors, small molecules, or RNA-interference
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agents in the context of ECM. Reduction of requisite cell numbers can be achieved using
miniaturized arrays to screen rare cell populations such as circulating tumor cells or
cancer stem cells and to help expand those populations in vitro for further biological
studies. Overall, the ECM microarrays will enhance our ability to study a host of

questions as they pertain to both basic biological and clinical settings.

2.4 Methods

Murine Lung Adenocarcinoma cell lines

Cell lines have been described[194]. Briefly, tumor initiation was achieved using
intratracheal injection of lentiviral Cre recombinase. Tumors were resected, digested,
and plated onto tissue culture treated plastic to generate cell lines[194]. Cell lines were
subsequently cultured in DMEM, 10% FBS, penicillin/streptomycin, and glutamine.
These lines were derived from both primary lung tumors and their metastases. See

Table 2.2 for nomenclature regarding cell line origins.

Extracellular Matrix Microarrays Preparation

Vantage acrylic slides (CEL Associates VACR-25C) were coated with polyacrylamide by
depositing prepolymer containing Irgacure 2959 photoinitiator (Ciba) between the slide
and a glass coverslip[210]. Following polymerization, slides were soaked in ddH20 and
the coverslips were removed. Slides were allowed to dry prior to molecule deposition.
Slides were spotted using a DNA Microarray spotter (Cartesian Technologies Pixsys
Microarray Spotter and ArrayIt 946 Pins). 768 combinations were spotted in replicates
of five. Rhodamine dextran (Invitrogen) was spotted as negative controls and for use in
image alignment. The following molecules were used: Collagen I (Millipore), Collagen II

(Millipore), Collagen III (Millipore), Collagen IV (Millipore), Collagen V (BD
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Biosciences), Collagen VI (BD Biosciences), Fibronectin (Millipore), Laminin
(Millipore), Merosin (Millipore), Tenascin-R (R&D Systems), Chondroitin Sulfate
(Millipore), Aggrecan (Sigma), Elastin (Sigma), Keratin (Sigma), Mucin (Sigma),
Superfibronectin (Sigma), F—Spondin (R&D Systems), Nidogen-2 (R&D Systems),
Heparan Sulfate (Sigma), Biglycan (R&D Systems), Decorin (R&D Systems), Galectin 1
(R&D Systems), Galectin 3 (R&D Systems), Galectin 3c (EMD Biosciences), Galectin 4
(R&D Systems), Galectin 8 (R&D Systems), Thrombospondin-4 (R&D Systems),
Osteopontin (R&D Systems), Osteonectin (R&D Systems), Testican 1 (R&D Systems),
Testican 2 (R&D Systems), Fibrin (Sigma), Tenascin-C (R&D Systems), Nidogen-1 (R&D
Systems), Vitronectin (R&D Systems), Rat Agrin (R&D Systems), Hyaluronan (R&D
Systems), Brevican (R&D Systems). The laminin used is Millipore Catalog No. AG56P,
and is a mixture of human laminins that contain the 31 chain. Source plates used in the
spotter were prepared using a Tecan liquid handler. Molecules were prepared at a
concentration of 200pg/mL using a buffer described previously [210]. Slides were

stored in a humidity chamber at 4°C prior to use.

Extracellular Matrix Microarray Seeding and Analysis

Slides were washed in PBS and treated with UV prior to seeding cells. They were placed
in a seeding device that holds the top surface of the slides flush with bottom of the well.
400,000 cells were seeded on each slide in 6mL of serum-free medium (DMEM and
penicillin/streptomycin). Cells were allowed to attach for two hours at 37°C. After
attachment, slides were washed three times, transferred to quadriperm plates (NUNC,
167063), and new medium was added (DMEM, 10%FBS, penicillin/streptomycin, and

glutamine). Slides were left at 37°C for two additional hours prior to removal for
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staining. Slides were washed twice with PBS and fixed with 4% paraformaldehyde.
Nuclei were stained using Hoechst (Invitrogen) in combination with 0.1% Triton-X and
PBS. Slides were mounted with Fluoromount-G (Southern Biotech 0100-01) and stored
at 4°C prior to imaging. Slides were imaged using a Nikon Ti-E inverted fluorescence
microscope and NIS Elements Software (Nikon). The entire slide was scanned and
images stitched using that software. Image manipulation and analysis were performed
in MATLAB (Mathworks) and quantification of nuclei was performed using CellProfiler
[3]. Clustering analysis was performed using Spotfire (Tibco). Replicate spots on each
slide were averaged and those whose values were greater than one standard deviation
above or below the mean of the replicates were excluded. Slides were normalized to the
mean of their non-zero adhesion values. Clustering was performed based on Euclidean
distances using Spotfire (TIBCO) with the Hierarchical Clustering algorithm

(normalized adhesion > 0.01).

In vitro Adhesion Seeding

in vitro ECM adhesion tests were performed using 96-well-plates (Corning 3603).
Plates were coated with 20pg/mL of fibronectin alone or 20pg/mL of fibronectin and
20pg/mL of the second molecule in PBS overnight at 4°C. Plates were then blocked with
1%(w/v) BSA at room temperature for one hour. Plates were allowed to dry prior to
adding 2x104 cells/well in warm serum-free DMEM. Cells were allowed to adhere for
one hour at 37°C and shaken every fifteen minutes to ensure uniform seeding. Cells
were washed, fixed with 4% paraformaldehyde, and stained with Hoechst (invitrogen).
Wells were imaged using a Nikon Ti-E inverted epifluorescence microscope and

analyzed with Nikon Elements software.
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RNA Isolation and Expression Profiling

Cell lysates were harvested using Trizol (Sigma). Chloroform extraction was performed
followed by RNA cleanup using Qiagen RNeasy spin columns. Lysates were analyzed for
RNA integrity and prepared with Affymetrix GeneChip WT Sense Target Labeling and
Control Reagents kit, followed by hybridization to Affymetrix Mouse 3’ Arrays (Mouse
430A 2.0). Lysates used for gene expression microarrays were harvested at the same
time as the ECM microarrays were seeded to ensure minimal variability introduced by
cell culture. R/Bioconductor software was used to process array images. Unsupervised
hierarchical clustering analysis was performed in Spotfire (Tibco) for all probesets with
variance>0.5 and expression>3.0 using Euclidean distances. Datasets are publically

available from NCBI under accession number GSE40222.

69



Chapter 3. Functional Relevance of Metastasis-
Associated ECM Combinations

Adapted from: Reticker-Flynn, N.E., et al. “A combinatorial extracellular matrix
platform identifies cell-extracellular matrix interactions that correlate with metastasis.”
Nat Commun 3, 1122 (2012).

3.1 Introduction

The role of extracellular matrix (ECM) and its binding receptors in tumor progression
has been an area of active investigation since the identification of reductions in
membrane-bound fibronectin on transformed cells[155]. Adhesion to fibronectin has
been associated with tumor progression and metastasis[220-223] as has its integrin
receptors a5P1[224-227], a4P1[228], and the av family[115, 178, 189]. Similarly,
laminins have been associated with invasion and metastasis[142, 150, 229] through
interactions with a3f1 and a6 family integrins[63, 180, 230]. These studies suggest that
alterations in cell-ECM interactions are necessary in order for tumor cells to invade and

metastasize throughout the body.

While perhaps less studied than the other canonical laminin receptors, a3$1 has been
shown to be an important mediator of adhesion to laminin-1, laminin-5, galectin-3, and
galectin-8[231-234]. It is important in wound healing and regulation of basement
membranes[235-236]. Furthermore, it has been implicated in a variety of carcinomas as
a regulator of metastasis[237-241]. In addition to the prototypical binding of integrins,
a3Pl is heavily N-glycosylated[242-243], which may mediate its adhesion to
galectins[244]. Indeed, the glycosylation profile of VLA-3 is altered with tumor

progression[245-246].
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Galectins are a family of B-galactoside binding lectins with a diverse set of functions in
normal physiology and tumorigenesis. Galectins are classified based on their
membership in one of three groups: those that contain only one carbohydrate
recognition domain (CRD) known as prototype galectins (galectin-1, 2, 5, 7, 10, 11, 13,
14, and 15), chimera-type galectins that contain one CRD with an extended N-terminal
composed of tandem-repeats of amino acids (galectin-3), and tandem repeat type
galectins that contain two CRDs linked by a short peptide sequence (galectin-4, 6, 8, 9,

12) (Scheme 3.1a).
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Scheme 3.1. The galectin family. (a) The three types of galectins: prototype, chimera type, and
tandem repeat type. (b) Structure of human galectin-3.

Galectins were first identified in the electric eel[247] and subsequently in
mammals[248] and can be found in sponges, fungi, nematodes, vertebrates, and
viruses[249]. They were named and classified into a family in 1994 after recognition of

this family of S-type lectins that bound B-galactosides and had conserved CRD sequence
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similarity[250]. Galectins are found both intracellularly and extracellularly despite their
ubiquitous absence of a signal sequence[251-252]. Furthermore, they readily
oligomerize to potentiate multivalent binding of ligands, presumably to compensate for
the lower affinity of glycan-protein interactions. While all galectins bind lactose, they

exhibit non-overlapping specific affinities for other glycan motifs as well.

Galectin-3 is the only member of the chimera-type galectins and is perhaps the most
well studied member of the galectin family. It was originally identified on the surface of
murine macrophages[253] and is now appreciated to be expressed by many tissue
types[254-255]. The structure of human galectin-3 is depicted in Scheme 3.1b. The N-
terminal domain of galectin-3 contains multiple repeats of Pro-Gly-Ala-Tyr-Pro-Gly-X-
X-X and shares significant homology to the internal domain of the N-terminus of the
collagen a1 (IT) chain[256]. The N-terminal domain also mediates oligomerization[257]
and can be cleaved by MMP-2 and MMP-9 at Alab2-Tyr63 in a manner that prevents
multimerization but retains the carbohydrate-binding function of the CRD[258]. The
first 12 amino acids of the N-terminus are highly conserved across species and elicit
anti-apoptotic signaling through phosphorylation of Ser6[259]. X-Ray crystallography of
the 130 amino acid CRD of galectin-3 reveals structural similarities to galectin-1 and -2
in that it contains 5- and 6-stranded [-sheets that form a [-sandwich
arrangement|[260]. In addition to its carbohydrate-binding properties the CRD contains
within it the BH1 (NWGR) motif of the BCL-2 family[261], which can act as an anti-

apoptotic signal in the cytosol.

Galectin-3 exhibits a plethora of functions in normal physiology and disease states. Its

role in mediating immune responses is discussed in Chapter 5. Galectin-3 can bind a
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variety of ECM proteins including fibronectin, laminin, tenascin-C and -R, and
elastin[262-265]. It has been suggested that laminin and fibronectin may contain
polylactosamine chains that potentiate galectin-3 adhesion[266]. Intracellularly,
galectin-3 has been reported to affect pre-mRNA splicing[267], interact with oncogenic
Ras and promote RAF1 and PI3K signaling[268], and prevent apoptosis in a manner
that alters tumor cell susceptibility to chemotherapies[269-271]. Galectin-3 also appears
to affect the growth kinetics of tumors. Inhibition of galectin-3 reduces growth of breast
cancer cell in vivo[272], and the ambiguous MDA-MB-435 cell line exhibits reduced
proliferation when transfected with anti-sense galectin-3 ¢cDNAs[273]. The effects of
galectin-3 on cell growth are also thought to be dependent on subcellular
localization[274], and has been claimed to be mediated by interactions with TTF1[2735]
or through interactions with cell-cycle regulators[276]. Galectin-3 may also promote
angiogenesis in vitro and in vivo[277] and may alter integrin endocytosis[278]. It has
even been utilized as a biomarker for a variety of cancers[279]. In light of the suggested
pleiotropic roles of galectin-3 in many cancer phenotypes, a variety of reagents aimed at

inhibiting and detecting galectins are being developed[280].

Galectin-3, in particular, has been associated with metastasis. Galectin-3 interactions
with the Thomsen-Friedenreich Antigen (T-Antigen) promote attachment of breast
cancer cells to the endothelium[281]. Furthermore, galectin-3 and -8 bind integrins
including a3B1[232-233], a6B1(282], and aM[283-284], and galectin-3 has been
suggested to upregulate integrin expression[285]. Galectin-3 can promote migration of
breast cancer lines[286] and lung cancer lines[287] in vitro and metastasis of colon

cancer in vivo[288]. Its inhibition with antibodies also inhibits liver metastasis
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formation from xenografts of human adenocarcinomas[289], and synthetic galectin-3

inhibitors have been shown to increase chemosensitivity of metastatic cells[290].

In the previous chapter, we demonstrate that lung adenocarcinoma cells gain adhesion
to combinations of ECM containing fibronectin with any of laminin, galectin-3, or
galectin-8 as they become more metastatic. In this chapter, we confirm the presence of
these molecules in mice bearing autochthonous tumors and humans with metastatic
disease. Furthermore, we establish a functional role for a3pl in adhesion to the

fibronectin/galectin combinations in vitro and metastatic seeding in vivo.

3.2 Results

3.2.1 ECM Molecules are Present in Sites of Endogenous
Tumors

We sought to correlate our in vitro adhesion profiles with ECM expression in vivo. To
investigate whether the identified ECM molecules may be important in natural
tumorigenesis, organs containing primary autochthonous tumors and their metastases
were resected from KraslSL-C12D/+;p53fox/flox mice and stained for those molecules.
Trichrome staining of lungs with extensive tumor burden revealed a significant presence
of ECM deposition in the tumor-bearing lung (Fig. 3.1a and ref [291]). Previously,
Winslow, et al. found that primary tumors that have acquired the ability to metastasize
(Tmet tumors) upregulate the chromatin-associated protein Hmga2[194]. Therefore, we
used HmgaZ immunohistochemistry in addition to histological characteristics to

identify areas of highly aggressive cancer cells (Fig. 3.1a).

As anticipated, primary lung tumors were positive for collagen I (black arrowheads),
collagen VI (open black arrowheads), and osteopontin (red arrowheads), with the most
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intense staining overlapping with the high-grade tumor areas (Fig. 3.1a,c). In particular,
osteopontin staining strongly co-localized with Hmga2res regions, suggesting that
increased osteopontin production is associated with metastatic primary lung tumors.
Furthermore, little to no laminin, galectin-3, or galectin-8 staining was detected in the
primary tumors (Fig. 3.2). Of note, fibronectin staining in the tumor was strong,
revealing a correlation between increasingly metastatic populations and the presence of

fibronectin early in the metastatic cascade (Fig. 3.2).
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Figure 3.1. Identified ECM
molecules are present in
primary tumors and
metastases. (a) Staining on
lungs containing primary
lung tumors from Kras"st-
G12D/+ '-p53ﬂox/ﬂ'ox mice. (b)
Staining of lymph node
metastases from the mice.
Red arrowheads denote
tumor front exhibiting high
osteopontin staining. (c)
IHC of primary tumor-
associated ECM in the lung
and lymph node. Black
arrowheads: collagen I,
open black arrowheads:
collagen VI. (d) Summary
of IHC results. ' H&E":
Hematoxylin and eosin.
‘Trichrome’: Masson’s
trichrome. ‘Hmga2": High-
mobility group AT-hook 2
(marker of
metastatic/invasive tumor
cells). ‘T": primary lung
tumor. ‘N’: lymph node
metastasis. ‘M’: distant
metastasis. Scale bars: (a)
low magnification: Imm;
high magnification:
100pm; (b) low
magnification: 500pm;
high magnification: 50pum;
(c) 50pm.

We next asked whether the lymph node and distant organ metastases contained the

metastasis-associated ECM molecules. Again, trichrome staining revealed the presence

of significant matrix deposition within the lymph nodes (Fig. 3.1b). As expected, the

entirety of the lymph node tumors were histologically high-grade and were Hmga2pros
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(Fig. 3.1b). There was also clear expression of all four of the metastasis-associated
molecules (fibronectin, laminin, galectin-3, and galectin-8) within the lymph node
metastases (Fig. 3.2). Furthermore, there was essentially no collagen I or collagen VI
(Fig. 3.1b). Interestingly, osteopontin was present in the metastases (Fig. 3.1c) and had

its highest expression along the invasive front (Fig. 3.1a,b).

Figure 3.2. Metastasis-
associated ECM molecules
are present in the sites of
metastases but not primary
tumors. Immunostaining of
the metastasis-associated
ECM molecules in the
lungs, lymph nodes, and
distant metastases of mice
bearing endogenous lung
adenocarcinomas (Kras.St-
G12D/+ ;p53ﬁox/ﬁox mice) .
Insets are magnified views
of boxed areas showing
ECM molecule fibrils.
Number of tissues
examined for each organ:
Lungs: 10; lymph nodes: 5;
livers/kidneys: 22. 'T":
tumor. Dotted line depicts
edge of tumor and normal
kidney. Scale bars are
50pm.
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We also examined common metastatic sites for the presence of the metastasis-
associated molecules (Fig. 3.2). Both galectin-3 and galectin-8 were distinctly visible in
these sites. Laminin and fibronectin both appeared to line the sinusoids of the livers of
the mice and were also present in the metastases formed there. To determine whether
these differences between the primary and metastatic sites were due to altered matrix
production by the tumor cells, we performed immunoblots on the 393T5 and 393M1
Tumer and M cell lines. While the M line showed slight increases in fibronectin and
laminin production compared to the Tmer line, production of both galectins was constant
(Fig. 3.3). Furthermore, collagen I production was constant, and osteopontin production
was actually increased in the M line. Taken together, these data suggest that the ECM
microarrays identified molecules that were found within the physiologically relevant
sites of mice bearing autochthonous tumors, and that the differential adhesion to these
molecules is not solely reflected by differences in matrix production by the tumor cells,

themselves.
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Figure 3.3. ECM production by cell lines has minimal correlation with adhesion. Western blot
analysis of the metastasis- and primary tumor-associated ECM molecules produced by the
393T5 (Tmer) and 393M1 (M) cell lines. ‘Gal-3’ Galectin-3; ‘Gal-8 Galectin-8; ‘FN’ fibronectin;
‘Lam’ laminin; ‘Coll I’ collagen I, ‘OPN’ osteopontin.

3.2.2 Integrin surface expression correlates with ECM
binding profiles



We asked whether the changes in adhesion found by the ECM microarrays could have
been predicted by transcriptional profiling of the genes encoding the cognate integrins.
Analysis of gene expression microarray data revealed that adhesion trends on our ECM
arrays did not necessarily correlate with transcriptional profiles of those integrins (Fig.
3.4a). Thus, to correlate our findings with the presence of receptors for these metastasis-
associated ECM molecules, we examined the clonally-related pair of representative Tiet
and M cell lines for surface expression of their cognate integrins. While the mRNA
expression patterns did not show significant alterations in integrin gene expression (Fig.
3.4b), flow cytometry analysis of the integrin subunits corresponding with either the
primary tumor-associated molecules or metastasis-associated molecules revealed that
the receptor expression trends were consistent with the observed binding patterns.
Specifically, -integrin subunits known to bind fibronectin (a5 and av), laminin (a6 and
a3), and galectins (a3) were all more prevalent on the metastasis-derived line, while
those associated with collagens (a1 and a2) were relatively higher on the primary
tumor-derived line (Fig. 3.5a). These surface expression trends were consistent for the
other Tmec and M lines as well (Fig. 3.6a). Furthermore, within a given cell line, we
observed relatively homogeneous surface expression of the metastasis-associated
integrins (Fig. 3.6b) suggesting that variations in adhesion between lines are due to
global increases in surface receptor expression, rather than binding patterns of select

subpopulations.
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Figure 3.4. ECM adhesion does not correlate with integrin gene expression. (a)
Comparison of ECM adhesion for all cell lines to gene expression of the cognate
integrins from gene expression microarray data. GeneGO software was used to
identify reported interactions between integrins and ECM molecules contained on
the ECM microarrays. For each reported interaction, the adhesion value from the
FECM arrays was plotted on the ordinate and the gene expression was plotted along
the abscissa. (c) Integrin subunit mRNA expression of the cognate integrins for the

metastasis-associated ECM molecules from Affymetrix microarray analysis in
393T5 (Tnonmer) and 393M1 (M) cell lines.
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Figure 3.5. Integrin Surface Expression Correlates with ECM binding profiles. (a) Flow
cytometry of integrin surface expression in 393T5 (Twe) and 393M1 (M) cell lines. Integrin
subunits that bind to metastasis-associated molecules show increased surface presentation in
the metastatic line (a5, av, a6, a3), while those that bind to primary tumor-associated molecules
show decreased presentation (a1 and a2). (b) IHC for metastasis-associated integrins in mice
bearing autochthonous tumors with spontaneous metastases to the liver and lymph nodes. Scale

bars are 100pum.
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Figure 3.6. Flow cytometry analysis of surface integrin expression. (a) Median values for
fluorescence intensity of each of the Tme (blue) and M (red) cell lines for the metastasis-
associated molecule cognate integrins and primary tumor-associated molecule cognate
integrins. (b) Multicolor flow analysis of integrin profiles in the 393M1 (M) and 393T5 (Twmer) for
the metastasis-associated molecule cognate integrins shows a lack of discrete subpopulations.
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Immunohistochemistry revealed that these integrins were also present in the metastases
of mice bearing autochthonous tumors, but not the adjacent tissue (Fig. 3.5b). The
finding that the transcriptional levels of the integrins do not agree with the adhesion
trends suggests that post-transcriptional regulation, post-translational modifications
such as altered glycosylation, or alterations in membrane trafficking or activation state
of the integrins are likely responsible for the changes in adhesion. Thus, by utilizing our
platform that investigates specific ECM binding rather than receptor gene or protein
expression, we are able to identify candidate ECM interactions that might otherwise

have been overlooked.

3.2.3 Integrin a3fi1 mediates adhesion and seeding in vitro
and in vivo

To examine which candidate receptor/ECM interactions may participate in the observed
binding patterns, we performed in silico network mapping of the metastasis-associated
ECM molecules using GeneGO software (Metacore) of manually curated molecular
interactions. Networks were generated by initiating expansion around the metastasis-
associated ECM molecules. We generated a network map that we termed the Lung
Adenocarcinoma Metastasis (LAM) network that has a greatest disease association with
‘Neoplasm Metastasis’ (P = 1.094 x 10-45, hypergeometric test, Fig. 3.7a-c). A network
generated using the same parameters but with the primary-tumor-associated molecules
did not exhibit any disease association with metastasis (Fig. 3.8). Analysis of the LAM
network identified integrin a3p1 as the surface receptor with the greatest number of

edges (Fig. 3.7b,d). Based on this finding, we performed a knockdown of both the o3

and B1 subunits (ITGA3 and ITGBI, respectively) using short-hairpin-mediated RNA-
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interference (Fig. 3.9a). Knockdown of these genes in the metastatic line, 393MI,
resulted in reduced adhesion to the metastasis-associated molecules in vitro when

compared to the control hairpin targeting the firefly luciferase gene (Fig. 3.9b).

& Disease % p-Value # Receptor Name Edges
1 Neoplasm Metastasis 55.28 1.004E45 1 a3pi 14
2 Neoplastic Processes 55.28 5.054E-44 2 Syndecan-4 12
3 Pathologic Processes 80.49 2.373E-41 3 obp1 10
4 Genital Diseases, Male 748 1.289€-36 4 abp4 10
5 Skin Diseases 79.67 2.990E-38 5 CcD44 10

Figure 3.7. Lung adenocarcinoma metastasis (LAM) network identified a381. GeneGO software
(Metacore) allows for the generation of in silico network maps depicting known interactions
between molecules as established in the literature. This manually curated database generated
networks based upon the most closely related molecules. Networks were generated by seeding
an autoexpand algorithm with the metastasis-associated ECM molecules (fibronectin, laminins,
galectin-3, and galectin-8) (a,b). (c) This network was queried for the diseases most highly
associated with it. P-values determined by hypergeometric test. (b,d) Analysis of the network
reveals that integrin a3pl is the surface receptor with the most edges.
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Figure 3.8. Primary
tumor network map.
Here, GeneGO
(Metacore) was used
in an equivalent
manner as performed
for the LAM network
generated in Fig. 3.7
with the exception that
the autoexpand
algorithm was seeded
with the primary-
tumor associated ECM
molecules (collagen I,
IV, VI and
osteopontin) (a). (b)
Disease association
rank of the primary
tumor molecule
network shown in (a).
P-values determined
by hypergeometric
test.

We next assessed whether this integrin dimer plays a role in metastatic seeding in vivo.

As the 393M1 cell line was derived from a liver metastasis, we chose to use an

experimental metastasis model of hematogenous seeding of the liver. Thus, we

conducted experimental metastasis assays by intrasplenic injection of 393M1-sha3 or

393M1-shFF cells into wild-type mice, and monitoring for liver tumor formation. We

found that mice injected with the 393M1-sha3 cells formed fewer tumor nodules than

the controls (Fig. 3.9¢,d). Taken together, these findings suggest that the a3p1 integrin
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dimer plays a role in adhesion of metastatic cells to the metastasis-associated ECM

molecules and in metastatic seeding.
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Figure 3.9. Integrin 31 mediates adhesion and seeding in vitro and in vivo. (a,b)
Flow cytometry analysis of integrin surface expression following retroviral
transduction of short hairpins targeting the integrin subunits. (a) knockdown of
ITGBI; (b) knockdown of ITGA3. Black: control hairpin against firefly luciferase;
red: hairpin against integrin subunits. Knockdown of both a3 and Bl integrin
subunits by shRNA reduces adhesion to metastasis-associated molecules in vitro (b)
and prevents metastatic seeding in vivo (c,d). shFF is the control hairpin targeting
firefly luciferase. One-way ANOVA with Tukey's Multiple Comparison Test was used
to analyze the data in figure (b). Error bars in (b) represent standard error (n = 3).
(¢) Number of liver tumor nodules of the surface of livers 2.5 weeks after
intrasplenic injection. Mann-Whitney (non-parametric) test was used to analyze
significance. (d, top) Fluorescence imaging of whole livers after resection. Cell lines
express nuclear-excluded ZSGreen. Scale bars are 0.5cm. (d, bottom) Hematoxylin
and eosin stain of liver slices. Scale bars are 2mm. Blue data points in (c)
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correspond to images in (d). All results shown are representative of multiple
independent experiments.

3.2.4 Galectin-3/8 are present in human Iung -cancer
metastases

Based on the in vitro adhesion data and in vivo mouse findings, we sought to explore
the role of the metastasis-associated ECM molecules in human samples. Using
Oncomine[4], a human genetic dataset analysis tool, we examined the correlation of
ECM gene expression and disease severity (e.g. clinical stage or the presence of
metastases). Results of these queries demonstrate that increased expression of LGALS3
or LGALSS8 (galectin-3 and galectin-8, respectively) correlate with increased clinical

stage or the presence of metastases (Fig. 3.10a-d).
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Figure 3.10. Metastasis-associated molecules are present in the metastases of human Ilung
cancers (a-d) Oncomine[4] results for human lung cancer expression of LGALS3 and LGALSS.
(@) LGALS3 Expression in Hou Lung: Large Cell Lung Carcinoma — Advanced Stage. (b)
LGALS3 Expression in Bild Lung: Lung Adenocarcinoma — Advanced Stage. (c) LGALSS
Expression in Hou Lung: Large Cell Lung Carcinoma — Advanced Stage. (d) LGALS8 Copy
Number in TCGA Lung 2: Lung Adenocarcinoma — Advanced M Stage. LGALS3 and LGALSS8
are overexpressed in Stage II lung cancer compared to stage I (P = 0.018 and 9.72E-4,
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respectively) (a,c). Microarray data source GSE19188[5]. (b) LGALS3 is overexpressed in Stage
IV lung cancer compared to other stages (P = 0.040). Microarray data source GSE3141[6]. (d)
LGALSS has increased copy number in advanced M stage lung cancer (P = 0.013) in the “Lung
Carcinoma DNA Copy Number Data” dataset available from The Cancer Genome Atlas website
(https://tcga-data.nci.nih.gov/tcga/tcgaHome?2 jsp). (e) Representative images of human tissue
microarray staining results for galectin-3 presence or absence in lung tissue. Quantification of
positive and negative galectin-3 staining in lung and lymph node tissues with and without
tumors. Scale bars are 500pm. Box and whisker plots in (a-d): dots represent maximum and
minimum values, whiskers show 90% and 10% percentiles, boxes show 75™ and 25t percentiles,
and line shows median. P-values in (a-d) were computed by Oncomine software using Student’s
t-test (a, c-d) or Pearson’s correlation analysis (b).

We next investigated whether galectin-3 protein is present at higher levels in malignant
human lung tumors compared to benign non-neoplastic human lung tissue using
samples taken from lungs and lymph nodes of patients. Staining for galectin-3 in human
tissue microarrays revealed a higher presence of the molecule in lymph nodes of
patients with malignant disease (88%) compared to those without cancer (38%) (Fig.
3.10e). Furthermore, there was a higher fraction of galectin-3-positive lymph nodes
(88%) than positive primary lung tumor samples (47%), confirming its association with
the metastatic site over the primary tumor (P < 0.05, Fisher’s Exact Test). Thus, the

ECM microarrays were capable of identifying interactions associated with metastasis in

human lung cancer.

3.3 Discussion

In the previous chapter, we used our ECM microarrays to identify conserved changes in
ECM adhesion that occur with lung cancer metastasis. In particular, we defined three
combinations of ECM  (fibronectin/laminin, fibronectin/galectin-3,  and
fibronectin/galectin-8) as being highly associated with the metastatic populations. Here,
we show that these changes in adhesion correlate with changes in surface presentation
of various integrins. In particular, a3p1 mediates adhesion to these molecules in vitro

and permits metastatic seeding in vivo. Furthermore, metastases derived from both a
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genetically-engineered mouse lung cancer model and from human lung cancers express

the metastasis-associated ECM molecules.

Galectins are a class of lectins that bind -galactosides and can associate with other
ECM molecules such as fibronectin[153]. Galectin-3 is associated with metastasis in a
variety of cancers[292-293] and can bind to the oncofetal Thomsen-Friedenreich
antigen, a carbohydrate antigen overexpressed by many carcinomas[294]. Our platform
confirmed its importance in lung adenocarcinoma, and also identified galectin-8 as
having similar importance. While galectin-8 is known to affect adhesion of cells to other
matrix molecules, its role in cancer and metastasis has been less clear as it has been
found to have both a positive and negative association with adhesion and
tumorigenesis[295-296]. Using the ECM microarrays, we showed that binding to
galectin-8 in combination with fibronectin is strongly associated with metastatic

progression in lung adenocarcinoma.

Furthermore, in addition to many collagens, we found that loss of adhesion to
osteopontin accompanied metastatic progression (Fig. 2.9a-c). Osteopontin levels
correlate with prognosis in patients with metastatic disease[149], and secretion of
osteopontin by primary tumors results in mobilization of bone marrow-derived stromal
precursors that help establish the metastatic niche[119]. In addition to confirming the
presence of the metastatic molecules at the sites of metastases, we found that the
invasive portions of primary tumors and the invasive front of the metastases secrete
osteopontin (Fig. 3.1b). A metastatic tumor line also produces more osteopontin than its
corresponding primary (Fig. 3.3). These findings suggest that while some primary

tumors may activate bone marrow cells by secreting osteopontin, in our model
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metastatic cells may contribute to this recruitment at a comparable or higher level than
the instigating primaries, despite their own loss of adhesion to the immobilized

molecule.

Just as the adhesion signatures described in the previous chapter may provide useful
biomarkers of tumor progression, their associated receptors are likely to be useful in a
similar capacity. Such changes in the presentation of these receptors was not readily
evident by analysis of transcriptional activity, yet clear discrepancies in presentation of
integrins on the surfaces of the cells was apparent through flow cytometry, highlighting
the utility of phenotypic screening. While targeting ECM can be a difficult therapeutic
approach, drugs that target increases in surface receptors during the progression of
many pathologies provide an attractive avenue for targeted therapies. In particular, a
variety of therapeutics targeting integrins have been developed and are currently
undergoing clinical trials[115, 190]. Utilizing the differential expression of these
receptors will not only enable selective targeting of malignancies, but will also interfere
with their ability to spread and colonize distant sites. By knocking down a3f1, we
demonstrated a reduction in metastasis formation. While such a genetic approach may
be difficult to realize in humans with this disease, monoclonal blocking antibodies
against this or other integrin pairs may be able to achieve similar results in humans with

lung cancer.

3.4 Methods

Murine Lung Adenocarcinoma cell lines
Cell lines have been described[194]. Briefly, tumor initiation was achieved using

intratracheal injection of lentiviral Cre recombinase. Tumors were resected, digested,
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and plated onto tissue-culture-treated plastic to generate cell lines[194]. Cell lines were
subsequently cultured in DMEM, 10% FBS, penicillin/streptomycin, and glutamine.
These lines were derived from both primary lung tumors and their metastases. See

Supplementary Table S2 for nomenclature regarding cell line origins.

Cell Transplantation Assays

All animal procedures were performed in accordance with the MIT Institutional Animal
Care and Use Committee under protocol 0211-014-14. Cell injection studies were
performed in B6129SF1/J mice (Jackson Laboratory, Stock Number 101043).
Intrasplenic injections were performed using 5x10° cells resuspended in 100pL of PBS
and injected into the tip of the spleen following existing protocols[194]. Animals were
anesthetized with avertin prior to surgery. Fur was removed from the animals and they
were sterilized with Betadine and 70% ethanol. The spleen was exteriorized following
incisions in the skin and body wall. Cells were injected into the end of the spleen with a
27gauge syringe and allowed to travel into circulation for two minutes. Spleens were
then excised from the animals following cauterization of the splenic vessels. The muscle
wall was closed using 5-O dissolvable sutures, and the skin was closed using 7mm
wound clips (Roboz). Mice were euthanized 2.5-4 weeks following injection, and their
livers were excised. Quantification of surface nodules and imaging of livers was
performed using a dissection microscope. Tissues were embedded in paraffin following

fixation in 4% paraformaldehyde and stained using hematoxylin and eosin.

Protein Analysis
Western blot analysis of ECM molecules was performed with the following antibodies:

galectin-3 (Abcam ab53082, 1:500), galectin-8 (Abcam ab69631, 1:500), osteopontin
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(Abcam ab8448, 1:2000), fibronectin (Abcam ab2413, 1:1000), laminin (Abcam b11575,
1:1000), collagen I (Abcam ab34710, 1:5000), and a-tubulin (Cell Signaling 2125,
1:1000). Immunohistochemistry of ECM molecules was performed with the following
antibodies: galectin-3 (Abcam ab53082, 1:500), galectin-8 (Abcam ab69631, 1:75),
osteopontin (Abcam ab8448, 1:200), laminin (Abcam abl1575, 1:100), fibronectin
(Millipore AB2033, 1:80), Hmga2 (Biocheck 59170AP, 1:1000), collagen I (Abcam
ab34710, 1:500),collagen VI (Abcam ab6588, 1:100). Integrin staining was performed
using the following antibodies: integrin av (Millipore AB1930, 1:200), integrin aj
(Chemicon AB1928, 1:200), integrin a3 antibody was a gift from JML. Tissue
microarrays were acquired from LifeSpan Biosciences (LS-SLUCA50), and were stained
with the same galectin-3 antibody. Murine tissues were harvested from KrasLSL-GI2D,
pb53flox/flox mice[194, 215-216]. IHC was performed following resection from mice,
fixation in formalin, and embedding in paraffin. Flow cytometry analysis of integrin
expression was performed using the following antibodies: integrin a5 (Abcam and
BioLegend-clone 5H10-27, 1:100), integrin av (BD-clone RMV-7, 1:100), integrin a6
(BD and BiolLegend-clone GoH3, 1:100), integrin a3 (R&D, 1:100), integrin a1 (BD-
clone Ha31/8 and BioLegend-clone HMai, 1:100) and integrin a2 (BD-clone HMa2,

1:100).

Retroviral shRNA Constructs

miR30-based shRNAs targeting integrins f1 (TGCTGTTGACAGTGAGCGCGGCTCTC
AAACTATAAAGAAATAGTGAAGCCACAGATGTATTTCTTTATAGTTTGAGAGCCTTGCC
TACTGCCTCGGA), a3 (TGCTGTTGACAGTGAGCGCCGGATGGACATTTCAGAG

AAATAGTGAAGCCACAGATGTATTTCTCTGAAATGTCCATCCGTTGCCTACTGCCTCGG
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A), or control firefly luciferase (AAGGTATATTGCTGTTGACAGTGAGCGAGCTCCC
GTGAATTGGAATCCTAGTGAAGCCACAGATGTAGGATTCCAATTCAGCGGGAGCCTGC
CTACTGCCTCG) were designed using the shRNA retriever software
(http://katahdin.cshl.edu/homepage/siRNA/RNAi.cgi?type=shRNA), synthesized (IDT,
Coralville, Towa), and then cloned into the MSCV-ZSG-2A-Puro-miR30 vector[297].

Packaging of retrovirus and transduction of cells was done as described previously[298].
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Chapter 4. Aberrant O-glycosylation mediates increased
galectin-3 interactions in metastasis

4.1 Introduction

Altered glycosylation States have long been associated with malignant progression[299-
302]. Even in the early days of transformed cells, evidence of altered glycosylation was
apparent by lectin staining[303]. This aberrant glycosylation is ubiquitous across
human cancers and likely plays a key role in invasion and metastasis. MUCI, a heavily
O-glycosylated glycoprotein is frequently upregulated in carcinomas[304-305], and
knockdown of this protein reduces migratory behavior of cancer cell lines in an E-
cadherin-dependent manner[306]. Considerable work has been initiated to elicit
immune responses to the protein, and these vaccines typically show greater efficacy
when the glycosylated form is presented[307-309]. Clinically, many cancer biomarkers
are carbohydrate antigens (e.g. CA19-9, CA125, DUPAN-II, AFP-L3, etc.) owing to the

conserved alterations in glycosylation that accompanies malignancy[310].

One particular glycan antigen expressed on as many as 90% of cancers is known as the
Thomsen-Friedenreich Antigen (T-Antigen) [294, 311]. This glycan epitope is the core 1
O-linked disaccharide, Galp1-3GalNAc, upon which further O-glycosylation occurs. In
healthy tissues, this motif is masked by further glycosylation. Its expression, as
evidenced by lectin staining, in cancer cells, however, is widely apparent[312-316].
Furthermore, it has been strongly associated with metastasis in experimental
models[317-320]. Its naked presentation in normal tissue is so rare that all humans
have low titers of IgM against it[316], and vaccination strategies have proved useful in

humans with cancer[321-324].
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Aside from its affinity for lactosamines, galectin-3 exhibits the ability to bind the T-
Antigen[318, 325-327]. This recognition provides an attractive model for binding of T-
Antigen-expressing tumor cells to galectin-3 expressed on the endothelium[318, 328].
In the previous chapter, we find that metastatic lung adenocarcinoma cells have
elevated adhesion to combinations of galectin-3 and -8 when presented in the context of
fibronectin, and that these molecules are present in the metastases of mice and humans.
Given the association of galectin-3 with the T-Antigen, this chapter investigates the
regulation of this glycan motif on metastatic cells and the mechanisms underlying its

presentation.

4.2 Results

4.2.1 Increased T-Antigen Expression Correlates with
Increases in Metastatic Progression

Previously, we found that adhesion to galectin-3 and -8, in the context of fibronectin,
correlated strongly with metastasis of lung adenocarcinoma[329]. We used a genetic
mouse model of lung cancer wherein mice bearing an oncogenic Kras allele at the
endogenous locus downstream of a lox-stop-lox element as well as loxP sites flanking
both endogenous p53 alleles (KrastSL-¢12D/+;p53flox/flox) are administered a lentiviral Cre-
recombinase through inhalation, resulting in the formation of multifocal autochthonous
lung tumors(194, 215-216]. These mice develop distant metastases that can be
correlated to their specific primary tumors of origin through examination of their
lentiviral integration sites. Cell lines were developed from these tumors representing
primary tumors that did not metastasize (Tnonmet), those that did give rise to metastases
(Tmer), and distant metastases (M) (Fig. 4.1a)[194]. Previously, we found that the a3f1

integrin was, in part, responsible for adhesion to these ECM molecule
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combinations[329]. As galectin-3 and -8 are part of the galectin family of B-galactoside-
binding lectins, we asked whether carbohydrate-mediated interactions might also have a

role in the increases in adhesion.

KrasLSL~G!2D/*,-p53ﬂoxMox b
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Figure 4.1. Glycan-galectin interactions in lung cancer metastasis. (a) Schematic depicting the
mouse model used in these studies. Cell lines are generated from Kras!SL-¢12D/+:p53flox/flox mice
following tumor development from the primary tumors that did not metastasize (Tnonmer),
primary tumors that did give rise to metastases (Twme), and distant metastases (M). (b) Potential
glycan ligands for the galectin-3 CRD. The T-Antigen (GalB1-3GalNac-al-O-S/T) is specific for
the carbohydrate recognition domain (CRD) of galectin-3 and -8. N-Acetyllactosamine (LacNAc)
binds the CRD of all galectins and exhibits increased affinities when in a polymeric form. The A-
B- Type 2 blood group antigens have reported affinities for a variety of galectins, including
galectin-3, by glycan array analysis.

Examination of existing studies and publicly available glycomics databases[330] reveal a
variety of glycan motifs recognized by the carbohydrate recognition domains (CRDs) of
galectin-3 and -8 (Fig. 4.1b). While N-acetyllactosamine (LacNAc) shows a strong
affinity to all galectins as a disaccharide and, to a greater extent, as repeated units,
galectin-3 shows a specific affinity for motifs such as the Thomsen-Friedenreich Antigen
(T-Antigen). The T-Antigen is an oncofetal O-linked disaccharide thought to be
overexpressed on as many as 90% of carcinomas[294, 311, 316]. To determine the
degree of T-Antigen presentation throughout metastatic progression, we performed

microscopy and flow cytometry analysis on cell lines from the Tnonmet, Tmer, and M
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classes following staining with peanut agglutinin (PNA), a plant lectin with specificity
for the Gal-B(1-3)-GalNAc (T-Antigen) motif (Fig. 4.2a,b). These analyses revealed a

strong increase in T-Antigen presentation as the cells become more metastatic.
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To determine whether these changes occur in humans with lung cancer we stained
human tissue microarrays for the T-Antigen. We observed that 60.5% of primary lung
tumors stained positive for PNA (as compared to 13.0% of non-cancerous lung tissue, P
= 4.9x106, Fisher’s Exact Test) and 31.6% had distinct membrane PNA staining (as
compared to 0% of non-cancerous lung, P = 2.4x10°5, Fisher’s Exact Test) (Fig.
4.3a,b,d). Typically, activated germinal centers will stain positive for PNA. Nonetheless,
we saw distinct differences in PNA staining between lymph nodes with cancer and
normal lymph nodes. 100% of lymph node metastases stained positive for PNA (as

compared to 12.5% of non-cancerous nodes, P = 0.0007, Fisher’s Exact Test), and 50%
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had membrane-specific staining (as compared to 0% of non-cancerous, P = 0.0385,

Fisher’s Exact Test)(Fig. 4.3a,c,d). These trends were consistent across a variety of

NSCLC types (Fig. 4.3d).
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Figure 4.3. T-Antigen expression on human NSCLC patients. Human tissue microarrays were
stained with peanut agglutinin (PNA) for presence of the T-Antigen. (a) Sample images of PNA
stains from human tissue microarrays. Quantitation of staining of lung (b) and lymph node (c)
samples looking at diffuse positive staining and membrane-specific staining. (d) Results from
(c) with representation of the subtypes of NSCLC. Scale bars in (a) are 200pm and 100pm on the
inset images. P values were determined using Fisher's Exact Test. PNA: peanut agglutinin; N:
non-cancerous tissue; C: cancerous tissue; Adeno: adenocarcinoma; LCC: large cell carcinoma;
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SCC: squamous cell carcinoma.

4.2.2 Galectin-3 Adhesion is Carbohydrate Mediated

Previously, we showed that knockdown of the a3 and {1 integrin subunits reduced
adhesion of the metastatic cells to combinations of fibronectin with either galectin-3 and
galectin-8[329]. Furthermore, a3p1 has been reported to bind galectin-8[{233, 331] and
may interact with galectin-3, as well[232, 332]. Thus, it is possible that the galectin-3
adhesion is a reflection of protein-protein interactions rather than the changes in cell-
surface glycans. To determine whether adhesion of the metastatic cells to galectin-3 was
truly carbohydrate-mediated, we incubated the cells (393M1) with fluorescent galectin-3
in the presence of LacNAc, a potent binder to the CRD of galectins (Fig. 4.1a), or a
control disaccharide (sucrose) prior to flow cytometric analysis (Fig. 4.4a). Indeed,
incubation with LacNAc inhibited galectin-3 adhesion to the metastatic cells confirming

the functional relevance of the aberrant glycosylation in galectin adhesion.

Since knockdown of the a3 and 1 integrin subunits appeared to have an effect on
galectin-3 and -8 adhesion, we asked whether this might be due to presentation of the T-
Antigen on the integrin dimer. a3f1 is known to be heavily N-glycosylated, and it is
thought that this glycosylation may promote its adhesion to galectin-3 or promote
malignant progression[243, 245, 332-334]. Thus, we asked whether it may also present
the O-glycans such as the T-Antigen. We analyzed PNA staining of the a3 and f1
knockdown lines by flow cytometry to determine whether removal of the integrin
subunits reduced the T-Antigen presentation. While knockdown of B1 did not affect the

degree of PNA staining, knockdown of the a3 subunit yielded a somewhat reduced
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degree of staining (Fig. 4.4b), suggesting the possibility for O-glycosylation and T-
Antigen presentation on the a3 integrin subunit. Furthermore, this finding suggests a
possible synergistic role for protein- and glycan- recognition by single cell surface
glycoproteins. Such results, however, would be best accompanied by validation with a
second hairpin and immunoprecipitation of the a3 integrin subunit followed by lectin

blotting with PNA.
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Figure 4.4. Galectin-3 adhesion is carbohydrate mediated. (a) Incubation of 393M1 cells with
LacNAc (red) or Sucrose (black) prior to staining with fluorescent galectin-3. LacNAc inhibition
reduces galectin-3 adhesion in a carbohydrate-dependent manner. (b) Short-hairpin knockdown
of a3 and B1 integrin subunits (or control firefly luciferase) in the 393M1 cell line followed by
PNA staining for the T-Antigen.

4.2.3 Changes in glycosylation are mediated by altered
glycosyltransferase activity

We next asked whether changes in T-Antigen presentation were the result of increased
expression of an individual glycoprotein or to global changes in glycosylation. Thus, we
performed lectin blotting of cell surface proteins by isolating those proteins, running
them on PAGE gels, and blotting PNA. We found that while specific bands were strongly
enriched, there is a significant increase in global glycan presentation correlating with

metastatic progression (Fig. 4.5a).
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In light of this apparent global alteration in T-Antigen presentation, we asked whether
regulation of specific glycosyltransferases induced these changes. Analysis of gene
expression microarrays for 216 glycosyltransferase genes did not show widespread shifts
in expression, nor were there significant changes in genes coding for transferases
specific for generation of the galectin-3 ligands (Fig. 4.6a,b). Comparisons between the
average primary tumor and metastasis-derived cell lines, however, did identify Gcnt3
and St6galnac4 as being under- and over-expressed in the metastatic lines, respectively
(Fig. 4.7a), and these alterations were confirmed by RT-PCR in the representative cell

lines (Fig. 4.7b). C2GNT2 (Gcnt3) induces the addition of a B(1-6)GIcNAc to the T-
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Antigen, whereas Sté6galnac4 adds a a(2-6)NeuAc to the sialyl-T-Antigen (Fig. 4.7c). As
further elongation of the core-1 disaccharide prevents recognition by galectin-3, these
changes in Gent3 and St6galnac4 expression promote T-Antigen presentation through
prevention of branching and capping of elongation, respectively. Similar trends were
seen across all of the cell lines analyzed by gene expression microarrays (Fig. 4.7d).
Lectin blotting of whole-cell lysates also revealed no differences in T-Antigen expression
between the lines (Fig. 4.5b). This similarity is likely due to the nature of the changes in
glycosylation. Generation of the disaccharide occurs in the endoplasmic reticulum (ER)
and Golgi [335-336]. Thus, this similarity between the lines is likely a reflection of
equivalent generation of the disaccharide within the Golgi, and further suggests that the
differences in surface glycosylation observed are a result of decreased glycan extension
rather than reduced generation of the disaccharide.
a b
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Figure 4.6. Glycosyltransferase gene expression. (a) Gene expression microarray analysis of
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known glycosyltransferase expression reveals minimal alterations in global gene expression
profiles between cell lines of the different stages. (b) Gene expression microarray analysis of
select genes predicted to generate the galectin-3 binding partners (see Fig. 4.1b). All data is logz
mRNA expression.
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Figure 4.7. Gent3 and St6galnac4 are differentially regulated during metastasis. (a)
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Comparison of the average primary tumor (all Tnonmer and Twmer lines) gene expression by the
average metastases (all N and M lines) gene expression for all glycosyltansferases. (b)
Expression of Gcnt3 and St6galnac4 in the three representative lines by gRT-PCR. (c)
Schematic depicting the glycosylation resulting from C2GNT2 and ST6GALNAC4 activity. (d)
Gene expression microarray analysis for all cell lines for select glycosyltransferase activity and
the resulting structures. Size of spots in (a) refers to the absolute difference between the clonally
related 393T5 and 393M1 pair. P-values in (a) are calculated between each class of lines (i.e.
ThonMet VS. Tuet, Tnmet vs. N, N vs. M). Error bars in (b) are s.e.m. of separate RNA isolations and in
(d) are s.e.m. of different cell lines of the same type. P-values in (b) and (d) were determined by
one-way ANOVA followed by Tukey’s multiple comparison post-test. * P < 0.05; ** P< 0.01; ***
P<0.001.

To determine whether the loss of the N-acetylglucosaminyltransferase C2GNT2 (Gent3)
or gain of the sialyltransferase ST6GALNAC4 affect T-Antigen presentation and
galectin-3 binding, we expressed and knocked down those genes in the metastatic line,
respectively. Knockdown of St6galnac4 using retroviral transduction of short hairpins
targeting the gene resulted in reduced galectin-3 binding (Fig. 4.8a). PNA does not bind
to the sialylated T-Antigen. Correspondingly, no differences in PNA staining were
observed with this knockdown, confirming that its effects are specific to the sialylated
form of the carbohydrate (Fig. 4.8b). Transfection of a Gent3 ORF into the metastatic
cells also reduced galectin-3 adhesion (Fig. 4.8c,e) and PNA staining (Fig. 4.8d.f),
suggesting that its activity does indeed reduce T-Antigen presentation and,
consequently, galectin-3 binding. Given these findings, we asked whether the alterations
glycosyltransferase activity occurs in humans with lung cancer, as well. Analysis of
GCNT3 copy number in the cancer genome atlas [337] revealed a significant loss of copy
number lung adenocarcinoma when compared to normal lung or blood (Fig. 4.8g, P =

1.44 x 10-11) [4].
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Figure 4.8. Gent3 downregulation and St6galnacd upregulation promote galectin-3 adhesion.
St6galnac4 was knocked down by retroviral transduction of short hairpins. Galectin-3 (a) and
PNA (b) staining of 393M1-shSt6galnac4 and 393MI-shLuc control cells. Galectin-3 (a) and
PNA (b) staining of 393M1 cells transfected with Gent3 plasmid. (e.f) Quantitation of (c.d).
GCNT3 copy number in human tissue taken from blood, normal lungs, or lung adenocarcinoma.

4.3 Discussion

In this chapter we explore the role of carbohydrate interactions with galectins as
potential mediators of adhesion by the metastatic cells. We found that in this model of
lung adenocarcinoma, the tumor cells increase their presentation of the core 1 O-linked

disaccharide known as the Thomsen-Friedenreich Antigen (T-Antigen). This motif is
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rarely exposed on normal cells as further glycosylation and branching extend the
glycans. Galectin-3 specifically binds the T-Antigen when exposed on cell surfaces as a
disaccharide. Here, we show that the metastatic cells bind galectin-3 in a carbohydrate-
specific manner. We also show that these changes are the result of altered expression of
specific glycosyltransferases that mediate extension of the glycan chains beyond the core
1 disaccharide. Genetic perturbation of these transferases prevents T-Antigen

presentation and reduces galectin-3 adhesion.

While the role of glycans in tumorigenesis and metastasis remain an understudied
component of cancer biology, they represent an attractive target due to their conserved
representation and disregulation during neoplasia. In fact, in addition to many other
glycoproteins and glycans, MUC1 was recently listed by the National Cancer Institute as
the second of 75 highest ranked cancer antigens to prioritize for targeting [338]. MUC1
is a highly O-glycosylated glycoprotein that is frequently overexpressed on many
carcinomas. Its widespread expression on carcinomas has prompted many to investigate
its use for a cancer vaccine[307-309, 339]. Importantly, recognition of the glycosylated
peptides on MHC molecules confers increased recognition by CD4 and CD8 T-Cells and
improved tumor responses[307, 340]. Thus, significant research to enhance

glycoprotein antigen responses is being pursued[341-344].

While these approaches hold great promise for generating immune responses against
tumors, they rely upon some degree of peptide recognition and loading onto MHC
molecules. Our data suggest that T-Antigen presentation is likely not restricted to single
glycoproteins but rather represents global changes in glycosylation. Previous work has

suggested that another aZ2,6-sialyltransferase, STGGALNACS5, promotes breast cancer
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metastasis to the brain through increased adhesion to endothelium and traversal of the
blood-brain barrier[110]. While targeting specific transferase activity (e.g.
ST6GALNAC4, ST6GALNACS, or C2GNT2) may be a viable approach, those specific
changes are not likely to be conserved across cancers in the same manner as the T-
Antigen epitope itself, and thus, may represent targets for which resistance could easily

develop.

Much of the initial work done on the T- and Tn- (GalNAc-a;-O-Ser/Thr) Antigens,
particularly in the context of eliciting anti-cancer immune responses was performed by
Georg F. Springer[311, 316, 345]. Springer developed a vaccine by purifying T- and Tn-
Antigens from the surfaces of erythrocytes and combining them with phosphoglycolipid
A hyperantigen (S. typhi vaccine) and Ca3(PO4)2 as adjuvants. Though his patient
studies were significantly underpowered and lacked any appropriate control arm, the 5-
and 10-year survival rates for his breast cancer patients were significantly above
national averages[311]. Thus, targeting the T-Antigen itself may prove to be an effective

therapy.

Interactions between glycans and galectins likely provide a means for CTCs to form
metastases. This process may be mediated by accumulation of galectin-3 upon the
endothelium during cancer progression, thus aiding in arrest and extravasation[318,
325, 346]. The interactions may also promote integrin interactions that promote
migration or colonization[332]. Galectins are also appreciated to be potent immune
modulators[347], suggesting that galectin-glycan interactions may be promoting

metastasis through modulation of pro- and anti-tumor immune responses.
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4.4 Methods

Cell Lines

Cell lines (a gift from Tyler Jacks and Monte Winslow, Massachusetts Institute of
Technology, Cambridge, MA) were described previously[194] and were cultured in

DMEM with 10% (vol/vol) fetal bovine serum and 1% L-glutamine.

Western and Lectin Blot Analysis

Cell lysates were harvested in RIPA buffer (Sigma) containing Complete Protease
Inhibitor (Roche) and Phospho Stop (Roche) on ice and run on SDS-PAGE gels. PVDF
membranes were stained for galectin-3 (Abcam, ab53082, 1:500), galectin-8 (Abcam,
ab69631, 1:500), and a-tubulin (Cell Signaling, 2125, 1:1000). Lectin blotting for glycans
was performed using PNA-Biotin (Sigma) followed by detection using the ABC Elite Kit
(Vector Labs, PK-6100) or PNA-Peroxidase conjugates (Sigma). Ponceau S solution

(Thermo) was used for total protein detection following transfer to PVDF membranes.

Cell Surface Protein Isolation

Cell surface proteins were isolated prior to Western blot analysis using Thermo
Scientific kit 89881 following the manufacturer’s instructions. Briefly, cells are washed
followed by biotinylation of the surface proteins by a Sulfo-NHS-Biotin through
conjugation to free amines. The reaction is quenched and cells are harvested and lysed.
Lysate is washed through a column containing a neutravidin resin to capture the
biotinylated surface proteins. Finally, the disulfide linkage is reduced through

incubation with 50mM DTT and the proteins are captured.

Flow Cytometric Analysis
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Peanut agglutinin staining was performed by incubating 3x105 cells in PBS with 10pL
PNA-AlexaFluor 647 (invitrogen) on ice for 30 minutes. Fluorescent galectin-3 was
produced by reacting recombinant murine galectin-3 (R&D Systems) with DyLight 650
NHS Ester (Thermo Pierce). Conjugated protein was purified by FPLC and concentrated
to 0.5mg/mL using 3,000 MWCO Amicon centrifugal filter units (Millipore). Cells were
stained by incubating 3x10° cells in PBS with 10pL of the fluorescent galectin-3 on ice
for 30 minutes. For galectin-3 binding inhibition experiments, cells were incubated with
galectin-3, as described above in the presence of 20mM N-Acetyl-D-lactosamine
(Carbosynth) or sucrose (Sigma). Flow cytometry was performed on a LSR Fortessa (BD

Biosciences) and analyzed using Flowjo (Tree Star).

RNA Isolation and Expression Profiling

Gene expression microarray analysis was described previously[329] and is available
from NCBI under accession number GSE40222. RNA was isolated using RNeasy mini
kits (Qiagen) according to the manufacturer’s instructions. cDNA reactions were
performed using iScript cDNA synthesis kit (Bio-Rad). qRT-PCR was performed using
IQ SYBR Green Supermix (Bio-Rad). Fold change is reported following analysis using
the AAC: method where genes were normalized to Hprt housekeeping control. Primers
were: St6galnac4 forward 5-GGTTGGTTCACCATGATTCTG-3', St6galnac4 reverse 5'-
GGAGCGGGGACTCTTCTC-3’, Gcnt3 forward 5-GCAGCCAAGAAGGTACCAAA-3,
Gent3 reverse 5’-ACAGGCGAGGACCATCAA-3', Hprt forward 5'-
GTCAACGGGGGACATAAAAG-3’, Hprt reverse 5-CAACAATCAAGACATTCTTTACA-3'.
Gene expression analysis and visualizations were performed using Spotfire (Tibco) and

MATLAB (Mathworks).
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Cell and Tissue Staining

For immunocytochemical analysis of T-Antigen presentation, cells were stained with
PNA-AlexaFluor 647 (invitrogen). All paraffin sections were developed using DAB and
counterstained with hematoxylin. Carbo-Free Blocking Solution (Vector Laboratories)
was used for all staining involving the use of peanut agglutinin. Endogenous peroxidase
activity was blocked using the Dual Endogenous Enzyme Block (Dako). PNA staining of
human tissue microarrays was performed with PNA-HRP (Sigma, 4pg/mL) following
antigen retrieval in citrate buffer. Staining of the Human Lung Cancer and Normal

Tissue Microarray (US Biomax, Inc) was scored blinded.
Hairpins and Plasmids

Knockdown of St6galnac4 was performed using short-hairpin RNA (5'-
TTCTGCTCCTCACACTGTGCATCTTGACA-3’) or a control hairpin targeting firefly
luciferase in the pGFP-V-RS vector (Origene, TG502032 and TR30002). Plasmids were
packaged into retroviruses using the Phoenix-Eco system. Viral supernatant was filtered
using 0.45pm syringe filters and cultured with 393M1 cells at no dilution. Transduced
cells were selected with puromycin (Invitrogen), and knockdown efficiency was
determined by qRT-PCR following four weeks of culture. Tansfection of Gcnt3 was
performed using Lipofectamine (Invitrogen) according to the manufacturer’s

instructions with plasmids purchased from Origene (MC215765).
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Chapter 5. Presentation of Galectin-3 in the Metastatic
Niche

5.1 Introduction

5.1.1 The role of hematopoietic cells in the tumor
microenvironment

The establishment of pro-tumor microenvironments not only within the site of the
primary tumor, but also the metastases is now well-appreciated[106]. These
microenvironments consist of a variety of extracellular matrix molecules[112] and
stromal cell types[348]. Many of the ECM molecules have been found to specifically
promote metastasis rather than growth of the primary tumors. ECM molecules such as
fibronectin have long been associated with invasion and metastasis in both in vitro and
in vivo settings[221, 224, 349]. Recently, a variety of ECM molecules have been
suggested to play a role in establishment of the metastatic niche. Lysyl oxidase (LOX)
induces crosslinking of collagen IV in the lungs of mice with breast cancers[123],
tenascin-C[114] produced by both cancer cells and the stroma support metastasis, and
osteopontin can promote not only adhesion but also act in an endocrine fashion to
mobilize pro-tumorigenic bone marrow-derived cells (BMDCs) to the sites of

metastases|[119, 148].

Many of these ECM molecules and other secreted molecules promote establishment of
the metastatic site through recruitment of pro-tumorigenic leukocytes. Many tumors
elicit inflammatory responses, which in turn, recruit inflammatory cells[350]. Many of
the BMDCs act to promote angiogenesis[351-354]. In particular tumor-associated

macrophages (TAMs) exhibit a phenotype similar to M2 alternatively activated
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macrophages and exhibit both immune suppressive and pro-tumor activities[124, 355-
356]. As macrophages typically express CSF1-R (colony-stimulating factor-1 receptor,
CD115), they are frequently recruited by CSF1 signaling circuits. Consequently, genetic
ablation of CSF1 reduces tumor growth and metastasis[357] and TAMs that are
recruited by CSF1 secrete EGF to tumor cells to establish a paracrine signaling loop that
promotes invasion[128]. In addition to TAMs, myeloid-derived suppressor cells
(MDSCs) are a diverse group of CD11b*Gr-1+ leukocytes capable of suppressing anti-
tumor T and NK cell activity, frequently infiltrate tumors[358-359], and can promote
metastasis[360]. Furthermore, TNF-a secretion by endothelial and stromal -cells
following chemotherapy results in increased CXCL1/2 expression by cancer cells and
consequently enhanced MDSC recruitment to the tumors and metastases[361]. In
addition to TAMs, we now appreciate that there is a distinct subset of macrophages that
appear to specifically promote metastases (metastasis-associated macrophages,
MAMs)[362]. These cells, and their precursor inflammatory monocytes. are recruited

specifically to metastases by tumor- and stroma- secreted of CCL2[68].

Recently, multiple groups have reported evidence of the establishment of a ‘pre-
metastatic’ niche that is conducive to tumor seeding and colonization even prior to the
arrival of tumor cells. As previously mentioned in the context of collagen IV[123], these
signaling networks often involve ECM molecules, soluble factors, and BMDCs. LOX
secretion is induced by hypoxia of the primary tumors and induces crosslinking of
collagen IV in the basement membranes of the lungs. This crosslinking results in CD11b+
cell recruitment, and these cells, in turn, degrade the collagen IV into peptides that act

to recruit more BMDCs and CTCs. Similarly, tumor-secreted factors induce fibronectin
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presentation in the pre-metastatic niche, resulting in recruitment of VEGFR1+ BMDCs
and, subsequently, the tumor cells[67]. Secretion of chemoattractants SI00A8 and
S100A9 by tumors acts to recruit BMDCs to the lungs through their induction of serum
amyloid A 3[363-364]. Thus, a variety of signaling loops appear to exist where primary
tumors secrete chemokines[365] and other factors, many of which are ECM molecules,
that act to establish a pre-metastatic niche through the recruitment of CD11b+

leukocytes.

5.1.2  The role of galectins in adaptive immunity

In addition to the roles of galectins discussed in the previous chapter, galectins have
significant roles in modulating immune responses[347]. Frequently, galectins modulate
these responses by oligomerizing and clustering specific glycoproteins on cell surfaces

into lattices capable of affecting downstream signaling[366-367].

With regards to the T-cell compartments, galectin-1 induces apoptosis of activated T-
cells by binding and clustering CD45[368-369]. Galectin-9 is a Tim-3 ligand that acts
through that receptor specifically to induce an intracellular calcium flux and cell death
of Tul cells[370]. Galectin-1 binding[371] and intracellular galectin-10[372] have both
been shown to promote anergy and contribute to the immunosuppressive activity of
regulatory T-cells (Treg). Demetriou and colleagues showed that Mgat5 driven N-
glycosylation of the T-Cell Receptor (TCR) normally heightens the T-cell activation
threshold and its absence leads to autoimmune disease. They show that the resultant
glycans interact with galectin-3 to generate a lattice that limits TCR recruitment to the
site of antigen presentation[373]. More generally, galectin-glycan interactions restrict

lateral movement of the TCR and CD45 to prevent aberrant TCR activation[374]. While
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galectin-1 can induce apoptosis in Tul and Tul7 cells, differential a2,6 sialylation
prevents galectin-1-induced apoptosis in Tu2 cells[375]. Importantly, galectin-3 can
induce anergy in tumor-specific CTLs by segregating CD8 from the TCR[376].
Furthermore, extracellular galectin-3 can induce T-cell apoptosis in an independent
manner from galectin-1 by binding CD45 and CD71[377] or CD7 and CD29 (Bl

integrin) [378].

In a manner similar to T-cells, galectins help modulate B-cells and the humoral immune
response. Galectin-1 promotes interactions at the pre-B cell-stromal synapse through
interactions with integrins[379-380]. Galectin-3 promotes B-cell survival and
differentiation towards memory cells[381], and may, in addition to galectin-1, promote

anergy[382].

The activities of antigen presenting cells (APCs) are also frequently regulated by
galectin-glycan interactions. Galectin-3 can form lattices on APCs that retain cytokine
receptors on cell surfaces to enhance signaling[383]. Dendritic cells from galectin-3
knockout mice have a reduced ability to prime T- and B-cells[384], and galectin-1

inhibits macrophages from activating T-cells[385].

The roles of galectins in modulating immune responses are important for maintaining
normal physiological responses to disease. These mechanisms, however, can be utilized
by tumors to prevent immune responses to the malignancies[153, 347]. The galectins
can promote anergy and the generation of Tregs. Furthermore, tumors often secrete high

levels of galectin-1 to induce effector T-cell apoptosis.

5.1.3  The role of galectins in innate immunity
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In addition to their roles in recognition of self-glycans on immune cells, galectins may
act as pattern recognition receptors and initiate danger signals[386]. Galectin-3 was the
first of such examples as it was reported to recognize LPS through both its glycan and
non-glycan structures[387-388]. These findings provide potential justification for the

evolutionary conservation of the galectins and their CRDs.

One essential component of both adaptive and innate immune responses is the ability of
leukocytes to home to sites of inflammation. Galectins are often expressed on vascular
endothelium and contribute to leukocyte extravasation[389-390]. Galectin-1 and -3
have been reported to influence resident DC migration into the draining
lymphatics[391-392]. Essentially all leukocytes that enter into tissues and exit into the
lymphatics express galectins, and thus many galectins have been reported in a variety of

inflammatory disease states[393].

In addition to their effects on regulating specific interactions with the endothelium,
galectins can act as chemokines that drive migration of leukocytes. Importantly,
galectin-3 acts as a chemoattractant for neutrophils, eosinophils, monocytes, and
macrophages in vitro[394-395] and in vivo[395], and it promotes migration of
granulocytes, monocytes, and lymphocytes into inflamed tissues[396-399]. It can act as
a damage-associated molecular pattern (DAMP) to recruit neutrophils to parasitic
infections[400]. Galectin-9 is a chemoattractant for eosinophils[401]. Unlike galectin-3
and -9, however, galectin-1 inhibits leukocyte recruitment. In particular it prevents
neutrophil entry in acute peritonitis and edema[402-403] and lymphocytes in the
context of contact hypersensitivity[404]. Nonetheless, galectin-1 and -3 may both

promote exit from tissue into the lymphatics[393].
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In addition to its role as a chemoattractant, galectin-3 has a variety of effects on
peripheral blood monocytes and neutrophils. It can induce superoxide anion production
by both of these cell types[405-406]. It also appears to activate NAPDH-oxidase
specifically in primed neutrophils taken from inflamed tissue, but not peripheral
blood[407]. Once exposed to stimuli, however, peripheral blood neutrophils can
generate respiratory bursts[407-408]. Galectin-3 also promotes phagocytosis in
neutrophils, and many of these responses may be mediated by CD66[409-410].
Furthermore, galectin-3 promotes neutrophil adhesion to laminin, and to a lesser
extent, fibronectin[411]. It is important to note that while galectin-3 induces
phophatidylserine exposure and subsequent apoptosis of T-cells, no such effect is
observed on neutrophils, suggesting it has differential effects depending on immune cell

subset[412].

Galectin-3 has a variety of effects on macrophages as well. Similarly to PMNs, galectin-3
knockout mice have reduced phagocytosis of apoptotic cells and microorganisms by
macrophages[413]. MacKinnon and Farnworth et al. recently found that galectin-3
promotes IL-4/IL-13 alternative macrophage activation in an independent manner from
classical activation, and that signals through CD98[414]. They show that IL-4 stimulates
galectin-3 expression. It is worth noting that CD98, a galectin-3 receptor, can promote
integrin activation following dimerization via ligation of the heavy chains by galectin-
3[415]. CD98 is one of multiple cell surface glycoproteins on macrophages capable of
binding galectin-3. Dong and Hughes characterized these receptors by galectin-3 affinity
chromatography of murine macrophages and found the following molecules to associate

with galectin-3: CD11b, LAMP1, LAMP2, Mac-3, and the CD98 heavy chain[284].
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Furthermore, galectin-8 promotes superoxide production by neutrophils through its

interactions with CD11b[416].

Taken together, these findings suggest a potential role for inflammatory immune cell
presentation of galectin-3 in the tumor microenvironment. These cell types are
frequently upregulated in cancer, and we have previously seen a strong correlation
between metastatic progression and galectin-3 adhesion. In this chapter we explore the
role of the metastatic microenvironment as it pertains to presentation of galectin-3 and

galectin-8.
5.2 Results

5.2.1 Mice bearing tumors exhibit elevated galectin-3 positive
populations in their peripheral blood

To address the role of galectin-3 in the pro-tumorigenic immune response, we asked
whether circulating inflammatory populations present galectin-3 (also known as Mac-
2). Flow analysis of peripheral blood leukocytes showed a strong enrichment for
galectin-3+ cells in mice bearing either Tnonmer (802T4) or M (393M1) tumors when
compared to mice without tumors (Fig. 5.1a-b). Furthermore, these mice have highly
elevated numbers of CD11b+* cells (Fig. 5.1c-d), and the majority of galectin-3+ cells are
also CD11b+ (Fig. 5.1e-f). Examination of the scatter profile suggests that the galectin-3

expressing cells are likely myeloid neutrophils and monocytes (Fig. 5.1g).
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Figure 5.1. Galectin-3 is
expressed on CDI11b*
peripheral blood leukocytes in
mice bearing tumors.
Peripheral blood was
harvested by cardiac puncture
from mice implanted with
subcutaneous flank tumors
derived from various cell lines.
Cells were gated based on their
FSC and SSC profiles. (a,b)
Galectin-3/Mac-2 staining of
all peripheral blood cells. (c.d)
CDI11b staining of all
peripheral blood cells. (e,f)
Gating for CD11b*Mac-2*
double-positive cells. (g) FSC
vs. SSC for all cells (red) and
galectin-3/Mac-2+ cells (blue).
‘NT’ no tumor; “Tnonmet mice
bearing the 802T4 cell line; ‘M’
mice bearing the 393MI cell
line. *** P < 0.001. NT: no
tumor.



CD11b is the a subunit of the aM 2 integrin dimer, is a complement receptor (CR3), and
is found on the surfaces of neutrophils, monocytes, macrophages, and natural killer
cells. We found that mice bearing tumors had elevated numbers of CD11b+Gr-1+Ly6Cmid
cells (many of which are likely neutrophils, Fig. 5.2a,b) and CD11b*CD115+ monocytes
(Fig. 5.2¢). In agreement with previous reports, we found that mice bearing tumors had
elevated ratios of Ly6Chi inflammatory monocytes (IMs) to Ly6Cle residential monocytes
(RMs) (Fig. 5.2d,e). Furthermore, we found that, particularly in mice bearing the
metastatic cell line, galectin-3 levels were much higher in the IMs than RMs (Fig. 5.2f).
Of note, the galectin-3 levels on individual CD11b+ cells were not strongly increased in
mice bearing tumors (Fig. 5.2g-i), suggesting that the increases in galectin-3+ cells is
likely due to increased inflammatory cell recruitment or production rather than their

degree of galectin-3 presentation.
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Figure 5.2. Tumor-bearing mice have enriched galectin-3* CDI11b*Gr-1* and CDI1b*Ly6C"
cells. Mice bearing no tumors (NT), Tnonmer tumors, or M tumors injected into their rear flanks
were analyzed for CD11b* subsets by flow cytometry. (a) Staining for Gr-1* cells. (b) Staining for
CDI115* monocytes. (d,e) Mice with tumors have elevated levels of Ly6CM monocytes. (f)
Fluorescence intensity of galectin-3 staining on monocytes from mice with and without tumors.
Intensity of galectin-3 staining on (g) all CD11b* cells and (h) Gr-1+ cells. (i) Percentage of all
monocytes that are galectin-3*. ** P < 0.01; *** P < 0.001. NT: no tumor.
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5.2.2 Tumor-specific production of galectin-3 is constant
throughout metastatic progression

Previously, we observed that strong differences in adhesion to galectin-3 and galectin-8
existed between the Tnonme:r and M cell lines (see Chapter 2)[329]. Nonetheless,
recruitment of CDI11b+*Mac-2+ cells into peripheral blood seemed relatively constant
between the different stages. Thus, we asked whether tumor-specific production of
galectin-3 remained constant throughout metastatic progression. Indeed,
transcriptional levels of Lgals3 and Lgals8 by gene expression microarray for all lines as
well as protein levels for the three representative lines remained constant (Fig. 5.3a,b).
Since, for galectin-3, these levels may represent intracellular activity as well, we
examined whether the tumors secreted galectin-3 in a manner that could interact with
circulating immune cells or travel to other organs. Thus, we examined serum levels of
circulating galectin-3 in mice bearing tumors (Tnonmer and Tmer) compared to naive mice.
Analysis of serum-levels revealed a strong increase in circulating galectin-3 in mice

bearing tumors (Fig. 5.3c).
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5.2.3 Galectin-3 is present in the metastatic niche

Previously, we found that mice bearing autochthonous tumors had galectin-3 and -8 in
their metastatic sites, but not their primary tumors. To establish a role for presentation
of galectin-3 in the metastatic niche, we asked whether the metastatic tumors also had

the inflammatory infiltrates. We found that the Kras¢!?0/+;p534/4 mice do indeed have
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these infiltrates at the sites of metastases. Furthermore, tumors from mice bearing the
metastatic line stain positive for F4/80+ macrophages that frequently co-localize with
galectin-3 (Fig. 5.4). Given the high circulating galectin-3 levels and CD11b+*Mac-2+
leukocytes in the blood, we asked whether mice bearing tumors can establish galectin-3-
positive niches prior to the arrival of circulating tumor cells (CTCs). We found that, in
mice bearing the primary tumor lines, F4/80+ macrophages were readily visible within
their livers that co-stained for galectin-3 (Fig. 5.5). Furthermore, we harvested livers of
tumor-bearing mice prior to the development of metastases and analyzed whole tissue
lysates following homogenization. Elevated levels of galectin-3 were present in the livers
of mice bearing tumors (Fig. 5.3d), suggesting that galectin-3 is being presented at the

sites of metastases prior to the detection of metastases.
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Figure 5.4. Mice bearing the metastatic tumor line have galectin-3* macrophages in
accumulation in the tumors. Mice were implanted with the 393M1 (M) tumor cell line.
Tumors were harvested and stained for macrophages (F4/80, green) and galectin-3 (pink).
Nuclei (blue) are stained with Hoechst. Scale bars on the top and bottom rows are 100pum.
Scale bars on the middle row are 25pm. Middle row is zoom of the dashed white box from
the top row. IgG: isotype control.

As the reported macrophage galectin-3 surface receptors are glycoproteins, it has been
suggested that galectin-3 binding is carbohydrate-mediated[284]. Our previous
findings, however, suggest that tumor cell adhesion to galectin-3 is mediated by its CRD
(Fig. 4.4a). If the CD11b cells in the metastatic niche are binding galectin-3 through its
CRD, it may inhibit tumor cell binding. Thus, we asked whether galectin-3 surface
expression on CDI11b+ cells from mice bearing tumors is truly carbohydrate mediated.
We harvested peripheral blood from tumor-bearing mice, and incubated the CD11b+

cells with lactose. Flow cytometry analysis revealed no reduction of galectin-3 staining
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following lactose treatment, suggesting that the lectin is, at least in part, bound to the
surface through protein-protein interactions (Fig. 5.3e). While MACS separation of the
CD11b+ cells may have affected the carbohydrate-bound galectin-3, these findings
suggest that a considerable amount of galectin-3 is presented in a manner that leaves

the CRD exposed for additional interactions.

Figure 5.5. Mice bearing tumors exhibit accumulation of galectin-3+ macrophages
in their livers. Staining of livers from transplanted tumor-bearing mice prior to the
arrival of metastatic cells for macrophages (F4/80) and galectin-3. Nuclei are
stained with Hoechst. Scale bars on the top and bottom rows are 50um. Scale bars
on the middle row are 25pm. IgG: isotype control.

5.2.4 Presence of galectin-3+CDI11b+* cells is a result of acute
recruitment

As galectin-3 is known to activate neutrophils and act as a chemoattractant for

monocytes and macrophages, we asked whether tumor-secreted galectin-3 or other
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secreted factors could induce acute recruitment of these cell types. We harvested
conditioned media from metastatic cell cultures and injected these into the circulation
of naive mice. Two hours following the injection we harvested peripheral blood samples
and analyzed them for the galectin-3+-positive populations. Surprisingly, the
conditioned media elicited strong CD11b*Mac-2+ recruitment that was analogous to the
blood of tumor-bearing micé (Fig. 5.6a-f). Thus, we asked whether galectin-3 alone
would be sufficient to account for this myeloid cell recruitment. Injections of fresh
media supplemented with recombinant murine galectin-3, however, was unable to
induce the response exhibited by the conditioned media (Fig. 5.6a-f, gray circles). Again,
these differences were a result of increased recruitment without any additional galectin-

3 expression on an individual cell basis (Fig. 5.6f).

Previous work has shown a role for interleukin signaling in enhancing gélectin—B
expression and alternative macrophage activation[414]. Thus, we asked whether any
cytokines were highly expressed in the conditioned media. Luminex cytokine profiling of
the conditioned media from the M cell line found only IL-6 to be differentially expressed
in the conditioned media compared to the control media (Fig. 5.6g). IL-6 has been
found to correlate with tumor progression and metastasis[417-420]. Thus, it may be
possible that it acts in conjunction with galectin-3 to recruit these pro-metastatic

myeloid-derived cells.

To address whether galectin-3 is necessary for the recruitment of the galectin-3+CD11b+
myeloid cells we have initiated a variety of studies. We knocked down galectin-3 in the
393M1 metastatic cell line by transduction of short hairpins targeting Lgals3. This

knockdown resulted in an approximately 50% reduction in secreted galectin-3 for three
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hairpins (Fig. 5.6h). To test whether the reduction in galectin-3 alters myeloid cell
recruitment we implanted the lines into mice. Once the tumors have reached an
appropriate size, peripheral blood will be harvested from these mice and queried for the
presence of galectin-3+ cells. Additionally, conditioned media will be harvested from
these lines and tested for its ability to recruit these populations upon intravenous
injection. If these knockdowns yield galectin-3 levels that are still too high to test its
effects in vivo, an alternate approach would be to remove the galectin-3 from the
conditioned media by affinity chromatography using anti-galectin-3 antibody coated
resins. These experiments will help elucidate the specific role of galectin-3 on the direct

recruitment of these hematopoietic populations.
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Figure 5.6. Conditioned medium from tumor lines induces rapid recruitment of
CD11b+Mac-2* leukocytes into circulation. Fresh medium (white), 393M1 conditioned
medium (red), or fresh medium with 20pg/mL recombinant galectin-3 (Gal-3, gray)
was injected into circulation of naive mice. Peripheral blood, harvested two hours after
media injections, was analyzed by flow cytometry for (a) the percentage of all cells
CD11b*, (b) the percentage of all cells galectin-3+, (c) the percentage of all cells CD11b*
and galectin-3*, (d) the percentage of all cells CD11b*Gr-1, (e) the ratio of
inflammatory to resident monocytes, and (f) the expression levels of galectin-3. (g)
Luminex ELISA analysis of cytokine levels in the fresh (white) and conditioned (black)
medium. (h) Galectin-3 levels of medium supernatant from 393MI lines transduced
with hairpins against galectin-3 (shGal3) or firefly luciferase (shLucMis) by ELISA. ***
P < 0.001; N.D. not detected.
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5.3 Discussion

Inflammatory leukocytes are now understood to play a role in metastasis in a variety of
cancers and the cytokine crosstalk involved in their promotion of the disease is being
rapidly uncovered. The identification of intimate interactions between these populations
within the blood vessels and colonized tissues suggests a role for conserved increases in
an adhesion-receptor molecule axis during metastatic progression. Previously, we have
shown a role for galectin-3 binding during metastatic progression. Here, we uncover a
population of cells, known to be involved in metastasis, that display galectin-3 on their
surfaces and that are rapidly recruited during tumorigenesis. It appears that these
CD11b*Mac-2+ leukocytes are likely recruited early in the metastatic cascade as the non-
metastatic primary tumor line efficiently produced these cells in the blood. The
equivalent recruitment of these cells is mirrored by the equivalent production of
galectin-3 and -8 across all of the lines representing different stages of tumor
progression. Thus, it is reasonable to suspect that deposition of galectin-3 in the pre-
metastatic site and recruitment of the leukocytes is an early step in tumor progression.
To confirm this hypothesis, one could examine the presence of these cells in the
peripheral blood of mice bearing autochthonous tumors that have yet to metastasize.
Regardless of the exact timing of this recruitment, lung adenocarcinomas clearly have
the ability to recruit galectin-3+CD11b+ cells into circulation and to the sites of

metastases.

Furthermore, injection of tumor secreted factors rapidly recruited these leukocytes into
the blood. This suggests that a pool of galectin-3+ MDSCs, monocytes, or their

progenitors exists in lymphoid organs of healthy animals. Lung and breast cancers
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frequently metastasize to the bones of patients early in tumor progression[47, 111]. This
phenomenon may be, in part, a result of decreased barriers to extravasation (e.g.
fenestrated endothelium) and increased growth factors in the hematopoietic niche. The
role of macrophages in this process, however, is also a likely contributor to this
process[120, 421-422]. As the myeloid cells found to express galectin-3 are bone-
marrow-derived, it is reasonable to expect that they are present in the bone prior to
exposure to the tumor-secreted factors. That these cells express galectin-3 on their
surfaces may explain why these cancers metastasize to the bones so readily in a clinical

setting.

Among the secreted cytokines in the conditioned media, we found IL-6 to be
significantly expressed. IL-4 has been shown to promote establishment of the tumor
microenvironment through induction of cathepsin activity by TAMs[423]. Similarly,
tumor-derived IL-6 may act to promote cathepsin B secretion by monocytes in the
context of breast cancer cells[424]. The effects of galectin-3 on alternative macrophage
activation was found to be IL-4-dependent[414]. Thus, it is possible that, in our model,
IL-6 plays a similar role in sensitizing bone-marrow-derived cells to galectin-3 and

initiating their rapid recruitment into circulation.

While some evidence has been reported that supports the existence of a pre-metastatic
or early-metastatic niche, its precise role in tumor progression is incompletely
understood. Animal models demonstrate deposition of ECM and recruitment of myeloid
cells to these sites in a manner that appears to affect tumor seeding, but the significance
of these experimental models on the human disease is difficult to decipher as clinical

evidence of this nature is nearly impossible to ascertain. Our data suggest that galectin-3
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may be present in the early-metastatic sites and upon the myeloid cells recruited to
those sites. Clinical evidence shows that cancer patients have elevated levels of galectin-
3 in circulation and within the tumor tissue[425]. Thus, it is possible that galectin-3 may
be acting to promote metastasis through its immunomodulatory activities and tumor

adhesion potential at the pre-metastatic sites.

5.4 Methods
Cell Lines and Mouse Transplantation Assays

Cell lines (a gift from Tyler Jacks and Monte Winslow, Massachusetts Institute of
Technology, Cambridge, MA) were described previously[194] and were cultured in

DMEM with 10% (vol/vol) fetal bovine serum and 1% L-glutamine.

All animal procedures were performed in accordance with the MIT Institutional Animal
Care and Use Committee under protocol 0211-014-14. Cell injection studies were
performed in B6129SF1/J mice (Jackson Laboratory, Stock Number 101043). Mice were
injected with 3x105 cells resuspended in 100pL of PBS into the subcutaneous region of
flanks of mice, while anesthetized with isofluorane. Tumors and peripheral blood were
harvested 5-8 weeks following injections. Approximately 1mL of peripheral blood was
harvested by cardiac puncture, while mice were anesthetized with isofluorane and used
for flow cytometric analysis. Mice were immediately euthanized following recovery of

the blood and their tumors were harvested.

Immunohistochemical and Immunocytochemical Analysis
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Following necropsy, tumors and livers were fixed overnight in 4% paraformaldehyde at
4°C. Tissues used for paraffin embedding were transferred to cassettes and placed in
70% ethanol. Those used for frozen sections were placed in 30% sucrose overnight at
4°C. Tissues were then transferred to O.C.T. compound (Tissue-Tek) for 4 hours at
room temperature followed by freezing in isopentane (Sigma) placed in a liquid nitrogen
bath. Co-staining of galectin-3 and F4/80 was performed on frozen sections using
antibody clones M3/38 (BioLegend) and CI:A3-1 (BioLegend), respectively. Nuclei were

stained with Hoechst (Invitrogen).
Western and Eastern Blot Analysis

Cell lysates were harvested in RIPA buffer (Sigma) containing Complete Protease
Inhibitor (Roche) and Phospho Stop (Roche) on ice and run on SDS-PAGE gels. PVDF
membranes were stained for galectin-3 (Abcam, ab53082, 1:500), galectin-8 (Abcam,

ab69631, 1:500), and a-tubulin (Cell Signaling, 2125, 1:1000).
Galectin-3 ELISA

Peripheral blood was harvested from mice without tumors or bearing contralateral flank
tumors of both 802T4 and 393T5 cell lines by cardiac puncture as described above.
Blood was collected in serum collection tubes (Capiject) and allowed to clot for 30
minutes prior to centrifugation and removal of serum. The galectin-3 ELISA kit (R&D

Systems) was used according to the manufacturer’s instructions.

Liver Galectin-3 Western Blots
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Mice bearing 393M1 flank tumors or no tumors were perfused by intracardiac injection
of 20mL of phosphate buffered saline. Livers were then excised and 50mg portions were
added to gentleMACS M tubes (Miltenyi Biotech) in 4.5mL of RIPA (Sigma) with
Complete Protease Inhibitors (Roche). Tissue was dissociated using the gentleMACS

Octo Dissociator (Miltenyi Biotech) and run on polyacrylamide gels as described above.
Flow Cytometric Analysis and Antibodies

Peripheral blood was drawn by cardiac puncture and transferred to K2 EDTA 5.4mg
Plus Blood Collection Tubes (BD Vacutainer, BD Biosciences). Red blood cells were
lysed using RBC lysis buffer (eBiosciences). Cells were fixed in 4% paraformaldehyde
and washed prior to staining. Cells were blocked using anti-mouse CD16/CD32 antibody
clone 2.4G2 (BD Biosciences). Antibodies against mouse antigens were: CD11b (M1/70,
BD Biosciences), CD115 (AFS98, eBiosciences), Mac-2 (M3/38, BioLegend), Ly-6C
(HK1.4, BioLegend), and Gr-1 (RB6-8C6, BioLegend). Flow cytometry was performed
on a LSR Fortessa (BD Biosciences) and analyzed using Flowjo (Tree Star). Peanut
agglutinin staining was performed by incubating 3x105 cells in PBS with 10pL PNA-
AlexaFluor 647 (invitrogen) on ice for 30 minutes. Also add alpha3 and betal Abs if

included.

Magnetic separation of CD11b+ cells was performed using CD11b MACS microbeads
(Miltenyi). Following collection of peripheral blood by cardiac puncture and lysis of
erythrocytes, cells were incubated with the MACS beads following the manufacturer’s

instructions. CD11b+ cells were isolated using MACS MS Collection Columns (Miltenyi).
Galectin-3 binding inhibition
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For competition of galectin-3 presentation on leukocytes, peripheral blood was
harvested from mice bearing 393M1 flank tumors, as described above. Cells were
incubated with 200mM -lactose (Sigma) or sucrose (Sigma) in 2% FBS for 30 minutes

on ice. Cells were then fixed, stained, and analyzed by flow cytometry.
Conditioned Media Experiments

Twenty-five milliliters of conditioned medium was harvested from one T150 flask of
393M1s following three days of culture. This medium (or fresh control medium) was
filtered through O.2pm filters and concentrated 15-fold using 3,000 MWCO centrifugal
filters (Amicon). 200pL of medium was injected into the lateral tail vein of mice. Two
hours after injections, peripheral blood was harvested from the mice by cardiac
puncture, as described above, followed by fixation, staining, and flow cytometric

analysis.
RNA iseclation and Expression Profiling

Gene expression microarray analysis was described previously[329] and is available
from NCBI Gene Expression Omnibus under accession number GSE40222. For
quantitative PCR, RNA was harvested using RNEasy Mini Kits (Qiagen). RNA was
reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad). qPCR reactions
were performed using 2pL of cDNA, 12.5pL of IQ SYBR Green Supermix (Bio-Rad), and

lpmol of each primer.

134



Chapter 6. Involvement of ECM during epithelial-
mesenchymal transitions

6.1 Introduction

The epithelial-mesenchymal transition (EMT) is an embryonic program that permits the
acquisition of a mesenchymal phenotype by cells that were previously epithelial[426-
428]. While this process performs essential roles in normal physiology including both
development and wound healing, it has recently been appreciated to be involved in
various disease stateé[429-431]. In particular, it has been suggested to be a driving force
behind the acquisition of migratory and invasive phenotypes in tumors, thus, promoting
cancer metastasis. In this model of cancer dissemination, cells within the primary
tumors activate transcriptional programs that induce EMT. This induction is
characterized by a downregulation of cell-cell junction proteins such as E-cadherin,
changes in B-catenin localization and signaling, and production of vimentin and
fibronectin. Furthermore, the plasticity conferred upon these cells appears to induce a
stem-cell-like phenotype as is evident from their ability to form mammospheres (in the
context of mammary cells), expression of surface markers such as elevated CD44 and
decreased CD24, and an increased ability to generate tumors[88]. These highly invasive
cells can use EMT to traverse the many stages of the metastatic cascade, from migration
upon and degradation of extracellular matrix (ECM), to survival in the bloodstream, to
extravasation and migration within distant organs. Nonetheless, it is now appreciated
that colonization of a distant organ is likely the rate-limiting step in the metastatic

cascade[43, 69, 71]. In this model of metastasis, the cells likely undergo a reverse
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transition, mesenchymal-epithelial transition (MET), that allows them to regain their

epithelial phenotype and colonize a distant site{432].

Intracellular promoters of EMT include transcription factors such as TWIST and SNAIL,
in addition to ZEB family proteins and miR-200 family microRNAs[433-435]. Upstream
activation of these pathways can be conferred by a variety of signaling molecules, the
best-established being transforming growth factor beta (TGF-f3). While the roles of these
proteins have been thoroughly investigated in their mechanisms of inducing EMT, the

factors promoting MET are less well-understood.

While molecules such as fibronectin have been implicated in EMT, the influence of
extracellular matrix (ECM) molecules in inducing EMT and MET is still largely
unappreciated. Interactions between integrins and TGF- have been reported[436] and
pathologies resulting from improper sequestration of TGF-3 by ECM molecules have
been well-characterized[138, 437]. Nonetheless, the majority of alterations in cell-ECM
interactions during EMT are uncharacterized. Furthermore, a role for ECM in inducing

MET at the site of metastasis has not been revealed.

In this work, we use our previously-described ECM microarray platform[329], to screen
for changes in cell-ECM interactions during EMT. We establish adhesion and
proliferation profiles for Human Mammary Epithelial Cells harboring the Ras oncogene
(HMLER) that are in their normal epithelial state or following activation of an EMT
program. Furthermore, we investigate the role of particular ECM molecules for inducing

increased E-Cadherin expression and a MET.

6.2 Results

136



6.2.1 Epithelial and mesenchymal cells exhibit differential

adhesion signatures
To study differences in cell-ECM interactions between epithelial and mesenchymal cells,
we used Human Mammary Epithelial Cells harboring the Ras oncogene (HMLER)[433,
438] in either their wild-type state or following introduction of constitutive TWIST
activation. To determine the effects of EMT on adhesion, we screened these cells on our
ECM microarray platform. This platform consists of 768 unique single and pairwise
combinations of 38 ECM molecules spotted onto a glass slide coated with
polyacrylamide. The dehydrated hydrogel entraps the ECM molecules after spotting and
prevents cells from adhering to the slide in locations where there is no ECM. Following
spotting of the molecules, cells are seeded onto the arrays in serum-free medium.
Quantification of their adhesion is performed following fixation and staining using
automated microscopy combined with CellProfiler analysis tools, as previously

described|3, 329].

The wild-type or TWIST+ cells were seeded onto the arrays separately or following
labeling and mixing at equal ratios (Fig. 6.1a,b). While many combinations of ECM
demonstrate shared adhesion between both the epithelial and mesenchymal states,
distinct combinations reveal increased adhesion by cells of one of the two states when
compared to the other (Fig. 6.1b). Figure 6.2a and b show adhesion to all combinations
by the wild-type and TWIST+ cells, respectively. The top 2.5% of combinations (Fig. 6.2a
and b, red bars) share many similarities between both cell types including adhesion to

combinations containing galectin-8 and some collagens, perhaps, reflecting an adhesion
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signature characteristic of all breast tissue. Nonetheless, clear differences in adhesion

were apparent between the epithelial and mesenchymal cells.
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Figure 6.1. Profiling adhesion of cells undergoing EMT. (a) Schematic of the screening
workflow: (I) ECM microarrays are spotted, (II) wild-type HMLERs, HMLERs expressing
TWIST, or a 1:1 ratio of both are prepared, and (III) seeded onto the ECM arrays. (b)
Micrographs of cells on individual spots stained for E-cadherin or N-cadherin (top). Epithelial
and mesenchymal cells were stained with green and orange Calcein AM, respectively and seeded
on the arrays after mixing (middle and bottom).

To ensure the differences between the two cell types are real, we performed
unsupervised hierarchical clustering of the adhesion signatures generated from all
replicate arrays that we ran (Fig. 6.3a). Indeed, the mesenchymal signatures all
clustered together and separately from the epithelial arrays. We next asked to what
degree the adhesion values differed between the cell types for each combination. While
one might expect that the adhesion values would be similar for most combinations, we
found that a significant number of combinations yielded a strong preference by one of

the two cell types (Fig. 6.3b).
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Figure 6.2. Identification of
ECM combinations yielding the
greatest adhesion. Rank ordered
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type (a) and TWIST-expressing
(b) HMLERSs four hours
following seeding of the arrays.
Red bars and inset graphs
indicate the top 2.5% of
combinations.

We generated an adhesion signature based upon the top differential hits from the

replicate arrays (Fig. 6.3c) as well as ranked the top differential adhesion combinations

(Fig. 6.3d). These analyses predictably suggest an enhanced adhesion to combinations

containing fibronectin by the mesenchymal cells. Furthermore, the wild-type cells

exhibited higher adhesion to combinations containing basement membrane proteins
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including laminins, nidogen, and collagen IV. It is worth noting that combinations of
fibronectin and galectin-3 are among the top hits for the mesenchymal cells. Previously,
we found that metastatic lung adenocarcinomas have greatly increased adhesion to this
combination[329] (see Chapter 2). Taken together, these findings may suggest that this
increased adhesion to fibrenectin with galectin-3 may be conserved during metastatic
progression for a variety of tumor types. Furthermore, it may suggest a role for

previously unappreciated EMT programs within this lung cancer model as well.
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Figure 6.3. EMT induces differential adhesion to ECM. (a) Unsupervised hierarchical clustering
of replicate slides for both the wild-type and TWIST* cells depicts conserved differences in
adhesion profiles. (b) Normalized adhesion values for all of the ECM combinations on the arrays
plotted as wild-type cells (abscissa) versus the TWIST* cells (ordinate). Black line depicts
equivalent adhesion values (x = y). (c) Top differential adhesion values between the two cell
states. Combinations listed as “1” (blue) represent elevated adhesion by the wild-type cells and
“2” (red) represent those to which the mesenchymal cells exhibit greater adhesion. (d) Top
differential hits as calculated by the absolute value of the difference between the wild-type and
TWIST cells. Blue bars depict combinations to which the epithelial values are higher and red
bars refer to those to which the mesenchymal values are higher.
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6.2.2 Galectin-3 promotes increased proliferation

We next asked whether specific ECM combinations are capable of inducing increased
proliferation of either type. We examined the quantity of cells on our arrays at forty-
eight hours following seeding and compared these counts to those after initial seeding.
Quantification of the number of doublings for the mesenchymal and epithelial cells for
the top combinations is shown in Figures 6.4a and b, respectively. Of note, we found
that the majority of the top combinations for both cell types included galectin-3 or its
cleaved form galectin-3c. This finding suggests that while galectin3 may play an
important role in metastasis through its increased affinity for metastatic cells in the
context of fibronectin, it may also play a role in promoting tumor outgrowth regardless

of the cell type interacting with it.

In an analogous manner to the adhesion studies, we asked whether certain
combinations exhibited differential proliferative responses. Figures 6.4c and d show
heatmaps of differential cell counts on arrays either normalized to the average of the
non-zero values of the arrays (Fig. 6.4c) or un-normalized (Fig. 6.4d). While the
normalization accounts for experimentally introduced differences in seeding
concentrations or global shifts in adhesion profiles between cellular states (e.g. if the
mesenchymal cells have a global reduction in adhesion to all combinations), its use may
be limited for later timepoints due to the confounding effects of proliferative differences.
Nonetheless, both the raw and normalized counts suggest a role for combinations
containing fibronectin as promoting, not only adhesion, but proliferation of the

mesenchymal cells when compared to their epithelial counterparts.
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Figure 6.4. EMT induces differential proliferative responses to ECM. Rank ordered population
doublings for the top ECM combinations as quantified by the ratio of day 2 counts to day O
counts for the (a)mesenchymal and (b) epithelial cells. (c) Top differential counts following
normalization to the non-zero means of the slides. Combinations listed under “1” (red) are those
to which the mesenchymal cells had higher counts and those under “2" (blue) represent the
epithelial hits. (d) The same as (c) but where the counts have not been normalized. Here “1”
(blue) refers to the epithelial hits and “2” (red) represents the mesenchymal hits.

6.2.3 Galectin-3 promotes mesenchymal-epithelial

transitions (MET)
In order for disseminated tumor cells (DTCs) that have undergone EMT to colonize a
distant site and establish clinically relevant metastases, it is suggested that they likely

undergo the reverse transition: mesenchymal-epithelial transition (MET). Thus, we
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asked whether certain ECM combinations could promote this transition through their

induction of an epithelial phenotype.

We stained cells on our arrays for E-cadherin forty-eight hours after initially seeding
them on the arrays. E-cadherin intensity was calculated for each spot and normalized to
the number of cells on that spot. Figure 6.5a shows the E-cadherin intensity for each
combination on the arrays for the wild-type cells. Of note, the combination exhibiting
the greatest E-cadherin staining was pure galectin-3. Furthermore, six of the top ten

combinations, based on E-cadherin staining, contained galectin-3 (Fig. 6.5b).

Because the mesenchymal cells constitutively overexpress TWIST, it is unlikely that an
exogenous ECM molecule will induce signaling capable of overriding the induced
transcriptional program. Nonetheless, analysis of the top E-cadherin expressing
combinations, although far lower than their epithelial counterparts, reveals a number of
combinations containing galectin-3 or -3c (Fig. 6.5¢c). Taken together, these data suggest

that galectin-3 may play a role in inducing an MET and an epithelial phenotype.
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Figure 6.5. Galectin-3 induces increased E-cadherin expression. (a,c) E-cadherin expression
measured as fluorescent intensity and normalized to cell counts per spot for all combinations
where the standard deviation is less than 2x10¢ (a) or 1x10° (c). (a) depicts values for the wild-
type cells and (c) depicts TWIST* cells. (b) Top 10 combinations with the highest E-Cadherin
staining from (a). Combinations listed in red contain galectin-3 as one of their components. Blue
dots in (c) represent combinations that contain galectin-3 or its cleaved form galectin-3c. Error
bars in (b) are s.e.m.

6.3 Discussion

The roles of ECM and the microenvironment are now appreciated to be driving forces
that influence all stages of metastasis (see Chapter 1). While EMT is appreciated as one
of the major mechanisms by which tumors gain metastatic potential, there is much to
learn about the changes in interactions with ECM during this transition outside of an

increased production and adhesion to fibronectin and altered MMP activity. Alterations
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in the expression and signaling of a variety of integrins during EMT have been
reported[439-442]. Nonetheless, the role that these interactions play in promoting EMT
or, perhaps more importantly, MET is still unclear. Through the use of our ECM
microarrays, we found alterations in both adhesion and proliferation of breast cancer
cells between their native state and following an EMT. Furthermore, we find that
galectin-3 appears to promote both proliferation and expression of E-Cadherin,

suggesting that it may play a role in MET at the distant site.

As has been extensively discussed in this thesis, galectin-3 has been reported to possess
a wide variety of intracellular and extracellular functions that are mediated through
both protein-protein and protein-glycan interactions. That galectin-3 may promote
proliferation and an MET is an attractive concept as it, coupled with our previous
findings in lung cancer, provides a means by which presentation of this protein in
distant tissues and upon the endothelium could allow traversal of most of the rate-
limiting steps in the metastatic cascade. Recent studies have suggested a role for altered
glycosylation during EMT[443-446]. Perhaps, these altered glycosylation states promote
interactions with galectin-3 in the distant tissues and stimulate an MET and subsequent

colonization.

Previously, we showed that metastatic lung cancer cells exhibited the highest adhesion
to combinations of fibronectin with galectin-3. Fibronectin has long been associated
with metastasis[208, 222, 447-450] and EMT. Accordingly, we found mesenchymal cells
to have an enhanced adhesion to combinations with fibronectin. This phenotype,
however, after 48 hours appeared to switch to that of growth on combinations

containing galectin-3. Perhaps these molecules work in a synergistic fashion: fibronectin
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acting to permit migration within tissues and galectin-3 acting to promote an MET.
While additional studies will be necessary to elucidate the mechanisms mediating this
potential induction, its potential role as a conserved means of promoting colonization
provides an attractive target for therapeutic approaches to this rate-limiting step in

metastasis.

6.4 Methods
Cell Lines

Cell lines (a gift from Frank Gertler, Massachusetts Institute of Technology, Cambridge,
MA) were described previously[433, 438] and were cultured in 1:1:2

DMEM:F12:MEGM.
Extracellular Matrix Microarray Seeding and Analysis

ECM microarray analysis was performed as described previously[329]. Slides were
seeded with 4x105 cells per slide in 6mL of serum-free DMEM:F12 (1:1) for two hours
prior to washing. Slides were then transferred into their normal culture medium and
allowed to sit for two additional hours prior to fixation and staining for day zero

analysis. Alternatively, slides were cultured for 48 hours prior to fixation.

Analysis was performed as previously described. Analysis of E-cadherin expression was
performed by normalizing whole spot fluorescence intensities to the number of cells on
those spots following quantification of nuclei. Top differential combinations were
selected based upon statistical significance between replicate slides. All hierarchical

clustering analysis was performed in Matlab (Mathworks) using the Bioinformatics
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Toolbox. Slide normalization is performed by dividing each value by the average of all
non-zero values on the arrays. Prior to any normalization or analysis, individual spots
with values greater or less than one standard deviation from the mean of the replicate
spots on a single array were discarded. Proliferation was determined by taking the logz

of the quotient of day two to day zero values.
Immunocytochemistry and Antibodies

Slides were fixed with 4% PFA (Electron Microscopy Sciences) and stained for E-
cadherin (BD Biosciences, clone 36/E-Cadherin, 1:100) following permeabilization with
0.1% (v/v) Triton-X (Sigma). Slides were mounted with Fluoromount-G (Southern

Biotech) and imaged on a Nikon Ti-E inverted epifluorescence microscope.

RNA Isolation and Expression Profiling

mRNA was harvested from cells using RNEasy mini kits (Qiagen). Lysates were
analyzed for RNA integrity and prepared with Affymetrix GeneChip WT Sense Target
Labeling and Control Reagents kit, followed by hybridization to Affymetrix Mouse 3’

Arrays (Mouse 430A 2.0). R/Bioconductor software was used to process array images.
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Chapter 7. Perspectives and Future Directions

Increasing our understanding of the biological processes that influence cancer
metastasis has been the focus of extensive studies in the field of cancer biology. Genomic
approaches in mice and men have identified a plethora of genes that both correlate with
and play functional roles in promoting this devastating march toward malignancy[76-
77, 108-110, 151, 193-194, 451-452]. Nonetheless, the knowledge gleaned from these
studies and the targets identified have shown little clinical utility outside of their use as
biomarkers. Developing targeted therapies for inappropriate gene regulation is
challenging, and in the cases where this has been achieved (e.g. EGFR, BCR-ABL,
HERZ/neu, BRAFV60CE, etc.), eliciting robust durable responses has been nearly
impossible. This failure is largely due to the mutational potential and heterogeneity of
tumors that allow them to adapt in a manner that is no longer reliant upon the
particular gene mutation targeted. Perhaps, to this day, the most broadly effective
therapeutics available for the treatment of cancer are chemotherapy and radiation.
These therapies take advantage of phenotypes of the disease rather than particular gene
mutations (e.g. reliance upon cell division, lack of proper DNA repair responses, and
reliance upon continued nutrients). Thus, tumors cannot evade their effects by

activating alternative pathways.

Despite the obvious benefits of chemotherapy and radiation, they are ill-poised to treat
metastatic disease for a variety of reasons outlined in Chapter 1. In particular, a lack of
an ability to identify the locations of the metastases prior to extensive outgrowth makes

radiation therapy near impossible. Chemotherapy can, in select situations, marginally
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improve survival times of patients with metastatic disease due to its systemic
administration, however, it suffers from systemic toxicity, poor targeting, and
chemoresistance of the disseminated tumor populations particularly to the drugs
typically used on primary tumors. Thus, an understanding of conserved phenotypic
mechanisms that mediate metastasis is needed. Cancer biologists now appreciate that
interactions with the microenvironment can promote or discourage traversal of the
metastatic cascade and outgrowth of secondary tumors. Even with our continually
developing understanding of these processes, conserved phenotypes are emerging that

highlight some potential targets.

Taking into consideration the importance of elucidating conserved specific phenotypic
mechanisms that underlie the rate-limiting steps of metastasis, this thesis aimed to
develop a screening approach capable of revealing interactions between metastasizing
cells and their microenvironments, with a focus on cell-ECM interactions. Using the
ECM microarray platform that we developed in conjunction with a mouse model of lung
cancer and a human model of breast cancer, we have identified particular ECM
interactions that may be conserved within many instances of metastasis. In particular,
we identified interactions between increasingly metastatic cells with galectins as being

potential involved in cancer metastasis.

These interactions are likely a result of perturbed glycosylation on metastatic
populations. Such changes would have been difficult to elucidate using conventional
genetic approaches given the diversity of genes encoding glycosyltransferases and
glycosidases that can give rise to particular glycan structures. As is the case for many

cellular phenotypes, an enormity of individual genetic alterations could occur that yield
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the same phenotypic responses. This principle is especially the case for glycosylation
where there is not only transcriptional and translational regulation of the structures, but
localization of enzymes, availability of molecules, transport of proteins to cell surfaces,
extracellular concentrations of additional transferases and glycosidases, and many other
factors that dynamically control the presentation of particular carbohydrates on the
surfaces of cells. In an analogous manner, integrins are another family of cell-surface
receptors that bind ECM. They too exhibit a variety of regulatory mechanisms that affect
their activity beyond transcription and translation ranging from bidirectional signaling

responses, to membrane localization, to activation, and even to glycosylation.

By identifying conserved phenotypes, new targets can be identified that may hold
significant therapeutic value. Interrupting conserved cell-cell or cell-ECM interactions
that promote metastasis may avoid the poor recurrence rates seen with the current
targeted therapies while providing a specificity that prevents the systemic toxicity
experienced with conventional chemotherapies. Integrins have begun to be used as
therapeutic targets in cancer[115, 190], and the continued development of these
approaches will undoubtedly result in efficacious therapies. Nonetheless, challenges,
especially related to delivery, may retard these efforts. Thus, in the Appendix of this
thesis, we present preliminary work focusing on the use of multifunctional nanoparticles

capable of targeting and disrupting cells expressing the T-antigen.

7.1 Conclusions

Understanding the role of the microenvironment in cancer metastasis is important both
for our understanding of the underlying mechanisms of disease and for developing
therapeutics. The aims of this thesis were to develop new techniques to learn about this
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complex process and to identify conserved mechanisms of disease progression that
provide viable therapeutic targets. To achieve these goals we developed a phenotypic
screening platform capable of interrogating cell-ECM interactions. This platform has
allowed us to query a variety of cellular responses to their ECM microenvironments,
many of which are outside of the scope of this thesis. In addition to our work on lung
and breast cancer metastasis, we have investigated the role of ECM in promoting lineage
specific differentiation of induced pluripotent stem cells (iPSCs) and embryonic stem
cells (ESCs)[453], hepatocyte maintenance, heat shock factor responses, growth of
primary tumor cells, adhesion and growth of many other cancer cell lines, interactions
with cells expressing different Mena isoforms, growth of embryoid bodies, and

responses by many other cell types.

In the context of cancer metastasis, this platform helped elucidate the importance of
particular ECM interactions. That these interactions were conserved across naturally
arising tumors in distinct mice lends credence to their conserved importance in lung
adenocarcinoma metastasis, a finding that is bolstered by their presence in the human
disease. Thus, this thesis begins to construct a picture for potential mechanisms of
metastasis (Scheme 7.1). In this model, primary tumors secrete a variety of molecules
into circulation including galectin-3 and galectin-8. As, they progress, they increase
their secretion of osteopontin while simultaneously decreasing their adhesion to it as
well as to a variety of collagens. This decreased adhesion correlates with diminished
presentation of integrins alfl that appears not to be a result of transcriptional
regulation. Furthermore, as these cells become more invasive they begin to increase

their presentation of specific glycan structures such as the Thomsen-Friedenreich
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Antigen. This difference in glycan presentation is not due to increases in the transferases
that mediate core 1 O-glycosylation, but rather through regulation of transferases that
prevent or permit additional glycan chain extension or branching (e.g. STGGALNAC4
and C2GNT2). Furthermore, secretion of tumor-derived factors from primary tumors
recruits bone-marrow-derived cells that express galectin-3 on their surfaces into
circulation. These cells appear to accumulate at the sites of metastases even prior to the
formation of identifiable metastases. The increased T-Antigen presentation in
combination with increased integrin presentation mediates adhesion to galectin-3, -8,
and fibronectin permitting the adhesion to, and perhaps colonization of, these distant

sites.

Collagens

Galectins

‘.‘ Gent3 %'
¥ Stégalnac4 G.’,;‘:Vug_,:ﬁ, ¥ Gent3
, I-Ag
Glycan Elongation Circulation \ f St6égalnac4

Glycan Truncation
chemokines

Scheme 7.1. ECM interactions in metastasis. This schematic depicts the working model of ECM
interactions during metastasis as explored in this thesis. Primary tumors exhibit adhesion to a
variety of collagens and osteopontin. These tumors also secrete collagens. They express high
levels of integrin al and a2 subunits on their surfaces. These tumors express high levels of
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Gent3 and low levels of St6galnac4 in a manner that promotes O-glycan extension and
branching. Both the primary and metastatic tumors secrete galectin-3 and -8, which can be
found in the circulation. The metastatic tumors exhibit increased adhesion to fibronectin,
laminins, galectin-3, and galectin-8. Additionally, they secrete osteopontin. These tumors
exhibit elevated surface presentation of integrin a3, a5, a6, and av subunits. Furthermore, they
have elevated T-Antigen presentation, which is a result of downregulation of Gcnt3 and
upregulation of St6galnac4 and that mediates galectin-3 adhesion. Early in tumorigenesis,
CD11b* leukocytes are recruited to the blood and sites of metastases. These cells exhibit high
levels of galectin-3 on their surfaces.

This thesis has contributed additional implications of the role of galectin-3 in cancer
metastasis to an already growing literature describing its pleiotropic roles in disease
pathologies. In particular, we describe its role in adhesion of metastatic cells through
integrin and glycan interactions, its presentation within the early metastatic niche, its
expression upon CDl11b* leukocytes within the peripheral blood, tumors, and early
metastatic niches, its secretion into circulation by primary and metastatic tumors, and
even its ability to induce E-cadherin expression in a manner that may implicate its role
in inducing mesenchymal-epithelial transitions. While its involvement is certainly a
conserved correlative event, the exact roles that galectin-3 plays in all of these
interactions remains to be fully elucidated. We show strong evidence for increased
adhesion to the extracellular form of the molecules with metastatic progression in a
manner that appears to be dependent upon binding to the Thomsen-Friedenreich
carbohydrate antigen. We also show that galectin-3 is being presented on the surfaces of
macrophages within tumors and livers of mice bearing tumors. The exact role that
galectin-3 plays in this context may range from adhesion to promotion of survival to
clustering of integrins to chemoattractant effects upon other CD1lb* cells to the
suppression of anti-tumor adaptive immune responses, among many other potential
roles. It is the opinion of this author that its roles in metastatic cell adhesion and

promotion of interactions between metastatic tumor cells and TAMs or MAMs strongly
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promote metastatic colonization. The extent to which its other functions or suggested
capacities play within this process are yet to be determined, but will undoubtedly

improve our understanding of the mechanisms behind this disease.

It is worth highlighting that our model of ECM interactions in metastasis was the
product of insights gained through the development of novel tools. As the majority of
these effects were not readily evident from transcriptional profiling, the pursuit of
understanding of the roles of these molecules in this disease process would not have
been initiated without the findings gleaned from this platform. Thus, it is the belief of
this author that the development of novel technologies capable of investigating
biological mechanisms and providing clinical insights is one of the most enabling
approaches to science. Much of our understanding of immunology can be credited to the
development of flow cytometry, genomics to sequencing technologies, and molecular
biology to polymerase chain reactions (PCR). Imaging modalities such as X-Rays, CT,
PET, and MRI have revolutionized our ability to diagnose and treat cancers and other
diseases. While the ECM microarrays pale in comparison to such enabling technologies,
they highlight the importance of technological development in understanding disease
mechanisms. Future iterations could include the incorporation of protease-cleavable
readouts, in-situ hybridization, high-content imaging for morphological studies,
variable stiffnesses, inclusion of growth factors, higher-order combinations, inclusion of
orthogonal screens (e.g. small molecules, RNAi, TKIs, etc.), or even the adaptation to
three-dimensional ECM screens in vitro or in vivo. Such advances would undoubtedly
provide additional insights into the mechanisms of cancer metastasis and the methods

used to treat it.
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Appendix

Multifunctional nanoparticle-based approaches for identifying and
targeting metastatic populations

A.1 Introduction

Therapeutic targeting of metastases carries a number of innate obstacles discussed
previously. In this work we aim to utilize our identification of galectin-3 — T-antigen
interactions in lung cancer metastasis to target metastatic populations. Targeting of
tumor surface molecules typically requires identification of binding partners. There exist
a variety of targeting moieties typically used for targeting of tumor cells:
proteins/antibodies, peptides, nucleic acids/aptamers, small molecules, and other
structures such as glycans[454]. The most common approach to generating targeting
moieties is through the use of monoclonal antibodies. Such approaches have generated
many of the current successful targeted therapies including Trastuzumab and
Bevacizumab. While antibody development can be an efficient way to generate binding
partners, they are less effective against pure glycan structures. As glycans cannot be
presented in an MHC fashion in the absence of a peptide conjugate, T-helper activity
cannot be elicited and class switching and somatic cell hypermutation cannot take place.
Thus, resultant antibodies are typically of the IgM isotype and lack the high affinity and
specificity that might be necessary for a targeted therapeutic. Identification of
previously unknown small molecules capable of binding particular structures typically
involves screening extensive libraries in a manner that can be resource-intensive.
Aptamers are short nucleic acid sequences capable of forming three-dimensional
structures with binding capacities for protein targets. Their small size and simple

structures often make them more attractive than protein-based moieties. Nonetheless,
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aptamers are susceptible to nucleases and renal filtration and can stimulate immune
responses through TLR activation[455]. Peptides, by comparison, exhibit low
immunogenicity, can be easily synthesized, and are easily screened for binding affinities

by techniques such as phage display.

In 1996, Thomas Quinn’s group reported studies in which they used bacteriophage
peptide display libraries to identify peptide sequences capable of binding the T-
Antigen[456-457]. In these studies, and others from his group, they show that these
peptides are capable of binding to the T-Antigen and inhibiting binding of other lectins
including galectin-3[318, 458]|. Furthermore, in a subsequent study, they use
combinatorial evolution to improve affinity and solubility of their peptide sequence to
yield an improved version of this peptide that they term “P30-1"[459]. These peptides
exhibit reported dissociation constants for the T-Antigen, when presented on
asialofetuin, on the order of 1pM[457]. Thus, targeting of T-Antigen presenting cells

using peptides may be a reasonable approach for detecting and treating metastases.

Recently, a variety of nanoparticle formulations have been developed for the diagnosis
and treatment of cancer[454, 460]. The use of nanoparticles has a variety of benefits
including passive targeting through the enhanced permeability and retention (EPR)
effect, active targeting through multivalent display of ligands, improved circulation
times, the ability to carry a therapeutic payload, and delivery of materials whose
properties can be exploited for imaging purposes. Clinically, the most common imaging
modalities for diagnosing and monitoring cancer include magnetic resonance imaging
(MRI), X-Ray computed tomography (CT), and positron emission tomography (PET),

and recent advances in technologies have allowed for the use of these modalities in
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experimental settings for imaging small animals[461-462]. While PET is frequently used
for monitoring and detecting metastases its poor resolution prevents its utility in early
detection. MRI is particularly useful for imaging soft tissue, but can be difficult to use
for detecting tumors in a variety of tissues. Therefore, contrast agents have been
developed to improve MRI-based imaging techniques. Dextran-coated iron oxide
nanoparticles have been developed and used clinically for imaging tumors in lymph

nodes of patients with prostate cancer[463].

Protein-glycan interactions suffer from reduced affinities compared to protein-protein
interactions and, in particular, those of antibodies. Increased valency can yield
increased avidities and improve the binding of proteins and peptides to glycan
structures. Thus, in this work, we aim to take advantage of the multivalent display
capabilities of nanoparticles in conjunction with their other tumor-targeting properties
to develop vehicles capable of specific targeting of metastases. We conjugate the
previously identified peptides to dextran-coated iron oxide nanoparticles in an attempt
to improve the clinical imaging detection limits of metastases as well as provide a

therapeutic benefit through inhibition of T-Antigen — galectin interactions.

A.2 Preliminary Results

Peptides were synthesized to contain terminal cysteines
(HGRFILPWWYAFSPSK(TAMRA)GGC). Tetramethylrhodamine (TAMRA) tags were
added to the lysine in order to determine conjugation efficiency and to track uptake in
vitro and in vivo. Peptides were reconstituted at 20mM concentrations in
dimethylformamide (DMF). The terminal cysteine permits conjugation through a
sulfhydryl iodoacetyl reaction. Nanoparticles were synthesized by crosslinking dextran
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onto iron oxide nanoparticles (Ocean Nanotech) with epichlorohydrin. The
nanoparticles were then aminated in ammonium hydroxide. The NHS-iodoacetyl
heterobifunctional crosslinker SIA was used to conjugate the nanoparticles to the
cysteines on the peptides (Scheme A.1). Following conjugation, nanoparticles were
purified by FPLC to remove any unconjugated peptide and concentrated in centrifugal

spin filters to a concentration of 5mg/mL.

ammonium
hydroxide

——3 NH-

crossiink
dextran

Scheme A.l. Nanoparticle Synthesis. Iron oxide nanoparticles have dextran coatings
crosslinked by epichlorohydrin. The nanoparticles are aminated using ammonium hydroxide.
The free amines are first reacted with the NHS esters on the SIA crosslinkers. The iodoacetyl
groups are then reacted with the terminal cysteines on the peptides to generate particles
presenting T-Antigen-specific peptides in a multivalent fashion.

Absorbance measurements reveal a molar ratio of peptides to nanoparticles of 80.6.
Dynamic light scattering (DLS) measurements of size showed a major peak at 68.5nm
(Fig. A.la). An additional peak at ~380nm may indicate a tendency for the nanoparticles

to aggregate.

To determine the ability of the nanoparticles to inhibit T-Antigen binding, the
metastatic cell line 393M1 was incubated with fluorescent PNA in the presence of
varying concentrations of nanoparticles on ice prior to washing. Binding of
nanoparticles can be monitored through the fluorescence of the TAMRA label. Flow
cytometry analysis revealed binding of the nanoparticles when in low micromolar to

nanomolar concentrations, with an inverse correlation between nanoparticle and PNA
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binding (Fig. A.1b,c). Thus, the nanoparticles appear to inhibit binding of the T-Antigen

to lectins when presented on cells.
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Figure A.l. Nanoparticle Characterization. (a) Dynamic light scattering
(DLS) measurements of nanoparticle diameters. (b) Flow cytometry analysis
of nanoparticle binding and T-Antigen inhibition on 393MI1 cells.
Nanoparticles incubated with no (blue) or 20pM (red) concentrations of
nanoparticles. PE monitors nanoparticle TAMRA fluorescence, and APC
measures PNA binding. (¢) Nanoparticle titration and quantification of
parameters measured in (b).

Previously, we demonstrated that, as tumors become more metastatic, they increase
presentation of the T-Antigen (see Chapter 4). Thus, lines from the Tnonmet, Tver, and M
classes were incubated with the nanoparticles and queried for their ability to bind
peanut agglutinin. Analysis by flow cytometry revealed that even for the line expressing
the lowest amount of T-Antigen (802T4), the nanoparticles were still effective in
reducing PNA binding (Fig. A.2a). To determine the degree of nanoparticle uptake by
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these cells, nanoparticles were added to these three lines in culture and allowed to
incubate with the cells for twelve hours at 37°C. After this period, cells were washed and

stained. Accumulation of the nanoparticles was measured using epifluorescence

microscopy (Fig. A.2b,c).
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Figure A.2. Nanoparticles bind the T-Antigen and prevent lectin interactions. Cell
lines from the Thonver (802T4), Tmer (393T5), and M (393M1) lines were incubated with
fluorescent PNA in the presence of nanoparticles and analyzed for PNA binding by flow
cytometry. (b,c) Cells were cultured with nanoparticles and washed and imaged to
query uptake. Error bars represent s.e.m.

The ability of these nanoparticles to selectively target metastases in vivo was next
assessed. Wild-type mice were injected with contralateral flank tumors of the different
cell lines (i.e. 802T4/393T5, 393T5/393M1, or 802T4/393M1). Following significant
tumor growth, nanoparticles were injected into the lateral tail veins of mice. 3.5 hours
after the injections, mice were euthanized and tumors were harvested. IVIS imaging was

performed to determine the amount of fluorescence and nanoparticle accumulation
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(Fig. A.3a,b). While the tumors exhibited significantly higher fluorescence than the
control PBS injections, there appeared to be greater nanoparticle accumulation in the
tumors with less T-Antigen. This discrepancy, however, may be a result of differential
vascularization or differences in surface fluorescence compared to what had

accumulated in the bulk of the tumor.
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Figure A.3. Nanoparticles bind tumors in vivo. Mice are injected into
contralateral flanks with tumor cells lines from different classes (i.e. Tnonmet VS.
Twmet vs. M). (a,b) IVIS quantification of fluorescence in tumors excised from mice
3.5 hours after injection of nanoparticles into systemic circulation. (c)
Fluorescence of tumor lysates 30 hours after injection of nanoparticles or PBS
control.

As nanoparticle accumulation and tumor cell uptake may require additional time, these
experiments were repeated with a 30 hour time period between injections and tumor
harvesting. To account for variability in tumor size and surface accumulation of

nanoparticles, tumors were homogenized in 10mM Tris solutions containing 0.1% SDS
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and boiled at 95°C for ten minutes to ensure the nanoparticles were removed from cells.
Homogenates were spun down to pellet debris and supernatants were analyzed by
fluorescence spectrometry. These experiments revealed a relatively elevated
accumulation of nanoparticles in the tumors expressing the T-Antigen compared to the
TronMet line and compared to the PBS injections (Fig. A.3c). Thus, these nanoparticles

may possess T-Antigen specific targeting properties in vivo.

A.3 Improvements and Future Experiments

Initial experiments using nanoparticles containing peptides that bind the T-Antigen
lend encouraging data that such an approach may be effective for targeting metastases
in vivo. Many additional experiments need to be performed to improve their function
and thoroughly characterize the robustness of such an approach. Firstly, control
nanoparticles presenting scrambled peptide sequences should be used. These particles
would not only help account for non-specific binding in the in vitro experiments but
also would help control for effects such as differences in vascularization of the different
tumor lines, which may be resulting in differential accumulation simply through the
EPR effect. Additionally, these peptides are highly insoluble. To address this constraint,
we have designed newer versions of their revised peptides. This peptide (C-K-K-
K(TAMRA)-I-V-W-H-R-W-Y-A-W-S-P-A-S-R-PEG2-K-K) includes additional
hydrophilic residues for improved solubility and compatibility with conjugation

chemistries.

In addition to demonstration of in vivo targeting and disruption of T-Antigen —
galectin-3 interactions, the iron-oxide core provides a means to image tumors. Recent
studies have demonstrated the utility of these approaches in the clinic and small animal
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models[463-465]. Characterization of the MR properties in vitro and in vivo for these
nanoparticles will be essential for determining their clinical utility. It is worth noting
that, in addition to iron-oxide, a wide variety of other materials could be easily used
following similar conjugation schemes. These materials could allow for the use of
additional imaging modalities that provide a more sensitive and comprehensive

evaluation of metastatic tumor burden.

It is worth noting that lymph-node positive disease where no metastases have been
identified (N=1, Mo) carries the most variable prognoses for patients. This variability
could be the result of numerous factors. One such factor, however, may be our inability
to differentiate between patients with micrometastases or generally small metastases
from patients who truly only have lymph node involvement. Thus, the development of
more sensitive imaging techniques, specifically for metastatic disease, may provide great
improvements in our diagnostic and prognostic capabilities. Indeed, we may even find
that a certain burden of micrometastases is treatable in an aggressive non-palliative
manner. Reports of oligometastases, single metastases that can be treated with curative

intent by surgery or radiation, support such a philosophy[466-469].
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