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1. Introduction

In this project we aim to overcome the challenge of eliminating microscopic metastases of breast cancer,
so that distant recurrences and related deaths can be significantly reduced in the foreseeable future. We will
focus on bone micrometastases (BMM), which are precursors of overt bone metastases and possibly other
metastases. In particular, we will delineate how breast cancer cells, when isolated in small quantity in a foreign
milieu, react to therapies differently compared to the original primary tumor. We have designed and will
continue to optimize various pre-clinical models to investigate the microenvironmental effects on BMM. These
models will enable medium-throughput drug discovery/repositioning to expedite the elimination of breast
cancer cells in the context of bone. The methodology may also be applied to metastases in other sites.

In the clinic, primary breast tumors are usually surgically removed soon after diagnosis, often leaving
patients “tumor-free”. However, 20-40% of breast cancer survivors will eventually suffer metastasis to distant
organs, sometimes years after surgeries. Thus, the life-threatening enemy is typically not the bulk of primary
tumors, but the dispersed metastatic seeds left behind, which have already disseminated to distant organs, may
be temporarily dormant, and may resume aggressive outgrowth under certain yet-to-be-identified conditions.
Current adjuvant therapies intend to eliminate these cells. However, the therapeutic decisions and strategies are
usually based upon pathological features of primary tumors. Micrometastases are likely to differ from their
parental primary tumors due to Darwinian selection and/or adaptation in a different milieu. In either case, the
microenvironment in distant organs plays a critical role in driving the selection and/or in shaping the adaptive
reaction of cancer cells. It is our vision that a critical barrier in curing breast cancer is the lack of knowledge
about micrometastases and their microenvironment niches. Specifically, the key questions are the nature of the
supporting pathways uniquely induced by cancer-niche interaction, and the mechanisms responsible for
differential therapeutic responses as compared to parental primary tumors. To overcome this barrier, I propose
to establish a series of pre-clinical models that recapitulate the cellular nature of micrometastases, mimic their
habitat and allow expedited testing of their drug responses.

Three specific aims will be pursued. 1. To assess the differential responses of BMM to adjuvant
therapies as compared to their parental tumors in the mammary gland, and dissect if and how such differences
are attributable to the interaction with the microenvironment niche. 2. To establish the bone-in-culture array
(BICA) platform, which aims to faithfully recapitulate the molecular profile, cell-biological behaviors,
microenvironment niche, and therapeutic responses of BMM in vivo, and is amenable to medium-to-high
throughput drug discovery/screening. 3. To identify and mechanistically investigate therapies against BMM by
analyzing the omics data obtained from previous goals, and by screening pre-established libraries of FDA-
approved drugs or small molecule inhibitors (SMIs).

2. Keywords:
Metastasis, microenvironment, drug discovery, therapeutic resistance, micrometastases, endocrine resistance

3. Accomplishment

Major Task 1 : Differential drug responses of bone micrometastases (BMM) as compared to the parental
orthotopic tumors

Subtask 1: Tumor burden measurement (Month 1-24). We expect to use five PDXs (2 ER+, 1 Her2+ and 2
triple negative) and five cell lines (the same subtype distribution). The total # of models will be 10. Each model
will need 55 mice. PDXs will be transplanted into SCID/Beige mice and cell lines will be transplanted into
Athymic nu/nu mice. These mice will be divided into treated and untreated. Treatments: tamoxifen, fulvestrant,
ovariectomy, and lapatinib. Measurement: Weekly bioluminescence imaging and tumor volume measurement.
Some mice will be euthanized at intermediate time points for Subtasks 2 and 3 below.

This subtask has been accomplished, as reported in previous years.

Subtask 2: Immunofluorescence staining to quantitate proliferation (e.g., Ki67+), survival (e.g., CC3) and self
renewal (e.g., retention of H2B-GFP) (Month 1-18).



This subtask was deprioritized due to our discovery of a more interesting phenomenon related gap junctions
formed between cancer cells and osteoblasts, which was published on Cancer Cell', as reported last year.
Afterwards, we returned to this subtask and examined the cell-biological features of bone micrometastases with
a focus on ER+ breast cancers, as this subtype exhibits stronger bone tropism in the clinic. Instead of inspecting
proliferation, survival, and self-renewal individually, we took advantage of recent technical advancement in the
lab and performed unbiased profiling of cancer cells extracted from the bone microenvironment.

We used multiple approaches including 1) translating ribosome affinity purification (TRAP) followed by RNA-
seq (TRAP-seq) to profile transcriptome in cancer cells that are interacting with osteogenic cells in 3D
suspension co-cultures without dissociating the two cell types, and 2) reverse phase protein array (RPPA) to
profile over 300 key proteins and phosphor-proteins in cancer cells that have been extracted from the bone
microenvironment (Fig. 1A). In 1), we also applied fulvestrant, tamoxifen and estradiol to the co-cultures to
perturb ER signaling. In 2), we included SCP2, a genetically homogenous population that exhibits enhanced
ability of bone colonization. According to TRAP-seq, over 1,100 genes are significantly increased by MSC co-
cultures (FDR < 0.05 and fold change > 2), which is a large number and indicates a global phenotypic
alteration. Indeed, using PAMS50 signatures, we observed a dramatic shift from luminal to basal subtype (Fig.
1B). Consistently, examination of the 50 HALLMARK pathways in MSigDB uncovered several significant
changes including the decrease of ER signaling and increase of EMT (Fig. 1B), both of which indicated
dedifferentiation and stem-like activities. In addition, we also identified GJA1, which encode Connexin 43, the
gap junction component playing important roles in cancer-osteogenic interaction!, is induced by co-culture of
MSC:s (Fig. 1B), suggesting a potential link to calcium signaling that is activated by calcium flux from MSCs to
cancer cells!. PANTHER classification system identified a number of pathways overrepresented in the altered
genes, including several related to epigenomic regulation of gene expression (e.g., PRC2 activity), stemness-
related pathways (e.g., WNT and Notch signaling), and receptor tyrosine kinase signaling (Fig. 1C). These
findings indicate that the osteogenic microenvironment induces an epigenomic landscape alteration in ER+
breast cancer cells toward more ER-independent and stem-like states.

Using RPPA, we compared the original MCF-7 cells and SCP2 with their derivatives that were extracted from
bone lesions, which we named “bone-entrained” cells. The bone-entrained cells exhibited reduced ER signaling
(Fig. 1D), enhanced stemness (Fig. 1D), increased mesenchymal properties (Fig. 1E), and strikingly, increased
RTK expression (Fig. 1F). Notably, it should be stressed that these changes are persistent even after cancer cells
are extracted from the bone microenvironment, and represent some “epigenetic memory”. In fact, one of the
phenotypic consequences, the endocrine resistance, also persists in vitro for at least 8 passages after extraction
of cancer cells from the bone (Fig. 1G).

Taken together, we have exceeded the research goals original proposed in our project and observed a
phenotypic landscape shift of ER+ breast cancers in the bone microenvironment. We are in the process of
repeating these analyses on ER- breast cancers, which will be reported after next grant year.
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Figure 1. Global epigenomic reprogramming effects of the osteogenic cells on ER+ breast cancer cells (A) Schematics show experimental
strategies to profile transcriptome of cancer cells while interacting with MSCs via TRAP-seq of 3D co-cultures of MCF-7 cells and MSCs (left) and
partial proteome of MCF-7 parental or SCP2 cells extracted from IIA-derived bone lesions and expanded in vitro by several passages (right). (B) Box
plots show metrics of indicated pathways and expression of single gene GJA1 in MCF-7 cells with or without 3D co-cultures of MSCs using TRAP-
seq data. Various endocrine treatments were applied which are shown by different colors. (C) Output of gene ontology enrichment analysis using
differentially expressed genes between MCF-7 cells with and without co-cultures of MSCs in 3D. Pathways that attract attention are indicated. (D-F)
Selected groups of (phosphor)-proteins in parental MCF-7, bone-entrained MCF-7 (MCF7-Bo), original SCP2, and bone-entrained SCP2 (SCP2-Bo)
assessed by RPPA. (G) Violin plots show responses of MCF7-Bo and SCP2-Bo cells to fulvestrant as a function of cell passages in vitro. P values
are computed based on Student’s t tests.

Major Task 2: Test if the abolishment of cancer-niche interaction in conditional N-cadherin KO mice
reverses the therapeutic responses of BMM.

Subtask 1: Mouse breeding to generate animals with various genetic background (including immunodeficiency).
We will breed TetO-Osx-cre-GFP with Cdh2"" mice both purchased from Jackson Laboratories (Stock No:
006361 and 007611, respectively) to generate offsprings with both genetic alterations. The mice will also be
crossed with Ragl-/- mice (Stock No: 002216) to generate immunodeficiency for human cancer cell
transplantation. (Month 1-24).

As mentioned in last year’s report, this work has been finished and the resultant mouse colonies are being
expanded for ongoing experiments. The conditional knockout of gap junction has been utilized in our published
work to demonstrate its relevance in bone colonization?. The conditional knockout of N-cadherin also hindered
bone metastasis as we published’. Beyond these observations, we also noticed interesting effects of conditional
knockout of N-cadherin on a phenomenon we named “migration-by-tethering”, which will be elaborated below.

Subtask 2: Repeat experiments in Major Task 1 in the conditional N-cadherin KO models, and Test if the
abolishment of cancer-niche interaction in conditional N-cadherin KO mice reverses the therapeutic responses
of BMM. TetO-Osx-cre-GFP; Cdh2”f mice and TetO-Osx-cre-GFP; Cdh2f/f; Ragl-/- mice and their littermate
female mice lacking Osx-Cre will be subjected to experiments as in Task #1. About 700 mice will be bred at
this stage. Except that a few male mice carrying the wanted phenotype will be kept for strain maintaining, most
male mice (estimated to be 340) will be euthanized right after genotyping. (Month 24-36)
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Figure 2. Breast cancer cells which express E-cadherin have increased
migration when cultured with osteogenic cells in vitro. (A). Ibidi silicone
removable chambers were used to quantify migration by breast cancer cells in
monoculture, in co-culture with osteoblasts in adjacent chambers, or in direct
admixture in the same chamber. (B). To distinguish cell types, fluorescently
labeled breast cancer cells were co-cultured with unlabeled osteoblasts (OBs), and
imaged with the Incucyte S3. (C). Dot plot showing the number of cells escaped
from their original enclosure per field for MCF7 alone, in co-culture with OBs in
adjacent regions, or in co-culture with osteoblasts in the same region after 48
hours. Each dot represents a biological replicate. (D). Dot plot shows the number
of cells escaped per field for MCF7 alone, and in co-culture with OBs (represented
by hFOBI1.19 cells), pre-osteoblasts (Pre-OB represented by MC3T3-E1 cells),
human mesenchymal stem cells (MSCs), and osteoclasts (OC RANK-L
differentiated Raw 286.3 cells) after 48 hours. Each dot represents a technical
replicate. (E). Dot plot shows the number of cells escaped per field for
mesenchymal MDA-MB-231 alone and with osteoblasts, as well as MDA-MB-
231 E-cadherin expressing subline SCP-28 alone and with osteoblasts after 48
hours. Each dot represents a technical replicate. (F). Dot plot shows the combined
data for cells escaped per field for various E-cadherin expressing breast cancer cell
lines alone and with osteoblasts. For contrast MDA-MB-231, which lacks E-
cadherin expression, is also shown (not included in statistical comparison).
**P<.01 students paired t-test. (G). Box and dot plots shows the trans-well
migration (a diagram shown in the left) of MCF7 and AT3 cells toward a gradient
(0, 1, and 5 uM) of Bone Morphogenetic Protein-2 (BMP-2) with or without
admixture of OBs. Each dot represents a biological replicate generated from an
independent experiment. The dots generated by the same experiment under
different conditions are connected by grey lines. ¥*P<.05; **P<.01; ***P < 0.001,
as determined by analysis of covariance (ANCOVA).

In last year’s report, we stated that the usage
of N-cadherin KO mice was deprioritized
because of a transient shift of focus to gap
junctions. After the gap junction story was
published, we returned to in-depth
investigation on N-cadherin. Serendipitously,
we uncovered a potentially very novel role of
N-cadherin in bone colonization.

Our previous studies supported by this grant
have established a central role of osteogenic
cells in early-stage bone colonization. These
cells constitute the osteogenic niche and
support cancer cell proliferation through
adherens junctions and gap junctions. Cancer
cells and osteogenic cells readily establish
direct cell-cell contact in vivo and in 3D
suspension co-cultures, making us
hypothesize chemotaxis between the two cell
types. To test this hypothesis, we set up a
simple two-chamber culture system as
illustrated in Fig. 2A. The chamber walls
can be removed to allow originally separated
cells to interact or migrate towards the other
chamber. We started with MCF-7 cells
because these ER+ breast cancer cells can
home to the osteogenic niche in vivo and
form extensive cell-cell contact with
osteogenic cells in 3D co-cultures as we
showed in our previous works®.

Inconsistent to our hypothesis, MCF-7 cells
did not exhibit chemotactic movement
toward osteogenic cells in the adjacent
chamber (Fig. 2B and 2C). In fact, MCF-7
cells maintain epithelial traits and are poorly
migratory: when cultured alone, very few
cells could move across the border between
the chambers (Fig. 2B). However, when they
were directly admixed with osteoblasts in the
same chamber, the frequency of MCF-7 cells
that could migrate across chambers evidently
increased (Fig. 2B,C). Real-time imaging
revealed that cancer cells stick to the much

more mobile osteogenic cells and be “dragged” to move, a phenomenon that we termed “migration-by-
tethering” (MBT). We next asked if other major cell types in the bone microenvironment can also drive MBT.
Human mesenchymal stem cells (hMSCs) and MC3T3-E1 pre-osteoblasts cells showed this ability when co-
cultured with MCF-7. However, RANK-L differentiated RAW286.7 osteoclasts failed to increase of MCF-7
motility (Fig. 2D). Thus, it appeared that MBT is specifically mediated by cells with osteogenic potential (i.e.,

osteogenic cells).

To examine cancer cell specificity related to MBT, we tested several more human and murine cancer cell lines
known to establish bone metastases according to previous studies, namely 4T1, 4T1.2, AT3, and SCP28. All of
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these lines exhibited similar MBT properties (Fig. 2E,F). In particular, SCP28 is a single cell-derived, bone-
seeking subpopulation of MDA-MB-231. One difference between SCP28 and the parental population is the
expression of E-cadherin. Interestingly, migration of MDA-MB-231 parental cells did not increase when co-
cultured with osteogenic cells (Fig. 2E), raising the possibility that E-cadherin is involved in MBT. In fact,
other cell lines with MBT capacity are also E-cadherin positive as we previously showed (Fig. 2F).

In physiological conditions, osteogenic cells respond to osteogenic signals by chemotaxis and differentiation.
Our initial observations suggest that cancer cells can be attracted to sources of osteogenic signals through MBT.
We tested this possibility by trans-well assays in which cancer cells and/or osteogenic cells are admixed in the
upper chamber and BMP2-containing media is placed in the bottom chamber. As expected, trans-well migration
of MCF-7 cells did not change by BMP2 when they are cultured alone, but significantly increased when
osteogenic cells are co-cultured (Fig. 2G) — supporting that osteogenic cells and MBT may drive relocation of
cancer cells toward sites releasing osteogenic signals.

We then set out to
understand the cellular
and molecular
mechanisms
underlying MBT.
Higher-resolution, real-
time microscopy
revealed an interesting
process: a long cellular
protrusion was
stretched out from
cancer cells by
osteoblasts that are
migrating. This
protrusion elongated as
osteoblasts moved
apart and maintained
the direct cell-cell
contact. In many cases,
the protrusion was
finally dissociated from
osteogenic cells and
regressed (Fig. 3A). In
some cases, the
connection eventually
led to co-migration of

21.75hr

Figure 3. Luminal breast cancer cells form dendritic spine like protrusions (DSLS) that tether them to cancer cells in an
mobile osteoblasts (A). Time-lapse on Cytation of mobile osteoblasts contacting and drawing out cellular abrupt manner (Fig.
protrusion from MCF7 (red). (B). Timelapse on Incucyte S3 of osteoblast (unlabeled) drawing out cellular 3B). Through

tether protrusion that leads to MCF7 (RFP-labeled,) migration. (C). Deconvolution imaging of MCF7 cell .

(green) with dendritic spine-like structures (DSLS) protrusions attached to OBs (red). (D). MCF7 E-cadherin deconvolution
(green) expressed where DSLS contacts osteoblast, here visible with phalloidin staining (red). (E). MCF7 E- microscopy, we
cadherin (green) binding osteoblast N-cadherin (red) where DSLS contacts osteoblast. (F). Osteoblast gap observed that the

junction protein connexin 43 (Cx43 — red) at the site of MCF7 (green) DSLS contact. .
protrusion structure

morphologically resembles dendritic spines of neurons — a small membranous protrusion from a neuron's
dendrite that typically receives input from a single axon at the synapse. It comprises of a thin neck that can be as
long as 100 pm and usually with a spherical head at the terminal (Fig. 3C). Sometimes additional spherical
structures can be found in the middle of the neck. Therefore, we named this protrusion dendritic spine-like



structure, or DSLS. Very interestingly, subsequent immunofluorescence staining revealed that E-cadherin is
often concentrated at the head of DSLS (Fig. 3D), and co-localizes with N-cadherin (Fig. 3E). Moreover, gap
Jjunction was also observed between the tip of DSLS and osteogenic cells (Fig. 3F).

NG2-CreCbH2Ko B Our cell biology
experiments strongly
- suggest that DSLS
= mediates MBT with

osteogenic cells, and
may drive migration
I" of cancer cells that do
H not possess intrinsic
i migratory properties.
This led us to

Figure 4. Conditional knockout of N-cadherin (CDH2) in osteogenic cells (NG2+ mesenchymal stem cells hypothesize that
and their descendent cells) slowed down bone healing and blocked bone colonization of DTCs to the hvsiological and
injured sites. (A). Micro-CT images show the healing of drilled bones in mice that are wild type (WT) or physio Oglca an
conditional KO of N-cadherin. (B). Bioluminescence imaging of bone colonization of DTCs to the drilled injure pathological

sites (white arrows). mobilization of
osteogenic cells may

provide momentum for DTC redistribution in the bone microenvironment. For example, bone fractures activate
chemotaxis of MSCs toward injured site and stimulate subsequent osteogenic differentiation. Very importantly,
N-cadherin may mediate the physical contact between cancer cells and MSCs during MBT, and thereby
representing a key target that can be exploited to disrupt MBT. As a proof-of-principle, we tested how DTCs
may translocalize to injured sites (by drilling) in mice with conditional knockout of N-cadherin. Preliminary
data clearly indicated that lack of N-cadherin slow down bone healing (Fig. 4A), and at the same time,
abolished colonization to injured sites of bone (Fig. 4B). Going forward, we will continue to expand this
experiment and explore the ability to prevent overt bone metastases by targeting N-cadherin and breaking MBT.
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Major Task 3: To establish and validate BICA

Subtask 1 : Characterize the cell-biological features of cancer cells in BICA (e.g., proliferation, self-renewal,
and survival). We expect to use five PDXs (2 ER+, 1 Her2+ and 2 triple negative) and five cell lines (the same
subtype distribution). The total # of models will be 10. Each model will need 20 mice. PDXs will be
transplanted into SCID/Beige mice and cell lines will be transplanted into Athymic nu/nu mice. (Month 1-18)

This subtask has been finished, and results were updated in previous reports.

Subtask 2: To characterize the microenvironment niche in BICA using different subtypes of cancer models.
This will be achieved by immunohistochemical and immunofluorescence staining of the following markers:
ALP, Col-I, CTSK, Osterix, Runx2, CD31, NG2, and SOX9. The same numbers and PDXs and cell lines will
be used as specified in Subtask 1 above. (Month 1-24).

This subtask has been finished, and results were updated in previous reports.

Subtask 3: To perform RNA-seq of cancer cells in BICA, and compared the profiles to cancer cells in intact
bones and in mammary glands. For this task we will use 2 PDX (1 ER+ and 1 Her2+) and 2 cell lines (1ER+
and 1 Her2+). Each will be injected into 25 animals (5 for orthotopic tumors, 10 for intact bone metastases, and
10 for BICA). (Month 18-36)

This subtask has been finished, and results were updated in previous reports.

Subtask 4: To determine the therapeutic responses of cancer cells in BICA as compared to those of BMM in
vivo and cancer cells in culture. We expect to use five PDXs (2 ER+, 1 Her2+ and 2 triple negative) and five
cell lines (the same subtype distribution). The total # of models will be 10. Each model will need 50 mice.



PDXs will be transplanted into SCID/Beige mice and cell lines will be transplanted into Athymic nu/nu mice.
(Month 30-48)

As reported in last year’s update, we have made significant findings in fulfilling this research subtask. Briefly,
agents targeting gap junctions have been discovered by BICA and validated in vivo. In the current report period,
we continued this line of research and extended BICA test to a number of our therapeutic agents. The focus was
on pathways that render DTCs and BMMs resistant to endocrine therapies, including calcium signaling and
FGFR signaling in multiple models (Fig. 5). The rationale behind testing this drug was provided in Fig. 1 and
associated description.
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Figure £ye ﬂg‘é‘ ¥ arra& platform to examine bone-specific therapeutic responses. (A). A Schematic illustration of BICA. (B).
Combination of FK506 (calcium signaling inhibitor) and fulvestrant on indicated models. (C). Combination of BGJ398 (an FGFR
inhibitor) and fulvestrant on indicated models. P values are based on Student’s T tests.

Major Task 4: Analyze the RNA-seq data obtained from Specific Aim 1 to identify and validate candidate
pathway/genes that can be targeted to eliminate BMMs

Subtask 1: Bioinformatics analyses to identify candidate pathways/genes. (Month 1-36)

This subtask has been accomplished, and several new findings have been made as reported before. We are
extending bioinformatics analyses to pathways that mediate phenotypic plasticity and endocrine resistance in
the bone microenvironment. Some of the results are shown in Fig. 1.

Subtask 2: Select candidates for functional validation in vivo and in BICA. (Month 36-60)

This effort has started and generated promising outcome. Representative results are shown in Fig. 3. We will
systematically report all relevant results upon the completion of the 5 grant year.

Major Task 5: Screening of small SMI libraries to identify FDA-approved drugs or new compounds that
can eliminate BMM.

Subtask 1: Screening using BICA. We will use one ER+ PDX and one ER+ cell lines. Each model will be
applied to 100 mice. This will generate approximately 5000 bone fragments, and can be used for screening of
small drug libraries described in the proposal. Four libraries and BICA-screening will be performed. (Month 24-
36)

As reported before, we have finished screening of two small libraries: one contains FDA-approved anti-
neoplasm drugs, and the other contains compounds targeting epigenomic modulators®*. Because of the
interesting discoveries in the first two screening, we have decided to deprioritize screening of the 3™ and 4™
libraries. We propose to conduct more screening later in the project should the need arises for more candidate
drugs.

Subtask 2: Identify and validate the efficacies of top candidates on BMM. We will use the same models as
subtask 1. (Month 30-36)

This subtask has been accomplished and reported last year.

Subtask 3: Optimize and modify the compounds to achieve higher efficiency. We will use the same models as
subtask 1. (Month 36-48)

Toward this end, we have started collaboration with Dr. Han Xiao’s laboratory at Rice University to conjugate
chemical drugs with therapeutic antibodies to achieve better efficacies and specificities against DTCs and
BMMs. Dr. Xiao pioneered a technology named pClick. pClick is a radically new antibody conjugation
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technology (pClick) and intra-iliac artery (IIA) injection. namely ALN-conjugated Tras exhibited superior effects on

Her2+ breast cancer cells in the bone compared to ALN or
Tras alone (Fig. 7A). Strikingly, these is even an effect of ALN-conjugated Tras on non Her2+ cancer cells
such as MCF-7 (Fig. 7B). Taken together, these data support pClick as a promising strategy to optimize and
modify compounds that were identified in previous tasks. Going forward, we will consider using pClick to
conjugate the following drugs to specific antibodies, as will be elaborated below.

A Subtask 4: In-depth mechanistic
studies of the validated compounds.
We will perform RNAseq on BMM in
vivo to delineate pathways affected by
the compounds. We will then identify
key genes that may mediate the
compounds’ effects. Genetic depletion
will then be performed to perturb
these genes. The models are the same
as subtask 1. (Month 36-60)

So far, our studies based on BICA, in
vivo experiments, and bioinformatics
- Control analyses have identified a number of
el e path\yays that may play important
roles in bone colonization (e.g.,
pathways examined in Fig. 1) and that
may be drug targets for future clinical
studies. Of these, EZH2 is of pivotal
interest (as indicated by Fig. 1C).
’ e - » b EZH2-mediated epigenomic

Tras Tras-ALN

I 2000

- Control (n=5)
—-o— ALN (n=5)
- Tras (n=6)
-#- Tras-ALN (n=6)

HOR KK
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Figure 7. In vivo comparison of Tras and Tras-ALN (A) Tumor burden of MDA-MB- because it is known to globally
368 (ER+/Her2+) bone metastases was monitored by weekly bioluminescence imaging, and  regulate cancer stemness™° and

(B) quantified by the radiance detected in the region of interest. (C) Tumor burden of MCF-

7 (ER+/Her2-) bone metasasis burden ,,.P <0.0001 and n.s. = P> 0.05. therapeutlc agents are already

developed and being used in clinical
investigations (albeit for other cancers)’. Our Going forward, we will dissect the molecular mechanisms through
which EZH2 is activated by the bone microenvironment and subsequently enhance stem cell properties. We will
also test if a transient but efficient blockade of EZH2 may impede metastasis seeding from bone lesions.

Our preliminary studies strongly indicate EZH?2 activation specifically in cancer cells colonizing bone (Fig.
8A,B). Apparently, interaction with MSCs is sufficient to enhance EZH2 (Fig. 8C,D). Our previous studieshave
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demonstrated that cancer cells and osteogenic cells including MSCs can establish heterotypic adherens and gap
junctions (hAJs and hGJs), through which the mTOR and calcium signaling can be activated in cancer cells'®.
We will examine if these pathways can in turn enhance EZH2 expression. In addition, it is known that the
FGFR pathway increases EZH2 expression’. Interestingly, both FGF ligands and receptors are increased in bone
metastases compared to matched primary tumors!®. Therefore, we will also test the role of FGFR pathway in
regulating EZH2 expression in the bone microenvironment.

We will interrogate the mTOR, calcium signaling, gap junctions, and FGFR pathway in 3D cancer-MSC co-
cultures as well as in bones. Preliminary studies already showed that treatment of CaCl2 or recombinant FGF2
increased EZH2 expression at RNA and protein levels, respectively (Fig. 8E,F).
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Figure 8. Preliminary evidence supporting the enhanced EZH2 activates in the bone lesions, as a consequence of calcium and FGF signaling.
(A) Immunofluorescence (IF) intensity of EZH2 in MCF7 cells colonizing bone and other organs. P values are computed based on one way ANOVA.
(B) The EZH2 signal appeared to be even stronger in microscopic bone lesions (Micro) as compared to overt bone lesions (defined by involvement of
osteoclasts). (C) TRAP-seq revealed that EZH?2 targets are silenced (higher EZH2 activities) when cancer cells are co-cultured with MSCs. (D)
Examples of EZH2 target gene expression with or without MSC co-culturing. (E) Ca2+ treatment increase RNA level of EZH2. (F) Treatment of
recombinant FGF2, the FGF most abundant in the bone microneviornment, enhance EZH2 protein level.

4. Impact

The proposed research is innovative and distinctive in the field of breast cancer research for the following
reasons. First, to date few experimental models can be used to test the therapeutic responses of BMM. The vast
majority of pre-clinical research has been done using orthotopic tumor models, despite the fact that
micrometastases are the major targets of adjuvant therapies. We have established unique in vivo and ex vivo
models to fill this gap. We will use these models to elucidate how different subtypes of breast cancer respond to
their respective adjuvant therapies as microscopic lesions embedded in the bone, a significant step toward full
recapitulation of clinical scenarios. Second, BICA combines the complexity of bone microenvironment and the
scalability of in vitro culturing. Compared to previous “tissue-in-culture” approaches, bone-in-culture represents
a better mimicry of the counterpart organ because BMM are tightly integrated into the osteogenic niche and are
difficult to be dissociated from the bone tissue. As a result, the cancer-niche crosstalk is preserved after tissue
fragmentation. Thus, BICA provides distinctive opportunities to rapidly assay hundreds of compounds and
reveal novel treatments of BMM. Third, the proposed research assembles a number of experts with different
expertise including the-state-of-art breast cancer PDX models (Lewis), single/few cell RNA-seq (Zong), and
drug design and synthesis (Song). This is expected to generate significant synergy.

The research outcomes from the first four grant years include the discovery of novel mechanisms underlying
cancer-bone interactions and identification of potential novel therapies that may help eliminate bone
micrometastases and prevent overt recurrences.

5. Changes/Problems

So far, we have been making rapid progress and made multiple discoveries. Based on these discoveries, we
have slightly adjusted our future plan. Instead of doing more exploratory studies (e.g., drug screening), we are
deepening our studies on intriguing pathways and corresponding inhibitors that were already discovered.
Specifically, we will focus on 1) how targeting EZH2 may revert bone microenvironment-induced endocrine
resistance, 2) pilot studies using pClick technology to optimize existing drugs for DTC/BMM treatment, and 3)
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how gap junctions, calcium signaling and the ER pathways interact with one another. We will proactively seek
opportunities and additional funding to translate our current findings.

6. Products

Publications:

1. Wang H, Zhang W, Bado I, Xiang H.-F. Zhang. (2019) “Bone Tropism in Cancer Metastases.” Cold

Spring Harb Perspect Med. 2019 Oct 24. PMID: 31615871 DOI: 10.1101/cshperspect.a036848
2. Bado I, Xiang H.-F. Zhang. (2020) “Senesce to Survive: YAP-Mediated Dormancy Escapes

EGFR/MEK Inhibition.” Cancer Cell, 13;37(1):1-2. doi: 10.1016/j.ccell.2019.12.008.

3. Gao Y, Bado I, Wang H, Zhang W, Rosen JM, and Xiang H.-F. Zhang. (2019). “Metastasis
Organotropism: Redefining the Congenial Soil.” Dev Cell, 2019, 49(3):375-391. PMID: 31063756
PMCID: PMC6506189

4. Zhang W, Lo HC, Bado I, Wang H, and Xiang H.-F. Zhang. (2019) Bone metastasis: find your niche

and fit in. Trends in Cancer. 5(2):95-110.

Grants (pending):

1. NCIRO1 CA183878 (Role: PI, renewed): “Osteoclast-independent mechanisms underlying early-stage

bone colonization”.
2. NCIRO1 CA251950 (Role: PI, scored 6%): “Mechanistic and therapeutic investigation of secondary

metastatic seeding from breast cancer bone lesions”.
3. DoD CDMRP BC191140 (Role: PI, recommended for funding, Expansion Award of this project): “The
epigenetic adaptation of ER+ breast cancer cells to the bone microenvironment”.

4. Laura Ziskin Award (Role: PI): “Resistance mechanisms of immune checkpoint blockade therapies in

TNBC”.

7. Participants & Other Collaborating Organizations

Name: Chenghang Zong
Project Role: Co-investigator
Researcher Identifier: N/A

Nearest person month 0.36

worked

Contribution Dr. Zong is an expert of single-cell sequencing, and is helping us
establish protocols to sequence BMM transcriptomes, which is
critical to delineate molecular mechanisms underlying endocrine
resistance of BMM.

Funding Support Dr. Zong was also supported by NIH New
InnovatorIDP2EB020399-01

Name: Yongcheng Song

Project Role: Co-investigator

Researcher Identifier: N/A

Nearest person month 0.6

worked

Contribution

Dr. Song is an expert of chemical synthesis and modification of
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drugs. He is helping us to improve bioavailability and
pharmacokinetics of potential bone metastasis drugs.

Funding Support Dr. Song was also supported by NIH ROINS080963, Cancer
Prevention and Research Institute of Texas RP140469 and
RP150129

Name: Michael Lewis

Project Role: Co-investigator

Researcher Identifier: N/A

Nearest person month 0.6

worked

Contribution Dr. Lewis established a cohort of PDX models. He is helping us
utilize PDX models to generate metastasis models for
mechanistic and therapeutic studies.

Funding Support Dr. Lewis is also supported by fundings from NSF (1263742),
NIH (CA179720) and Helis Foundation.

Name: Hai Wang

Project Role: Instructor

Researcher Identifier: N/A

Nearest person month 12

worked

Contribution Dr. Wang specialize in bone metastasis research techniques and
is leading the efforts of establishing BICA.

Name: Yang Gao

Project Role: Postdoctoral Fellow

Researcher Identifier: N/A

Nearest person month 6

worked

Contribution Dr. Yang focuses on the role of estrogen receptors in driving
bone microenvironment-dependent endocrine resistance.

Name: Zhan Xu

Project Role: Postdoctoral Fellow

Researcher Identifier: N/A

Nearest person month 12

worked
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Contribution

Dr. Xu focuses on the roles of various bone microenvironment
niches during bone metastasis colonization.

Name: Emmale Davis

Project Role: Research Technician

Research Identifier: N/A

Nearest person month 4

worked

Contribution Assistance to animal experiments.
Name: Xiang Zhang

Project Role: PI/PD

Researcher Identifier: N/A

Nearest person month worked 3.0

Contribution Dr. Zhang designed and supervised the experiments described in this
report.
Funding Support Dr. Zhang is also supported by NIH/NCI, Breast Cancer Research

Foundation, and McNair Medical Institute.

All collaborators and participants are at Baylor College of Medicine.
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Metastasis is the most devastating stage of cancer progression and causes the majority of cancer-related
deaths. Clinical observations suggest that most cancers metastasize to specific organs, a process known
as “organotropism.” Elucidating the underlying mechanisms may help identify targets and treatment strate-
gies to benefit patients. This review summarizes recent findings on tumor-intrinsic properties and their inter-
action with unique features of host organs, which together determine organ-specific metastatic behaviors.
Emerging insights related to the roles of metabolic changes, the immune landscapes of target organs, and
variation in epithelial-mesenchymal transitions open avenues for future studies of metastasis organotropism.

Introduction

Metastasis is a process by which cancer cells are dispersed
from their primary site of tumorigenesis and disseminated to a
different part of the body. It remains the major cause of morbidity
and mortality in cancer patients (Chaffer and Weinberg, 2011).
Before colonization at secondary sites, cancer cells generally
undergo a complicated cascade, including invasion to surround-
ing tissue, intravasation to the blood vessels, survival in the cir-
culation, and extravasation to colonize and thrive at distant sites
(Obenauf and Massagué, 2015).

Metastasis follows a non-random distribution among distant
organs, known as “organotropism” or “organ-specific metas-
tasis.” Different cancer types and subtypes display distinct orga-
notropisms. For example, prostate cancer preferably relapses in
bone while uveal melanoma typically colonizes in liver (Nguyen
et al., 2009). Breast cancer can metastasize to different sites,
including bone, lung, liver, and brain. However, the luminal sub-
type has a higher propensity to metastasize to the bone, whereas
metastases of triple-negative breast cancer (TNBC) prefers
visceral organs (Chen et al., 2018; Wu et al., 2017). Accumulating
evidence suggests that organotropism is regulated by multiple
factors, including the circulation pattern, tumor-intrinsic factors,
organ-specific niches, and the interaction between tumor cells
and the host microenvironment (ME). In this review, we summa-
rize recently emerging concepts and mechanisms underlying
organ-specific metastasis.

General Metastasis Mechanisms

Metastatic tumors largely rely on the same driver mutations
found in primary tumors (Zehir et al., 2017), suggesting that the
hallmark functions for tumor maintenance and progression
remain critical in metastases. Regardless of their final destina-
tion, the early steps in the cancer metastasis cascade are gener-
ally similar among different cancers. For example, the epithelial-
mesenchymal transition (EMT) program is thought to play a
central role in the departure of cancer cells from primary tumors
(Lambert et al., 2017). EMT refers to the loss of epithelial features
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and acquisition of mesenchymal properties, which is of para-
mount importance for preparing carcinoma cells to invade the
surrounding parenchyma and intravasate to enter the blood-
stream. Many EMT-inducing transcription factors (EMT-TFs),
including Snail, Slug, Twist, and Zeb1 coordinately regulate
this critical process. EMT has been shown to participate in
almost all the aspects of tumor dissemination, although some
recent studies revealed more complicated dynamics between
EMT and metastasis (reviewed in Lambert et al., 2017; Yeung
and Yang, 2017). After departure from the primary tumor, cancer
cells traveling in the circulation are designated as circulating tu-
mor cells (CTCs). CTCs can disseminate either as single cells or
clusters. In order to survive in the bloodstream, CTCs enlist
platelets and leukocytes, particularly neutrophils, to evade im-
munosurveillance (reviewed in Lambert et al., 2017; Riggi et al.,
2018). Upon arrival at secondary sites, cancer cells may remain
dormant to facilitate adjustment to the new niche environment.
Disseminated cancer cells (DTCs) are thought to retain stem
cell properties, which may be required to re-initiate tumor growth
in distant organs (reviewed in Lambert et al., 2017; Oskarsson
et al., 2014).

Mechanisms Underlying Organ-Tropism of Metastasis
Classic “Seed and Soil” Mechanisms

Stephen Paget stipulated that both cancer cell-intrinsic proper-
ties (“seed”) and the congenial ME (“soil”) are essential for
metastasis formation (Paget, 1889). Research in the past few de-
cades has greatly enhanced our understanding of the molecular
and cellular nature of both “seed” and “soil”. In this section, we
will review some mechanisms of organ-specific metastasis
focusing on the organ-specific ME.

Bone Tropism

Cancers disseminate to bone with different frequencies (Table 1).
Breast and prostate cancers are the principal cancers that
metastasize to bone (Budczies et al., 2015; DiSibio and French,
2008). Bone and bone marrow comprise unique cell types
including osteoblasts, osteocytes, and osteoclasts. Osteoclasts
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Table 1. Incidence of Metastasis to Different Organs at Autopsy (%)

Cancer Organ Bone Lung Liver Brain Peritoneum Reference

Breast 71 71 62 22 NA (Lee, 1985)

Prostate 90.1 45.7 25 1.6 7 (Bubendorf et al., 2000)
Lung 34 - 21 39 NA (Riihimaki et al., 2014)
Melanoma 48.6 71.3 58.3 54.6 42.6 (Patel et al., 1978)
Pancreas 25 55 62 NA NA (Kamisawa et al., 1995)
Renal 445 74 34.5 NA NA (Johnsen and Hellsten, 1997)
Thyroid 13 78 20 18 13 (Besic and Gazic, 2013)
Gastric 12 15 48 3 32 (Riihimaki et al., 2016b)
Colon 8 32 70 5] 21 (Riihimaki et al., 2016a)
Liver 8 44 - 1 9 (Lee and Geer, 1987)
Ovarian 11.2 33.9 47.9 3 83.6 (Rose et al., 1989)

resorb the bone matrix, while osteoblasts refill osteolytic cavities
with new bone deposition to either mature into lining cells or to
become embedded in the bone matrix to form osteocytes.
DTCs can hijack osteoblasts activity and promote osteoclasto-
genesis, which leads to increased bone resorption (Thomas
et al., 1999). This process releases numerous factors from the
bone matrix, including calcium, collagens, glycoproteins, hyalur-
onans, proteoglycans, growth factors, proteinases, and cyto-
kines (Casimiro et al., 2009), which boost the proliferation of
tumor cells, thereby creating a vicious cycle between osteo-
blasts, osteoclasts, and tumor (Figure 1) (Celia-Terrassa and
Kang, 2018; Guise, 2002). Therapeutic interventions targeting
the vicious cycle, or more specifically the activation of osteo-
clasts, exhibited clinical benefit in treating bone metastases.
The approved drugs include bisphosphonates (Fulfaro et al.,
1998), which induce osteoclast apoptosis, and denosumab
(Ford et al., 2013), which is a receptor activator of nuclear factor
kappa-B ligand (RANKL) antibody preventing osteoclast matura-
tion. These drugs can significantly strengthen bones and delay
tumor progression, although their effects on overall survival
remain questionable (Croucher et al., 2016). Therefore, more
effective treatments are still urgently needed. In recent years,
multiple lines of studies further substantiated this paradigm
and also began to reveal early-stage events prior to the onset
of the vicious cycle (Eyob et al., 2013; Korpal et al., 2009; Lu
et al., 2011; Ross et al., 2017; Sethi et al., 2011; Waning et al.,
2015; Zhang et al., 2019; Zheng et al., 2017). These studies pro-
vided additional therapeutic targets.

Molecular Pathways Involved in Bone Metastasis. Multiple
mechanisms have been proposed in bone metastasis (Table
S1) and involve both tumor intrinsic and extrinsic factors.
Some mechanisms (e.g., CCXL12/CXCR4-mediated chemo-
taxis) are common among different cancer types (e.g., Table
S1; Taichman et al., 2002; Shiozawa et al., 2011; Zhang et al.,
2009, 2013), whereas many other mechanisms appear to be
cancer type- or even subtype-specific. The expression of estro-
gen receptor (ER) defines the largest subtype of breast cancer
(ER+), which exhibited a stronger bone-tropism as compared
to ER— subtype (Kennecke et al., 2010). ER+ breast cancer ap-
pears to adopt different mechanisms for bone colonization
(Table S1; ER+ oriented) as compared to ER— (Table S1:
TNBC and HER2+ oriented). Androgen receptor (AR) is a major
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driver of prostate cancer, and it has long been thought that
development of castration resistance (i.e., independence of AR
signaling) is associated with bone metastasis. However, recent
systematic studies identified three clusters of prostate cancer
(PCS1, PCS2, and PCS3) with PCS2 displaying higher AR
signaling and bone metastasis, indicating an unexpected role
of AR in bone metastasis (Thysell et al., 2017; You et al., 2016).
Interestingly, a recent study found that TMPRSS2-ERG gene fu-
sions can promote osteoblastic bone metastasis in prostate can-
cer (Delliaux et al., 2018), indicating that specific mutations drive
bone metastasis. In lung cancer, several studies suggest the
requirement of epithelial markers such as CD24, discoidin
domain receptor-1 (DDR1), and melanoma cell adhesion mole-
cule (MCAM) for bone metastasis (Table S1; lung cancer).
Limited studies for other cancers including melanoma, myeloma,
and bladder cancer have been reported for bone metastasis
(Table S1).

Metastatic Niches in Bone. The most studied bone niches
include the hematopoietic stem cell (HSC), osteoblastic,
vascular endothelial, and neural niches (Calvi et al., 2003; Ding
and Morrison, 2013; Katayama et al., 2006). These niches are
essential for normal bone development and maintenance. It is
increasingly apparent that various niches sustain different stages
of cancer metastasis (Celia-Terrassa and Kang, 2018; Ren et al.,
2015). For example, the high vascularization of the bone may
contribute to cancer progression and dissemination. Indeed,
several studies indicated that the perivascular niche maintains
metastatic dormancy through cancer-endothelium interactions
(Ghajar et al., 2013; Price et al., 2016). The osteogenic niche,
on the other hand, was found to promote metastasis progression
(Wang et al., 2015). In prostate cancer, the tumor-promoting
function of osteoblasts was associated with the HSC niche, sug-
gesting a direct competition between cancer cells and HSCs
(Shiozawa et al., 2011). These findings are intriguing, but much
remains to be learned. Both endothelial cells and osteogenic
cells are highly heterogeneous in bone and bone marrow (Bus-
sard et al., 2008; Yu and Scadden, 2016) and exhibit interactions
that are temporally and spatially dynamic. For instance, the
type H endothelium (CD31M9"/Endomucin™d" sinusoidal vessels
enriched in growth plates of long bones) maintains perivascular
osteoprogenitors, coupling osteogenesis, and angiogenesis
(Kusumbe et al., 2014). A recent study, employing continuous
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Figure 1. Bone-Specific Metastasis

The bone microenvironment (ME) secretome generated by osteoblasts, osteoclasts, or other cells may promote bone metastasis, while tumor cells can produce
factors such as LOX to induce pre-metastatic niche formation. Interactions between tumor cells and osteoblasts through adherens junctions (via E-cadherin/
N-cadherin, JAG1/Notch) and gap junctions (via CX43) also facilitate bone metastasis. Colonizing tumor cells express osteoblast-specific markers such as ALP
and RUNX2 to escape immunosurveillance. In addition, tumor cells secrete factors promoting bone turnover to induce osteolysis, which in turn produces factors

to stimulate tumor growth, creating a “vicious cycle.”

micro-endoscopic multiphoton imaging over several months,
provides evidence for an exceptionally dynamic vasculature in
bone marrow (Reismann et al., 2017). These results suggest po-
tential overlap of or interconversion between different niches,
which may affect the cellular fates of bone metastatic seeds.
Precise mapping of heterogeneous cancer, endothelial, and
osteogenic cells will be required to delineate the co-evolution
of different niches and the consequent impact on metastasis
progression.

Osteomimicry. The selection of bone ME may drive the devel-
opment of “osteomimcry,” i.e., metastatic cancer cells may
evolve to resemble bone cells. Both breast and prostate cancers
can express osteoblast-specific markers including alkaline
phosphatase (ALP) and Runt-related transcription factor 2
(Runx2), as well as other factors involved in bone turnover
including osteoprotegerin, PTH-related peptide (PTHrP),
RANKL, and macrophage colony-stimulating factor (M-CSF)

(Rucci and Teti, 2010). Similarly, tumors can also express bone
matrix proteins such as osteocalcin, sialoprotein, osteopontin,
and osteonectin to mimic osteoblast activity (Huang et al.,
2005; Rucci and Teti, 2010), enabling cancer cells to directly
foster osteoclast maturation without osteoblasts. This may be
essential in advanced osteolytic metastasis with a decreased
osteogenic population. This process can be altered by
microRNAs (miRNAs) such as miR218, which regulate the
expression of osteomimetic genes in breast cancers with meta-
static properties and high Wnt signaling (Hassan et al., 2012).
Osteomimicry can be mediated by osteomimetic genes (Knerr
et al., 2004). For instance, endothelin-1 was shown to be a
bone-induced factor that drives osteomimicry in breast cancer
(Bendinelliet al., 2014). More molecular and cellular mechanisms
are reviewed in-depth elsewhere (Rucci and Teti, 2010).

Seed Pre-selection and Pre-metastatic Niche. Bone-tropism
may already arise in primary tumors. Previous studies suggest
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that cancer-associated fibroblasts contribute to creating a cyto-
kine environment resembling the bone marrow, thereby select-
ing cancer cells that are more fit to colonize the bone ME even
before dissemination. This is termed “seed pre-selection” and
may explain why gene expression profiles of primary tumors
can be used to predict bone metastasis (Zhang et al., 2009,
2013). Even before their arrival, tumor cells can induce the forma-
tion of a “pre-metastatic niche,” a supportive ME in distant
organs that is conducive to their survival, attachment, invasion,
immune evasion, and outgrowth (Peinado et al., 2017). Hypoxic
tumors, for example, can recruit bone marrow cells to pre-
metastatic sites through secretion of lysyl oxidase (LOX) (Erler
et al., 2009). Other factors, including miRNAs, can also promote
pre-metastasis niche formation. For example, cancer-derived
miR25-3p exosomes were found to promote pre-metastatic
niche formation through recruitment of hematopoietic progenitor
cells (HPCs) and induction of vessel permeability and angiogen-
esis (Zeng et al., 2018).

Liver Tropism

Liver is one of the favored distant metastatic sites for solid tu-
mors such as breast cancer, lung cancer, and gastrointestinal
cancers (Table 1). It receives a dual blood supply from the he-
patic portal vein and hepatic arteries and has a much lower sinu-
soid blood pressure gradient (Kumar et al., 2008; MacPhee et al.,
1995). This unique architectural feature allows CTC access and
facilitates their attachment to the sinusoidal endothelium for
seeding. For example, the blood circulation of the colon and
proximal rectum is drained through the hepatic portal system,
while the blood of the distal rectum goes to the lung. This
vascular organization correlates with the fact that colorectal can-
cer prefers liver metastasis with lung as the second favored met-
astatic site (Riihimaki et al., 2016a, 2016b). Indeed, a greater
number of colorectal CTCs are trapped in the liver than in the
peripheral blood (Denéve et al., 2013). Furthermore, the endo-
thelial layer of the liver sinusoid is fenestrated, which may be
more permissive to extravasation, as compared to the well-orga-
nized endothelial wall and basement membrane in other organs
(Figure 2) (Nguyen et al., 2009).

Genes and Pathways Specifically Implicated in Homing and
Colonization to Liver. Systematic studies have identified tumor
intrinsic factors favoring liver organotropism. By transcriptional
profiling of breast cancer metastases, Kimbung et al. identified
a 17-gene liver metastasis-selective signature (Kimbung et al.,
2016). Of note, the majority of these genes are ECM genes
involved in cadherin and integrin signaling pathways. In addition,
citrullination of the ECM by colorectal cancer cell-derived pepti-
dylarginine deiminase 4 (PAD4) is essential for the growth of liver
metastasis, consistent with the finding that inhibition of PAD4
altered EMT markers and diminished metastasis (Table S2).
Furthermore, the direct binding and interaction between cancer
cells and hepatocytes also play arole in liver tropism (Mook et al.,
2003; Tabaries et al., 2012). For instance, claudin-2 is prevalent
in breast cancer liver metastases but not in bone or lung metas-
tases, and it is essential for cancer cell-hepatocyte interactions
and liver metastasis (Table S2).

Pre- and Pro-metastatic Niches in Liver. Liver metastasis de-
pends on the formation of both pre- and pro-metastatic niches.
Various circulating factors from cancer cells, particularly in the
form of exosomes, can help establish the pre-metastatic niche.
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For example, exosomes from pancreatic ductal adenocarci-
noma (PDAC) cells enriched in macrophage migration inhibitory
factor (MIF) can activate Kupffer cells, inducing secretion of
TGFB. TGFB triggers hepatic stellate cells to produce fibronectin,
which promotes recruitment of bone marrow-derived macro-
phages that induce liver-specific metastasis (Costa-Silva et al.,
2015). Exosome proteomics of several tumor models has iden-
tified different exosomes that establish the pre-metastatic
niches in different organs. Specifically, Kupffer cells in the liver
absorbed PDAC-secreted exosomes expressing integrin avf5
and released pro-inflammatory S100A8, resulting in liver
tropism. Targeting integrin avp5 inhibited liver metastasis (Hosh-
ino et al., 2015).

In addition, liver resident cells can promote the formation of
pro-metastatic niches, which support the outgrowth of DTCs.
For instance, hepatocytes coordinate myeloid cell accumulation
and fibrosis within the liver to direct the formation of a pro-met-
astatic niche through IL-6-STAT3-serum amyloid A1 and A2
(SAA) signaling (Lee et al., 2019). Hepatic stellate cells, upon
activation, secreted growth factors and cytokines such as
PDGF, HGF, and TGFB to promote ECM degradation, which
stimulates angiogenesis and inhibits the immune response, es-
tablishing a permissive ME for tumor cells (Van Den Eynden
et al., 2013; Kang et al., 2011).

Lung Tropism

Lung is another frequent metastatic site in cancers such as
breast, melanoma, and thyroid (Table 1). The physiology of the
lung makes it ideal for colonization and metastasis. The broad
surface area and numerous capillaries provide opportunities
for cancer cells to adhere, extravasate, and colonize. At the
same time, the endothelial layer in the lung has tight junctions be-
tween endothelial cells and an intact basement membrane, thus
representing a more restrictive barrier for extravasation as
compared to bone and liver (Figure 3). One strategy adopted
by tumor cells to traverse the endothelial wall and basement
membrane is to induce the formation of discrete foci of vascular
hyperpermeability by increasing focal adhesion kinase (FAK)/
E-selectin and MMP9 expression in lung endothelial cells (Hirat-
suka et al., 2002, 2011).

Tumor Intrinsic Factors for Lung Metastasis. Many cell-intrinsic
factors associated with lung metastasis are present in primary tu-
mors, suggesting, as discussed above for other metastatic sites
that lung tropism may be pre-selected. Transcriptomic profiling
of metastatic and non-metastatic breast cancer cells generated
a list of 54 genes implicated in lung metastasis. The list includes
secreted protein acidic and cysteine-rich (SPARC), vascular cell
adhesion molecule 1 (VCAM1), angiopoietin-like 4 (ANGPTL4),
ID1, and Tenascin C (TNC) (Minn et al., 2005). Many of these tu-
mor-intrinsic factors disrupt vascular endothelial cell-cell junc-
tions increased the permeability of lung capillaries and facilitated
the trans-endothelial passage of tumor cells (Table S3). For
instance, melanoma-derived SPARC promoted lung metastasis
through inducing vascular permeability and extravasation in an
endothelial VCAM1-dependent manner (Tichet et al., 2015).
TGFB in breast tumors induced ANGPTLA4 to facilitate extravasa-
tion (Padua et al., 2008). Other factors may be involved in cell pro-
liferation and survival (Table S3). For example, ID1 expression is
selectively enriched in breast cancer lung metastasis and medi-
ates lung colonization and sustained cell proliferation (Gupta



Developmental Cell

Liver

_ _ ] Hepatocyte
Circulating ~ -
tumor cell ricpatc

Kupffer stellate cell
&all PDGF
] © TGFB
Fenestrated g 9 PAD4
endothelium —
Extracellular
Matrix
| SAA
S100A8 Claudin-2
P ; ‘N’
' Exosomes 4
Macrophage
L
=
<
¢ LSECtin
Endothelial ]
cell T cell

Figure 2. Liver-Specific Metastasis

Hepatocytes directly interact with tumor cell enriched in claudin-2 to promote liver metastasis. They also promote the formation of a pro-metastatic niche though
secretion of serum amyloid A1 and A2 (SAA). Hepatic stellate cells can produce PDGF, HGF, and TGF to induce liver metastasis. Tumor cells secrete exosomes,
which are taken up by Kupffer cells. Integrin avp5-enriched exosomes stimulate Kupffer cells to produce pro-inflammatory S100A8, whereas MIF-enriched
exosomes trigger Kupffer cells to secrete TGFB, which activates hepatic stellate cells, inducing liver-specific metastasis. LSECtin generated by sinusoidal
endothelial cells also facilitates metastasis by inhibiting the T cell immune response.

et al., 2007). TNC, an ECM protein of stem cell niches, is pro-
duced by breast cancer cells that infiltrate the lung to increase
stem cell-related signaling such as the Notch and WNT pathways
to initiate metastasis (Oskarsson et al., 2011).

Extracellular Vesicles (EVs) and Pre-metastatic Niche in the Lung.
Similar to liver metastasis, cancer cells also actively secreted
EVs, including exosomes, to build the pre-metastatic niche in
the lung (Table S3). Liu et al. found that both lung cancer and
melanoma-derived exosomal RNAs activate toll like receptor 3
(TLR3) signaling in alveolar type Il cells to induce chemokine
secretion and recruit neutrophils to build up the pre-metastatic
niche (Liu et al., 2016). Melanomas can also produce
EVs to downregulate interferon alpha and beta receptor
subunit 1 (IFNAR1) and IFN-inducible cholesterol 25-hydroxy-
lase (CH25H) in normal cells to promote the formation of a pre-

metastatic niche enriched with CD11b+ myeloid clusters and
fibronectin deposits (Ortiz et al., 2019). In addition, breast cancer
cells secreted integrins a6p4- and a6B1-positive exosomes,
which in turn enhanced pro-inflammatory S100A4 expression
in lung-resident fibroblasts to establish a pre-metastatic niche
and promote lung metastasis (Hoshino et al., 2015). Further-
more, Keklikoglou et al. found that chemotherapy-elicited breast
cancer EVs were enriched in annexin A6 (ANXAG6), a Ca2+-
dependent protein that promoted NF-kB-dependent endothelial
cell activation, C-C motif chemokine ligand 2 (CCL2) induction,
and Ly6C+CCR2+ monocyte expansion in the pulmonary pre-
metastatic niche to facilitate the establishment of lung metas-
tasis (Keklikoglou et al., 2019).

Pro-metastatic and Metastasis-Suppressive Niches. Lung resi-
dent cells can establish a pro-metastatic niche for many types of
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Figure 3. Lung-Specific Metastasis
Tumor-derived factors such as SPARC, VCAM1, and ANGPTL4, as well as EVs
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have been shown to be involved in tumor cell extravasation to the lung pa-

renchyma. Tumor cells can activate TLR3 signaling in alveolar type Il cells, which in turn recruit neutrophils and promote lung metastasis. Chemokines enriched in
the lung such as CXCL12 and CCL21 recruit CXCR4- and CCR7-positive tumor cells. Alveolar macrophages can secrete the pro-inflammatory mediator
Leukotriene B4 to suppress the T cell response and facilitate metastasis. Fibroblasts secrete CSTB to induce tumor cell survival. Also, fibronectin-enriched

fibroblasts recruit VEGFR1 and integrin 241 positive hematopoietic progenitor

cells to facilitate metastasis. Tumor cells also produce tenascin C to initiate

metastasis and GALNT14 to overcome dormancy signals from fibroblasts. TSP-1 secreted from endothelial cells inhibits tumor cells self-renewal, while CX3CL1
expression leads to recruitment of CX3CR1-positive patrolling monocytes, preventing metastasis.

cancer, e.g., they secrete abundant chemokines such as
CXCL12 and CCL21, that direct breast cancer and melanoma
cells that highly express CXCR4 and CCRY7 to the lung (Muller
et al., 2001). Fibroblasts also contribute to pro-metastatic niche
formation in the lung. Liu et al. showed that fibroblast-secreted
cathepsin B (CSTB) activated stearoyl-CoA desaturase 1
(SCD1), a critical modulator of cell proliferation, through the
ANXA2 and PI3K/Akt/mTOR pathway and promoted metastatic
colonization of melanoma cells. Besides modulating tumor cells,
lung fibroblasts also generated fibronectin to recruit VEGFR1
and integrin a4 p1-positive bone marrow-derived HPCs to termi-
nal bronchioles and bronchiolar veins, providing a permissive
niche for incoming tumor cells (Kaplan et al., 2005).

In contrast to the pro-metastatic niche, several recent studies
suggest that the lung also has metastasis-suppressive niches,
which inhibit cancer cell proliferation (Altorki et al., 2019). For
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example, a perivascular niche expressing thrombospondin-1
(TSP-1)-induced sustained breast cancer cell quiescence, and
this inhibitory effect was lost in sprouting neovasculature where
active TGF-B1 and periostin were upregulated (Ghajar et al.,
2013). The inhibitory effect of TSP-1 from the perivascular niche
has also been identified in bone, suggesting a shared met