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Among all breast cancer metastatic replaces, 30% of breast cancer-associated fatalities being
attributable to breast cancer brain metastasis. Patients with brain metastatic relapse have a
median survival of less than one year. Most of FDA approved therapies have limited blood-
brain-barrier (BBB) penetration. As a consequence, metastatic brain environment becomes a
sanctuary site for metastatic tumors. Our preliminary data revealed two intriguing phenotypes: 1)
robust gliosis (reactive astrocyte) surrounding the brain metastatic tumor cells; 2) neuronal-like
transcriptome reprogramming of metabolism genes during the brain metastatic evolution. Based
on above observations, we hypothesize that neuronal adaptation is critical for the brain
metastatic success. As all investigational and FDA-approved neurological drugs targeting
neuron-specific receptors penetrate the BBB readily, we reason that clinically available
neurological drugs could be repurposed as a novel therapy for breast cancer brain metastasis.
Therefore, our overall objective is to explore the functional importance of critical neuronal-like
changes during metastatic evolution and target metastatic colonization of the brain with BBB-
permeable neurological drugs. We have taken state-of-the-art imaging approaches to study the
interaction between the tumor cell and metastatic brain environment. We have also
mechanistically determined the functional importance of critical neuronal-like changes during
metastatic evolution and target metastatic colonization of the brain with BBB-permeable
neurological drugs. In this project, we have proposed two specific aims to explore our
hypothesis:

Aim 1: Study the spatial and temporal interactions between brain astrocytes and metastatic
tumor cells in situ.

Aim 2: Pre-clinically investigate the therapeutic efficacy of co-targeting glutamate receptors
signaling and breast cancer driver genes.

P 23 1) o ¢ T

Cancer metabolism, Brain metastasis, Metastatic outgrowth, Metastatic adaptation, Epigenetic
transcriptional regulation, GABA signaling, Brain intravital imaging, Brain tissue clearing.

3. AccompliShments.......ccceiieeiiieiiineiineieinscieeatossscsnscossscsnscnn

What were the major goals of the project? What was accomplished under these goals?
In past three years, we have achieved major goals as we have proposed in the SOW. For easy
reference, the original Tasks in SOW proposed are listed below as font italics 11pt.

Major Task 1 Aim 1.1. Visualize the dynamic interactions between astrocytes and disseminated tumor
cells.

Accomplishments: The initial goal of this aim is the using intravital imaging technique to
visualize the metastatic seeding and tumor-astrocytes interaction. During the first year of
funding, we have perfected the cranial window surgery and intravital imaging technique. We
first labeled the blood vessel by i.v. injection of TexasRed-dextran and then measured the
average size diameter of the blood vessel that contains tumor cells (Fig. 1a-c). Disseminated
tumor cells exhibited a highly diverse morphology and a high degree of membrane deformability



inside the blood vessel. On average, tumor cells colonized in brain microvessels which have
vessel diameter between 7.5 -12.5 um (Fig. 1¢). We then established FVB/N-Tg(GFAP.GFP )
colony from Jax laboratory. In this strain, all astrocytes are genetically labeled with GFP using
astrocyte-specific GFAP-promoter. Therefore, it allows us to monitor the dynamic changes of
astrocytes using intravital imaging. We have established GFAP.GFP mouse colony and
performed intravital imaging. After induced mCherry-labeled tumor cells by intracardiac
injection, we collected mouse b ot towr 2
brain and monitored the GFP- { - -
expression in brain astrocytes Ch
(Fig. 1d, red: tumor cells, green: = .‘ infow
astrocytes). We performed ~ 1- ' ¢
hour intravital imaging through
the cranial window on Day 0, 1
and 5 days post-injection. We
observed a direct interaction ——

In flow Out flow

d ]
between green astrocyte and red GFAP-GFP*
tumor cells (Fig. 1D, day 1 i v o

data). In the following larger- &
scale experiment, we have '
encountered technical

50um

challenges to detect enough _
tumors that form and outgrow

Figure 1 Characterization of intravital imaging of brain metastasis. (a) 3D view of

right underneath our cranial disseminated tumor cell (GFP+) and blood vessel staining (TexasRed Dextran). Bar =
imaging window at five days 500um. (b) Me.asure_ments. of blood vessgl confinement of s!ngle dlssemlnatgq tur_nor
< K cell. Top panel: raw image; bottom panel: 3D reconstructed image. (c) Quantifications
post—mjecnon. As the of blood vessel confinement. (d) Intravital imaging of metastatic tumor cells in the brain
anatomical location of at day 1 of metastasis dissemination. Green: GFAP-GFP+ astrocytes; Red: Td-tomato

. . . . Red labeled tumor cells.
metastatic seeding is entirely

random, very few cells colonized and can be detected underneath cranial imaging window. After
multiple attempts and careful consideration of the risk and potential benefits, we concluded the
molecular insights of this imaging experiment are very limited. Although the interactions
between astrocyte and tumor were evident, we reasoned that tissue staining based approach could
reveal more meaning mechanisms. Therefore, we have since devoted more efforts toward whole
tissue clearing based imaging approaches (See below).

Major Task 2 Aim 1.2: Multiplexed molecular phenotyping of the metabolic and survival signaling of
metastatic tumor cells in situ.
Major Task 3 Aim 1.3: Exploring the functional importance of glutamate signaling in early

colonization.

Accomplishments: We have made major accomplishment on Aim 1.2 and 1.3. Over the funding
period, we were able to adapt whole brain tissue clearing method from the neuroscience field and
expand the deep tissue capacity with multiplex immunofluorescence staining. We have achieved
whole brain tissue multiplexed staining of astrocyte marker (GFAP), tumor cell marker
(cytokeratin 8), blood vessel stain, cell proliferation staining (EdU). We also attempted other
antibodies, including neuron marker (NeulN) and Glutamate-receptor genes (GRIA1).
Unfortunately, NeuN and GRIA1 antibodies were not compatible with current tissue clearing



methods. We were unable to obtain specific staining. After IF staining of whole tissue, we
performed 3D co-registration of multiple metastatic landscape components (tumor cell, blood
vessel and astrocytes) with high spatial resolution on a global scale of dimensions up to
approximately 4000 um x 4000 um x 3000 um. See Guldner IH et. al. Sci Rep. 2016 in the
Appendix for more details.

The vast amount of 3D imaging data also presented a considerable challenge in data analysis. To
quantitatively analyzed the collaborate with Danny Chen's group at Department of Computer
Science and Engineering to further develop the imaging analysis algorithm to unbiasedly
analysis the large imaging dataset. We have successfully developed new algorithms and
discovered previously underappreciated angiogenesis events during the brain metastasis
progression. The fruitful interdisciplinary collaboration has resulted in three publications and
three patents disclosures.

Ref:

Yang, L., Zhang, Y., Guldner, [.H. g, Zhang, S., and Chen, D.Z. (2015). Fast Background
Removal in 3D Fluorescence Microscopy Images Using One-Class Learning. In Medical Image
Computing and Computer-Assisted Intervention — MICCAI 2015, N. Navab, J. Hornegger, W.M.
Wells, and A.F. Frangi, eds. (Springer International Publishing), pp. 292-299.

Yang, L., Zhang, Y., Guldner, [.H., Zhang, S., Chen, D.Z. (2016). 3D Segmentation of Glial
Cells Using Fully Convolutional Networks and k-Terminal Cut. To be published in Proc. of the
19th International Conference on Medical Image Computing and Computer-Assisted
Intervention — MICCALI, October 17-21, 2016.

Guldner, [.H., Yang, L., Cowdrick, K.R., Wang, Q., Alvarez Barrios, W.V. g, Zellmer, V.R.,
Zhang, Y., Host, M., Liu, F., Chen, D.Z., Zhang, S. (2016). An Integrative Platform for Three-
dimensional Quantitative Analysis of Spatially Heterogeneous Metastasis Landscapes. Sci Rep.
Apr 12;6:24201.

Specific Aim 2 Pre-clinically investigate the therapeutic efficacy of co-targeting glutamate
receptors and breast cancer driver genes.

Aim 2.1. Investigate the preclinical efficacy of Talampanel plus Lapatinib combinatorial therapy
in the treatment of breast cancer brain metastasis in vitro.

Aim 2.2. Investigate the efficacy of Talampanel plus Lapatinib combinatorial therapy in the
prevention of breast cancer brain metastasis in vivo.

Accomplishments:
Our preliminary observation suggested that an up-regulation of glutamate receptor on tumor cells

metastasized to the brain. Based on this observation, in the original proposal, we hypothesized
that targeting glutamate receptor repurposing brain permeable drug might potentially prevent
brain metastasis. We initially proposed to use anti-epilepsy drug Talampanel (INN). Talampanel
acts as a non-competitive antagonist of the AMPA receptor, a type of ionotropic glutamate
receptor. Talampanel has been clinically tested for treatment of malignant gliomas and
amyotrophic lateral sclerosis (ALS). However, after consulting with a neurosurgeon, we realized
that the clinical development Talampanel was suspended due to its poor pharmacokinetic profile.
Therefore, Talampanel is unlikely to be available in the clinic in the future. Therefore, we

decided to search for surrogate target downstream of glutamate signaling.



After further analyze bioinformatics analysis multiple RNA-seq dataset by comparing the
transcriptome profile brain metastasis and its primary tumor counterpart, we observed a global
down-regulation of the majority of metabolism-related genes in metastatic brain tissues
compared with corresponding primary tumors. In contrast, only a small set of metabolism-related
genes were up-regulated in brain metastases, suggesting that brain metastases engage a specific
metabolic program that is vital for sustaining their energy needs. Through gene set enrichment
analysis (GSEA), we further revealed glutamate decarboxylase 1 (GAD1) as among the only
three significantly up-regulated genes in brain metastases.

GADI catalyzes the production of GABA from L-glutamic acid downstream of glutamate
receptor. GAD]1 is cytosol protein. It facilitates an intracellular GABA metabolism. We reasoned
that the GAD1-mediated GABA pathway, downstream of the glutamate receptor, could be the
primary method for utilizing glutamine, as an energy source in metastatic tumor cells. To test
this hypothesis, we performed GAD1 knockdown experiments under the co-culture of brain
microenvironmental cells (primary brain glial cells). Knocking GADI1 significantly abolished
tumor cell's survival advantage under glia cell co-culture. We further revealed brain
microenvironment-induced downregulation of DNMT 1 reactivates GAD1 expression through
demethylation of the GAD1 promoter.

We initially proposed to conduct traditional western blot to evaluate the cell signaling events in
tumor cells, e.g. MAPK signaling, after perturbation of glutamate pathway. However, the
enhanced tumor cell proliferation phenotype requires astrocyte co-culture. The requirement of
co-culture made the western blot procedure very cumbersome. We had to separate astrocyte and
tumor cells by using FACS sorting before any downstream western blotting. The stressful
procedure imposed by FACS sorting largely confounded the metabolic signaling analysis.
Therefore, we decided to implement a biosensor based imaging approach to track the glutamate
response in situ. We have used an array of biosensors, including NADH-NAD(+) redox sensor,
AMPK biosensor, Ca2+ signal (pcDN3.1(+)-CaNARi). As shown in the Schnepp, P.M., et. al.
Cancer Res 2017 Fig. 5 (see Appendix), GAD1 mediated a dynamic tumor glutamine metabolic
flux and maintains NADH-NAD(+) redox balance under low glucose crisis and blocking GAD1
downstream pathway abolished metastatic tumor outgrowth.

Brain microenvironment-dependent GAD1 upregulation and glutamine metabolism represent a
novel therapeutic opportunity for brain metastasis treatment. Modulation of GAD1-mediated
GABA metabolism has been clinically exploited previously as anti-epilepsy drug and appeared
to be a better strategy than directly target glutamate receptor (like Talampanel does). One such
FDA-approved drug, vigabatrin, targets GABA metabolism by inhibiting GABA transaminase
(GABA-T), an enzyme directly downstream of GADI1. Vigabatrin thus functions to block GABA
flux into the TCA cycle. We examined potential therapeutic effects of vigabatrin for decreasing
brain metastatic outgrowth. We further demonstrated that vigabatrin reduced breast tumor cell
proliferation in vitro under the astrocyte co-culture. Most importantly, Vigabatrin treatment
significantly suppressed brain metastasis formation in two in vivo models supporting the clinical
translation/repurposing of FDA approved vigabatrin for brain metastasis treatment. We have
reported these significant results in Schnepp, P.M., et. al. Cancer Res 2017. Please see appendix
for details.



Ref:

Schnepp, P.M., Lee, D.D., Guldner, I.H., O'Tighearnaigh, T K., Howe, E.N., Palakurthi, B.,
Eckert, K.E., Toni, T.A., Ashfeld, B.L.., and Zhang, S. (2017). GAD1 Upregulation Programs
Aggressive Features of Cancer Cell Metabolism in the Brain Metastatic Microenvironment.
Cancer Res. 77, 2844-2856.

Schnepp, P.M., Lee, D.D., Guldner, I.H., O'Tighearnaigh, T K., Howe, E.N., Palakurthi, B.,
Eckert, K.E., Toni, T.A., Ashfeld, B.L., and Zhang, S. (2017). Brain metastatic
microenvironment reshapes cancer cell metabolism through epigenetic up-regulation of
glutamate decarboxylase 1. (AACR Scholar-in-Training Award). American Association for
Cancer Research Annual Meeting 2017, Washington D.C.

What opportunities for training and professional development has the project provided?

This project provides a unique multidisciplinary training opportunity for trainees who
traditionally trained as classic cell/cancer biologists. On the bioengineering side, the whole tissue
imaging aspects this project continued to provide unprecedented opportunities for postdoctoral
fellows and graduate students to interact with the colleagues in the computer engineering to co-
develop novel ways to analyze large biomedical imaging dataset. On the genome biology and
bioinformatics side, trainees supported by this project have learned modern bioinformatics tools
to analyze microarray/RNA-seq data (both publically available and generated by our lab). The
alternative hypothesis (GAD1 mediated glutamate signaling) was a direct result of my graduate
student (Schnepp, P.M.)'s careful observations from her bioinformatics analysis. Lastly, from the
clinical translational angle, trainees had opportunities to interact with a clinical oncologist and
neurosurgeon. Their valuable perspective shaped our study design in targeting GAD1 pathway.

How were the results disseminated to communities of interest?

The research products generated from this project has been presented at the national conferences,
including 19th International Conference on Medical Image Computing and Computer-Assisted
Intervention, Society of Neuroscience Annual Meeting 2016. An abstract has also been
submitted to 2017 AACR meeting. We also routinely participate varies community outreach
activities at Notre Dame, e.g. Notre Dame Day and Notre Dame Football Weekend science
seminar series, to disseminate our exciting results to lay public. We used our tissue clearing 3D
imaging as powerful tools to engage high school students who are interested in STEM career
path. For instance, we have hosted an on-site science visit for Penn High School students in the
past three years.

What do you plan to do during the next reporting period to accomplish the goals?
Nothing to Report.

T2 TN 111 1. o
What was the impact on the development of the principal discipline(s) of the project?

From the technology perspective, we are taking highly innovative imaging approach to study
brain metastasis. We are the first group that applies this whole tissue imaging methodology to



study cancer metastasis. As the cancer research shifts from "one-gene a time" approach to a
global, unbiased view of cancer as an interconnected tissue, our whole tissue 3D imaging
approach provide a unique perspective to traditional cancer research field. From the clinical
translational perspective, identify GADI is significant. Because repurposing FDA approved
BBB-permeable vigabatrin (targeting GAD1 pathway) is a relatively safe metastasis prevention
drug and highly clinically translatable. If proven to be successful, similar concepts can be
explored for the fast clinical repurposing of other FDA approved drugs for cancer therapy.

What was the impact on other disciplines?

To analyze the big 3D imaging dataset effectively, we have collaborated with colleagues in the
computational engineering department who are specialized in imaging progressing to develop
robust image segmentation/analysis methods. This productive collaborative effort not only
provided biologists a more quantitative way to analysis 3D images but also led to two patent
disclosures on the image analysis algorithms.

What was the impact on technology transfer?
Base on the work from this project, we have filed three patent disclosures via Notre Dame
Technology Transfer Office:
1) Repurposing Current Neurological Drugs for Anti-Metastatic Brain Tumor therapy
Provisional Patent Application: 62/136,705
2) A method for fast and accurate removal of background noise in 3D microscopy images
Provisional Patent Application: 62/383,556
3) A new method for segmentation of glial cells in 3D microscopy images
Provisional Patent Application: 62/383,556

What was the impact on society beyond science and technology?
Nothing to report

5. Changes/Problems......cc.coeeiiieiiiiniiiaiiieisiatcesescoascssscsnsconnses
Nothing to report
6. ProductS.....cccoeiiiiiniiiniiiiiiiiniiiinieinriiancistessmeennesnscsnssosnsns

Major publications directly related to the field of Cancer Biology:

1. Guldner, I.H., Yang, L., Cowdrick, K.R., Wang, Q., Alvarez Barrios, W.V. g, Zellmer,
V.R., Zhang, Y., Host, M., Liu, F., Chen, D.Z., Zhang, S. (2016). An Integrative
Platform for Three-dimensional Quantitative Analysis of Spatially Heterogeneous
Metastasis Landscapes. Sci Rep. Apr 12;6:24201.

2. Schnepp, P.M., Lee, D.D., Guldner, I.H., O'Tighearnaigh, T K., Howe, E.N., Palakurthi,
B., Eckert, K.E., Toni, T.A., Ashfeld, B.L.., and Zhang, S. (2017). GAD1 Upregulation
Programs Aggressive Features of Cancer Cell Metabolism in the Brain Metastatic
Microenvironment. Cancer Res. 77, 2844-2856.

Major meeting abstract:



1. Schnepp, P.M., Lee, D.D., Guldner, I.H., O'Tighearnaigh, T K., Howe, E.N., Palakurthi,
B., Eckert, K.E., Toni, T.A., Ashfeld, B.L., and Zhang, S. (2017). Brain metastatic
microenvironment reshapes cancer cell metabolism through epigenetic up-regulation of
glutamate decarboxylase 1. (AACR Scholar-in-Training Award). American Association
for Cancer Research Annual Meeting 2017, Washington D.C.

Publications related to the field of Computational Imaging:

1. Yang, L.,Zhang, Y., Guldner, .H. g, Zhang, S., and Chen, D.Z. (2015). Fast
Background Removal in 3D Fluorescence Microscopy Images Using One-Class
Learning. In Medical Image Computing and Computer-Assisted Intervention — MICCAI
2015, N. Navab, J. Hornegger, W.M. Wells, and A F. Frangi, eds. (Springer International

Publishing), pp. 292-299.

Yang, L., Zhang, Y., Guldner, [.H., Zhang, S., Chen, D.Z. (2016). 3D Segmentation of

Glial Cells Using Fully Convolutional Networks and k-Terminal Cut. To be published in
Proc. of the 19th International Conference on Medical Image Computing and Computer-
Assisted Intervention — MICCALI, October 17-21, 2016.
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An Integrative Platform for Three-
dimensional Quantitative Analysis
of Spatially Heterogeneous
s Metastasis Landscapes

Published: 12 April 2016 .y . . . .
vplishe pri lan H. Guldner%*, LinYang®", Kyle R. Cowdrick!?, Qingfei Wang'?,

Wendy V. Alvarez Barrios'?, Victoria R. Zellmer'?, Yizhe Zhang?, Misha Host'?, Fang Liu%*,
Danny Z. Chen?3 & Siyuan Zhang2

Metastatic microenvironments are spatially and compositionally heterogeneous. This seemingly
stochastic heterogeneity provides researchers great challenges in elucidating factors that determine
metastatic outgrowth. Herein, we develop and implement an integrative platform that will enable
researchers to obtain novel insights from intricate metastatic landscapes. Our two-segment platform
begins with whole tissue clearing, staining, and imaging to globally delineate metastatic landscape
heterogeneity with spatial and molecular resolution. The second segment of our platform applies our
custom-developed SMART 3D (Spatial filtering-based background removal and Multi-chAnnel forest
classifiers-based 3D ReconsTruction), a multi-faceted image analysis pipeline, permitting quantitative
interrogation of functional implications of heterogeneous metastatic landscape constituents, from
subcellular features to multicellular structures, within our large three-dimensional (3D) image datasets.
Coupling whole tissue imaging of brain metastasis animal models with SMART 3D, we demonstrate
the capability of our integrative pipeline to reveal and quantify volumetric and spatial aspects of brain
metastasis landscapes, including diverse tumor morphology, heterogeneous proliferative indices,
metastasis-associated astrogliosis, and vasculature spatial distribution. Collectively, our study
demonstrates the utility of our novel integrative platform to reveal and quantify the global spatial and
volumetric characteristics of the 3D metastatic landscape with unparalleled accuracy, opening new
opportunities for unbiased investigation of novel biological phenomena in situ.

Tumor metastasis is orchestrated by the interplay between genetically heterogeneous cancer cells and a spatially
and compositionally heterogeneous tumor microenvironment (TME, also referred to as the metastatic niche)' .
Metastatic cells and the metastatic TME - together, termed the metastatic landscape - are composed of several
different cell types that display an ever-evolving heterogeneity throughout metastatic progression®=®. It has been
envisioned that spatially compartmentalized metastatic niches differentially regulate metastatic progression®s.
For example, the role of astrogliosis during brain metastasis formation has been debated for decades®'°. Limited
by two-dimensional (2D) in vitro culture and histology methods, previous studies were unable to fully describe
the spatial heterogeneity of astrogliosis or deduce the functional implications of astrogliosis during brain metas-
tasis progression in situ within large, intact tissue samples. Similarly, angiogenesis, a hallmark of cancer, is crucial
to maintain brain tumor outgrowth, such as in gliomas"!!. Yet, the requirement and characterization of angio-
genesis during brain metastasis progression remain largely controversial'®. Because only a small fraction of the
total vasculature can be captured in a single standard histological slice, even the most concrete brain metasta-
sis vascularisation data draw speculative conclusions. Despite the significance of examining spatial aspects of

!Department of Biological Sciences, College of Science, University of Notre Dame, Notre Dame, IN 46556, USA.
“Mike and Josie Harper Cancer Research Institute, University of Notre Dame, 1234 N. Notre Dame Avenue, South
Bend, IN 46617, USA. 3Department of Computer Science and Engineering, College of Engineering, University of
Notre Dame, Notre Dame, IN 46556, USA. “Department of Applied and Computational Mathematics and Statistics,
College of Science, University of Notre Dame, Notre Dame, IN 46556, USA. “These authors contributed equally to
this work. Correspondence and requests for materials should be addressed to S.Z. (email: szhang8@nd.edu)

SCIENTIFICREPORTS |6:24201 | DOI: 10.1038/srep24201 1
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heterogeneous metastases in their metastatic niche, technical barriers have impeded efforts to dissect the contri-
bution of diverse spatial components of the metastatic landscape in situ on a global three-dimensional (3D) scale
with molecular-level resolution!?.

The recent boom of whole tissue clearing techniques presents us with an unprecedented opportunity to dis-
sect metastatic heterogeneity in situ'®. Tissue clearing permits a holistic, 3D view of tissue, which is particularly
useful to image two metastatic landscape components - astrocytes and vasculature - that cannot be captured in
a single plane and have diverse or highly speculated roles in metastatic progression®%!4-1, Furthermore, the 3D
perspective provided by tissue clearing allows spatial analysis, which can provide novel insights into biological
phenomena. While tissue clearing provides an unmatched opportunity to explore the metastatic landscape, the
massive volumetric datasets derived from whole tissue imaging impose new challenges on the image analysis
of multiple genetic events with statistically significant biological implications. In this study, we developed and
applied an integrative platform including a 3D whole brain imaging approach, consisting of whole tissue clearing,
staining, and imaging, followed by customized computer-assisted quantifications. We developed SMART 3D
(Spatial filtering-based background removal and Multi-chAnnel forest classifiers-based 3D ReconsTruction),
a multi-faceted image analysis pipeline, to observe and quantify phenotypic metastatic landscape heterogeneity
in situ with spatial and molecular resolution. Our implementation of our integrative platform to globally analyze
the heterogeneous metastasis landscape of brain metastases demonstrates the feasibility of quantitative, multi-
plexed 3D analysis in situ from the molecular level to the whole organ scale. Furthermore, our study asserts the
promise of such analysis in revealing unique spatial patterns of metastasis that will lead to novel functional and
molecular insights into the dynamic nature of metastasis.

Results

Global imaging of multiple metastatic landscape features with molecular resolution. We
streamlined a whole tissue clearing, staining, imaging, and computation analysis'”!® pipeline to quantitatively
analyze and thereby enable the elucidation of the functional impact of phenotypic heterogeneity of the metastatic
landscape on metastatic outgrowth (Fig. 1a, Supplementary Fig. Sla). The first segment of our pipeline (Fig. 1a,
top), consisting of whole tissue clearing, staining, and imaging, ultimately conquers the long-standing challenge
of capturing multiple genetic events in their native 3D context in situ to allow a holistic view of the tissue and its
compositional and spatial heterogeneity. Tissue clearing and refractive index matching rendered the brain lipid-
free and optically transparent, allowing for thorough multiplexed molecular phenotyping of large tissue sections
(Supplementary Fig. S1b,c and Supplementary Video S1). Further, cleared brain tissue permitted an approximate
five-fold increase in imaging depth from ~500 um (Fig. 1b, left) to ~3000 um (Fig. 1b, right). Distinguished from
previous tissue clearing-based studies, which primarily relied on transgenic mice that express fluorescent pro-
teins, our approach relied on multiplexed staining for proliferative nuclei, metastatic tumor cells, and TME com-
ponents (e.g., astrocytes), allowing 3D co-registration of multiple metastatic landscape components with high
spatial resolution on a global scale of dimensions up to approximately 4000 um x 4000 pm x 3000 um (Fig. 1c and
Supplementary Video S2). This exponential increase of data content enabled us to reconstruct the brain metasta-
sis landscape in 3D, providing new, exceptionally accurate perspectives on phenotypic heterogeneity, such as the
highly irregular tumor morphology that is masked in two-dimensional images (Fig. 1d). We were able to glean
detailed information from large, continuous tissue structures, such as blood vessels (Supplementary Fig. S1d),
while maintaining high 3D resolution at the cellular level, such as one single extravasated metastatic cell (Fig. le),
and subcellular details, such as dividing nuclei (Fig. 1f).

Spatial background removal and forest classifiers-based multi-channel 3D reconstruction
(SMART 3D: Spatial Multi-chAnnel ReconstrucTion 3D).  Accurate image segmentation is a prereq-
uisite for quantitative analysis of the spatial relationship between metastatic cells and the metastatic niche. The
second and third segments of our integrative pipeline (Fig. 1a, bottom) tackle both the extensive problems (e.g.,
background removal, multi-channel reconstruction) faced in processing large 3D datasets with multiple channels
as discussed in detail below. Despite a significant increase of 3D imaging depth enabled by tissue clearing, strong
auto-fluorescence background (noise signal) and inhomogeneous fluorescent staining across the whole tissue
significantly limit the applicability of existing 2D computational algorithms for accurate segmentation and visu-
alization of large, multi-channel volumetric 3D datasets. Thus, the first step of our image analysis aimed to remove
the background noise in the 3D datasets.

We developed a new approach that combines the spatial filtering method and optimization-based methods for
this background removal problem on 3D images". Due to wide variations in the sizes of foreground objects in 3D
datasets, it is very difficult to select one single appropriate window size or ball size for the spatial filtering method
and the rolling ball algorithm?. We applied percentile filtering with a window size that is slightly larger than the
size of the smallest object (e.g., the size of a cell) in the image to estimate a rough background. Subsequently, we
used unsupervised one-class learning®' to detect errors in this rough estimation (Fig. 2a). Finally, these errors
were corrected in the re-estimation process and the refined background estimation was obtained for generating
a noise-reduced image. The processing speed of our new background removal method'® is comparable to the
rolling ball algorithm?® (~30 hours on a Xenon CPU E5-2660v3 for processing a 512 x 512 dataset). This novel
algorithm yields the unprecedented efficiency in removing background while preserving fine structural details
(e.g., fine processes of astrocytes) (Fig. 2a, bottom panel).

To compute voxel-level image segmentation with high tolerance of inhomogeneous fluorescent staining, we
extracted feature vectors representing each voxel’s appearance and texture from multiple channels and concate-
nated the feature vectors from different channels into a multi-channel feature vector (MFV) (Fig. 2b). Next, we
formulated the voxel-level segmentation problem as a classification problem (Fig. 2¢). Several classifiers were
trained to determine whether a voxel belongs to a specific type of foreground (e.g., tumor cells, astrocytes, blood
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Figure 1. 3D Whole Tissue Imaging of the Brain Metastasis Landscape with Molecular Resolution.

(a) Schematic of our integrative platform consisting of whole tissue clearing, staining, and imaging and
SMART 3D (image processing and quantification). (b) Comparison of multiphoton-imaging depth without
(left) or with (right) optical tissue clearing. 2D slices are extracted from indicated depths in the tissue-cleared
z-stack to demonstrate image quality at various imaging depths. (c) Multiphoton image of 3D global view
(2500 pm x 3500 um x 3000 um) of optically cleared mouse brain with multiple MDA-MB-231.Br-derived
metastases. Red: anti-GFAP; blue: DAPI. (d) 2D multiphoton image (top) and 3D surface generated image
(bottom) of PNA.Met1 brain metastases stained with anti-cytokeratin 8 (K8). (e) 3D multiphoton image

of astrocytes (GFAP, red) of the blood brain barrier (left) and astrocyte interaction with MDA-MD-231.Br
metastatic cells (right). Blue arrows point to astrocytes, and yellow arrows point to metastatic cells. (f) 3D
multiphoton image of PNA.Met1 brain metastasis (K8, green) and EdU-tagged nuclei (orange) (top) and
enlarged view of dividing nuclei (bottom).
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Figure 2. Spatial Filtering-Based Background Removal and Multi-Channel Forest Classifiers-Based 3D
(SMART 3D) Reconstruction of Metastatic Heterogeneity. (a) Schematic of the background removal process.
Arrow points to fine astrocyte processes preserved by this method. (b) Schematic of multi-channel feature
extraction. (c¢) Schematic of the process of voxel-level segmentation based on random forest classification.

(d) Image of DAPI stained MDA-MB-231.Br brain metastases sample before (top left) and after (top right)
DAPI cluster-based tumor segmentation and surface generation. Color codes represent individually identified
tumors. Bottom panel: whole spectrum of individual morphologically heterogeneous tumors. (e) Image of
DAPI (blue) and K8 (green) stained PNA.Met1 brain metastases before (top left) and after (top right) K8/DAPI-
based segmentation and surface generation. Bottom panel: whole spectrum of individual morphologically
heterogeneous tumors.
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vessels, etc.) or the background based on MFV. These classifiers (200 trees and 2 candidate features in each node)
were then applied to every voxel in the 3D volumetric datasets to generate the segmentation of desired features
(Fig. 2¢). To test the accuracy of the classifier, we manually labeled 10 slices for each different component (e.g.,
tumor, astrocyte, EAU proliferation marker, and blood vessel) and used labeled features as the ground truth. The
accuracy was then measured by the F1 score of 10-fold cross validation. F1 score is the harmonic mean of preci-
sion and recall, and it is a widely used measure to evaluate the performance of the classifier’>. According to the F1
score evaluation, volume quantification errors are approximately —3.35%, —0.03%, +8.51%,+1.86% for tumors,
astrocytes, proliferating cells, and blood vessels, respectively (Supplementary Table S1). Finally, we applied the
SMART 3D pipeline to a series of 3D multi-channel datasets to reconstruct and quantify the metastasis landscape
(Figs 2d and 3-5).

Heterogeneous morphology of breast cancer brain metastases. To test the robustness of SMART
3D, we generated experimental brain metastases using two breast cancer brain metastasis models with dis-
tinct morphologies: MDA-MB-231.brain-seeking (Br) human breast cancer cells in an immunocompromised
(Ragl—/—) mouse and PNA.Met1 murine breast carcinoma cells in an FVB host. We stained metastasis-burdened
samples with the epithelial cell-specific marker cytokeratin 8 (K8) antibody to identify breast cancer brain metas-
tases, as K8 is absent in normal cerebral cortex (Supplementary Fig. S2a). In addition, tumor cell nuclei displayed
unique pleomorphism distinct from neural tissue nuclei, allowing for further nuclear-based tumor cell identifi-
cation. Our SMART 3D algorithm was adaptive to diverse tumor morphologies in 2D and 3D (Supplementary
Fig. S2b,c) and proved to be robust as indicated by the overlap between the original 3D images and the computa-
tionally segmented voxels (Supplementary Fig. S2d). Surface renderings of the SMART 3D-segmented metastases
within the same metastatic niche revealed a previously underappreciated array of morphological heterogeneity
(Fig. 2d,e). The MDA-MB-231.Br metastases are highly branched, reflecting their exclusive growth along brain
vasculature (vessel co-option)®’, whereas PNA.Met1 metastases form irregularly shaped clusters (Supplementary
Video S3), reflecting the morphology of brain metastases observed in the clinic. Within the same metastatic
niche, the volumes of metastatic tumors are extremely diverse, ranging from 9.6-857.7 x 10> um? to 155.3-
8074.0 x 10° um?* for MDA-MB-231.Br and PNA.Met1 tumors, respectively. This broad spectrum of metastasis
volumes suggested a wide range of developmental stages of metastatic lesions within the same TME.

Metastasis developmental stage shapes a non-linear proliferative heterogeneity. Taking
advantage of the multi-channel spatial segmentation and quantification capacities of SMART 3D, we next sur-
veyed the proliferation status of every tumor cell in each metastasis by 5-ethynyl-2’-deoxyuridine (EdU) detec-
tion?%. Both metastasis models displayed a wide spectrum of proliferative indices, from less than 1% to as much
as 56%. Interestingly, metastases of similar sizes had very disparate proliferative indices (Fig. 3a,b). Kernel density
estimation (KDE, “Gaussian”) for MDA-MB-231.Br metastases showed that small and medium metastases had
a wide range of proliferation scattered across proliferative indices (0-0.3) and large metastases had a relatively
uniform level of proliferation concentrated between 0.1 and 0.2 proliferative indices. The difference between the
variance of proliferation between large metastases (Log;, tumor volume >5.0) and small and medium metastases
are statistically significant (p = 0.012, F-test) (Fig. 3c). KDE (“Gaussian”) for PNA.Met1 metastases revealed a
different pattern of proliferation, with a wide range of heterogeneity for small and large metastases, but a narrower
range of proliferation for medium metastases primarily concentrated at 0.2 proliferative index (Fig. 3d, left).
Interestingly, a parabola-shaped trend (p = 0.003, quadratic regression) fit the data of tumor proliferative index
versus metastasis volume, in which the vertex of the parabola was within the medium-sized metastasis range and
approached a proliferative index of 0.15. Notably, two tumors (i.e., tumors 14 and 19) fell below the vertex and
had negligible proliferation (Fig. 3d, right).

Leveraging the spatial aspect of our 3D imaging approach, we next probed the spatial distribution of prolifera-
tive cells within metastases. We did so by performing concentric zone analysis in which we analyzed the prolifera-
tive indices of concentric 10 um-thick volumetric zones from the tumor surface to the tumor core (Fig. 3e). Linear
regression analysis demonstrated distinct proliferative kinetics in which small tumors have a sharp proliferative
index drop-off approaching the tumor core (proliferative index drops from ~0.5 to 0.12, p < 0.001), while the
tumor core remains proliferative in medium and large sized tumors (Fig. 3f). Notably, there is extensive prolifer-
ative heterogeneity both among individual metastases and the zones within individual metastases (Fig. 3g). Even
similarly sized tumors have dramatically different maximum proliferative indices (e.g., tumors 18 and 19) and
proliferative patterns among zones from the surface to the core (e.g., tumors 16-18).

Metastasis-induced astrogliosis influences proliferative heterogeneity of tumors. In his “seed
and soil” hypothesis, Stephen Paget first proposed that the tumor microenvironment is both essential and impor-
tant in metastatic seeding and outgrowth?. To explore microenvironmental factors that potentially influence
metastatic outgrowth while taking advantage of the holistic view provided by 3D imaging, we first examined the
astroglial response to brain metastases, a response that 2D imaging insufficiently captures in terms of astrocyte
morphology and spatial distribution (Supplementary Fig. S3). Previous studies have suggested that the astro-
glial response promotes metastatic outgrowth?3. To accurately characterize the astrocyte response to brain
metastases, we imaged the astroglial response in 3D to obtain complete astrocyte morphology in exquisite detail
(Supplementary Fig. S3) and further applied SMART 3D to clearly distinguish anti-GFAP staining from back-
ground noise in 2D and 3D (Supplementary Fig. S3). This enabled us to reconstruct and quantitatively analyze
spatial astrogliosis patterns on a global scale (Fig. 4a). Qualitative analysis of astrogliosis revealed that astrocyte
coverage of tumors was not spatially uniform around metastases and the volume of astrogliosis was variable among
metastases in both the PNA.Met1 model (Fig. 4b) and the MDA-MB-231.Br model (Supplementary Fig. S4).
Notably, the early astroglial response (gliosis index) appeared to be negatively correlated with metastasis
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Figure 3. Proliferative Heterogeneity in PNA.Metl and MDA-MB-231.Br Breast Cancer Brain Metastases.
(a) Global 3D surface rendering of multiphoton images of MDA-MB-231.Br brain metastases (green) and
EdU-tagged nuclei (orange) demonstrating proliferative heterogeneity within the same anatomical region

(left) from low proliferation (top right) to high proliferation (bottom right). (b) 3D multiphoton images (top)
and associated surface generated images (bottom) focusing on EdU-tagged nuclei (orange) in representative
less proliferative (left) and more proliferative (right) PNA.Metl metastases (K8, green). (¢) Kernel density
estimation (KDE) plot of the proliferative indices of small, medium, and large MDA-MB-231.Br metastases
(left) and plot of the relationship between the proliferative index and the log,, of the tumor volume of each
MDA-MB-231.Br metastasis (right). Proliferative index = Total EAU voxel volume/Total tumor voxel volume.
(d) Kernel density estimation plot of the proliferative indices of small, medium, and large PNA.Met] metastases
(left) and quadratic regression plot of the relationship between the proliferative index and the log,, of the
tumor volume of each PNA.Met1 metastasis (right). Proliferative index is defined as panel C. (e) Schematic
representation of concentric zone analysis to analyze spatial characteristics of metastatic proliferation. Zone
depth =10 pum. (f) Regression analyses of the proliferative indices among zones of small (top), medium
(middle), and large (bottom) PNA.Met1 brain metastases. Red diamond = mean of each group. P value is based
on linear regression model. (g) Bar graphs of the proliferative index within each 10 pm zone for each PNA.Met1
brain metastasis.

proliferation (r = 0.648) (Fig. 4d). When metastatic outgrowth progressed, the level of astrogliosis was positively
correlated with the proliferation indices of metastases in both medium (= 0.700) and large (r= 0.656) tumor
groups (Fig. 4d,e). Interestingly, two medium to large-sized metastases (i.e., tumors 14 and 19) have negligi-
ble gliosis, and also have extremely low proliferative indices. Importantly, tumor 19, which had no associated
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Figure 4. Heterogeneous Astrocyte Response to and Influence on PNA.Met1 Brain Metastases. (a) 3D
multiphoton image of astrocytes (GFAP+, red) associated with PNA.Met1 brain metastases (K8, green) (left),
and corresponding 3D segmentation of the astrocytes (right). (b) Representative surface generated images

of PNA.Met1 tumors (green) and various levels of associated astrocytes (red). (c) Schematic representation

of the gliosis zone. Zone depth = 24 pm, the maximum spatial size of one astrocyte. (d) Regression plot of

the relationship between the proliferative index and the square root (sqrt) of the gliosis index for small (left),
medium (middle), and large (right) PNA.Met1 brain metastases. Gliosis index = Total astrocyte voxel volume/
Total zone voxel volume. (e) Representative surface generated images of PNA.Met] metastases (green) and
EdU-tagged nuclei (orange) (left column) and the metastases and the associated astrocytes (red) (right column).
(f) Surface generated image of global view of PNA.Met1 metastases (various colors) and associated astrocytes
(red), highlighting tumors extremely low gliosis (blue; #14 and #19).

astrogliosis, was not proliferative, whereas similarly sized tumors (i.e., tumors 17, 20, and 21) within the same
metastatic niche as tumor 19 were surrounded with reactive astrocytes and thrived with active proliferation
(Fig. 4f), suggesting a role of astrogliosis in sustaining metastasis growth. Unlike PNA.Met] metastases, global
analyses of MDA-MB-231.Br metastases showed no clear correlation between gliosis index, proliferation index,
or metastasis size (Supplementary Fig. S4), indicating a non-essential role of astrogliosis in MDA-MB-231.Br
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brain metastases. It is likely that the exclusive growth of these metastases along blood vessels (Supplementary Fig.
S4a) provides these metastases with a direct nutrient supply that is the ultimate determinant of their outgrowth.

Heterogeneous spatiotemporal angiogenic response to brain metastases. Patterns of brain
tumor and brain metastasis angiogenesis are highly debated®*-*¢ primarily due to a lack of approaches that can
capture blood vessels in their entirety in situ. By taking advantage of our tissue clearing-based imaging approach
and SMART 3D analysis pipeline, we explored the global intratumoral and peritumoral angiogenesis patterns in
3D (Fig. 5a). Qualitative analyses showed extensive, tortuous tumor-associated vasculature comparable to pre-
vious experimental and clinical observations®*. We also observed highly branched vessels covering the tumor
surfaces and few but large infiltrating blood vessels inside the tumors, which were previously underappreciated
features (Fig. 5b, Supplementary Fig. S5a, Supplementary Video S4). To reveal the global spatial relationship of
each tumor cell to the surrounding blood vessels, we further quantified the spatial distance from each tumor
cell voxel to the nearest blood vessel (Fig. 5¢). Although metastatic tumors analyzed contain different numbers
of tumor cells (1 = 264 for tumor D and n = 1136 for tumor A), as measured by the mode frequency of density
curve, most tumor cells were located less than 40 um away from the nearest blood vessel, a pattern consistent
among all metastasis sizes, which is significantly closer than the previously documented limit (100 um) derived
from 2D histology studies®.

To further examine the spatial patterns of angiogenesis, we performed concentric zone analysis covering zones
from the core of metastases to the closest vessel outside the metastases (Supplementary Fig. 5b,c). Despite dif-
ferent tumor sizes, the maximum relative vascularisation index inside each tumor is approximately 0.02. The
vascularisation index of smallest tumor (Tumor D) progressively declined from the tumor surface to the core.
Tumor C had an increase of relative vasculature volume approaching the middle zone, after which point the
relative vasculature volume sharply decreased, producing an inverted parabola, implying de novo angiogenesis
inside the tumor.

Finally, to test the whether the SMART 3D-based angiogenesis analysis could potentially be used to evaluate
anti-angiogenic therapies, we treated brain metastasis-bearing mice with multi-kinase inhibitor Sorafenib, a FDA
approved small molecule inhibitor which has been shown to be blood brain permeable and enter the brain*!
and exhibit encouraging efficacy in treating brain metastases derived from renal cell carcinoma®. Surprisingly,
despite a discernable decline of peritumoral angiogenesis, the intratumoral mean vascular density (MVD) did not
significantly decrease (Fig. 5d).

Discussion

Metastatic colonization and outgrowth are believed to be spatially heterogeneous and temporally dynamic. While
current state-of-the-art single-cell sequencing technologies have made strides toward understanding the genetic
basis of tumor heterogeneity, deciphering the spatial and compositional heterogeneity of metastasis remains
heavily reliant on conventional 2D histology. It is imperative to develop and integrate novel techniques from mul-
tiple disciplines to explore metastasis from spatial perspectives. In this study, we sought to do so by further devel-
oping and integrating cutting-edge technologies from the fields of both neuroscience and computational science.
Our unique, integrative approach combining whole tissue clearing, staining, and imaging, with computer-assisted
segmentation and quantifications (SMART 3D) provided us leverage in studying the metastatic landscape with
unparalleled accuracy. Specifically, we have demonstrated the power of whole tissue imaging in delineating aston-
ishing morphological diversity of metastatic tumors. More importantly, we demonstrated the feasibility of using
multiplexed immunostaining to molecularly characterize the spatially heterogeneous metastasis landscape. With
further refinement of whole tissue staining procedures and validation of antibodies for cleared tissue, we expect
multiplexed molecular staining will produce unprecedented mechanistic insight into many biological phenomena
in the near future.

With the maturation of tissue clearing techniques, using this whole tissue imaging approach to explore tissue
structure or tumor heterogeneity becomes highly desirable for many laboratories. However, quantitative analysis
of 3D volumetric datasets that are terabytes in size imposes new, significant challenges. Our study provides one
possible solution (SMART 3D) for quantitative analysis of 3D, multi-channel volumetric data. First, by develop-
ing and applying a spatial background removal algorithm, we effectively removed inhomogeneous fluorescent
background present in most biological samples and further induced by immunostaining. Effective background
removal in 3D images forms the foundation for downstream segmentation and quantification. Second, we con-
structed a machine learning (forest classifiers) based multi-channel 3D reconstruction pipeline by integrating
biologically meaningful factors annotated by biologists and computational features intrinsic to 3D volumetric
datasets. In our experience, applying this machine-learning pipeline is critical to more effectively extract and
recover structural information from large 3D volumetric data that inevitably varies significantly within the same
dataset. Lastly, our study demonstrated how our integrative whole tissue imaging and analysis platform could
help biologists generate statistically significant correlations and discern previously unknown patterns that imply
novel hypotheses of molecular mechanisms to be formulated and further explored.

Our study applying our integrative pipeline revealed a previously underappreciated heterogeneity in the met-
astatic landscape, and our spatial analysis of the metastasis landscape also shed light on how the TME impacts
metastatic outgrowth. Two examples of such microenvironmental factors/processes we investigated in our study
are astrocytes (in the process of astrogliosis) and vasculature. Through cross-referencing metastasis proliferation,
tumor developmental stage, and astrogliosis, we revealed a dual, stage-dependent role of astrocytes on metastatic
outgrowth (Fig. 4). Through global proliferation analysis coupled with spatially defined blood vessel density, we
noted that the majority of cells in metastatic tumors are located in close proximity (between 10-20 um) to blood
vessels (Fig. 5¢). More interestingly, the anti-angiogenic treatments led to a divergent spatial pattern of blood
vessel distribution, which should be closely examined in the future studies. Collectively, results from our unbiased
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Figure 5. Heterogeneous Spatial and Temporal Vasculature Response to PNA.Met1 Metastases. (a) 3D
multiphoton image of metastasis-associated vasculature (top) and associated 3D segmentation image (bottom).
(b) 3D images of metastasis-associated vasculature (red) before (top left) and after (top right) surface generation
of vasculature, with a focus on vasculature on metastasis surface (bottom left) and infiltrating vasculature
(bottom right). (c) Kernel density estimation (KDE) plot for the distance of each tumor cell voxel to the nearest
blood vessel for tumors A, B, C, and D. n: number of tumor cells. (e) Surface generated image of a PNA.Met1
brain metastasis (transparent green) and associated vasculature (red) treated with Sorafenib (left) and plots

of the mean vasculature density within the tumor (intratumoral) and outside the tumor (peritumoral) for
Sorafenib and control-treated mice. Peritumoral zone = spatial distance within 100 um from tumor surface.
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global approach further underscore a critical role of metastatic niche environmental factors and their potential
role in sustaining metastatic outgrowth or metastatic dormancy. These observations will lead to new avenues for
further functional investigations of novel mechanisms of metastasis.

With the continuous development of new, better tissue clearing methods and optics technology, our platform
and SMART 3D will only grow in relevance. Our platform is designed to be able to integrate any given tissue clear-
ing method, and SMART 3D is capable of processing and analyzing image data sets derived from a variety of 3D,
multi-channel high content imaging strategies. In this study, we demonstrated the ability of SMART 3D to adapt
to analyzing datasets derived from the most recently developed tissue clearing methods, including CUBIC 2,
PACT, and ScaleAB**-**. Furthermore, our platform will become even more vital for researchers applying new
tissue clearing methods, which are increasingly compatible with multiple antibodies (Supplementary Table S2).
Increasing ability to simultaneously stain for multiple markers will dictate the use of several channels during
image acquisition, necessitating the multi-channel processing and analysis of which our platform is uniquely
capable. Advanced optics systems for imaging will decrease image acquisition time while increasing the data
content obtained, which SMART 3D will be able to process and analyze. Our integrative pipeline, unlike most
methods and technologies, promises to become increasingly relevant with time and provide a scaffold by which
researchers can tackle complex biological questions.

Taken together, we developed an integrative platform for 3D quantitative analysis of the spatially and compo-
sitionally heterogeneous metastasis landscape. Using whole tissue multiplexed staining and fluorescence imaging
coupled with our SMART 3D image analysis pipeline, we demonstrated intriguing patterns of spatial hetero-
geneity of the metastatic landscape. By integrating multidisciplinary expertise, our proof-of-concept study, the
first of this type, further demonstrates the necessity of examining metastases in 3D in situ, the practicality of this
approach, and the novel concepts and discoveries that may be derived from 3D quantitative image analysis.

Methods

Cell Culture. The parental MDA-MB-231 cells were purchased from ATCC. MDA-MB-231.Br cell line was
developed by in vivo selection of brain tropic derivatives for a minimum of three rounds through intra-cardic
injection. PNA.Met1 cell lines were established from spontaneous primary murine mammary tumors from
MMTV-PyMT transgenic mouse (FVB background). MDA-MB-231.Br cell line was cultured in DMEM F12
medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin (Pen-Strep). PNA.
Metl cells were cultured in DMEM high glucose medium supplemented with 10% FBS and 1% Pen-Strep. Both
cell lines were maintained at 37 °C in a 5% CO, humidified environment and subcultured upon reaching approx-
imately 85% confluence. Immediately prior to injection, cells were rinsed three times with 1 x PBS, trypsinized,
and pelleted twice and resuspended in serum-free RPMI medium to a concentration of approximately two mil-
lion cells/mL.

Brain Metastasis Mouse Models and /n Vivo Experiments.  All animal experiments were performed
ethically and in accordance with IACUC protocol approved by the University of Notre Dame IACUC committee.
FVB and congenic Ragl—/— (C.129S7(B6)-Ragl™™°m/T) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). All mice were eight weeks or older prior to experimental procedures. I vivo brain metastases
were formed by either injection of 100 4L (~200,000 cells) cell suspension via the right internal carotid artery or
intra-cranial injection of 690 nL of ~70,000 cells (drug treatment experiments). Prior to and during injection of
cancer cells, mice were anesthetized with isoflurane. Following surgery, mice received 100 yL subcutaneous injec-
tions of Baytril® (2.27%, Bayer HealthCare LLC, Animal Health Division), Ketoprofen® (1 mg/mL) and 1mL of
0.9% NaCl. FVB mice injected with PNA.Met1 cells were sacrificed after two weeks following cell injection, while
the Ragl —/— mice injected with MDA-MB-231Br cells were sacrificed between three to four weeks after injec-
tion. Two hours prior to sacrifice, mice were injected with 100 yL of 100 mg/mL 5-ethynyl-2’-deoxyuridine (EdU,
Life Technologies, Cat. No. 10639) via tail vein. For labeling blood vasculature, animals were injected with 100 uL
10,000 MW Dextran, Alexa Fluor® 488 or Alexa Fluor® 594 (Life Technologies™, Cat. No. D-22910 or D-22913)
via tail vein five minutes prior to sacrifice when the brain was intended to be put through PACT or CUBIC tis-
sue clearing. In instances when the brain was intended to be cleared by the ScaleAB protocol, cardiac perfusion
with 10mL or DiR (Sigma, Cat. No. 43608) was performed as described previously*®. Immediately prior to and
during sacrificing, mice were anesthetized with isoflurane. Mice that did not receive a Dextran injection or were
not perfused with DiR were perfused transcardially with 10 mL chilled 1x PBS immediately followed by 10 mL
chilled 4% paraformaldehyde (PFA). Mice that did receive a Dextran injection were not perfused. Brains were
extracted, cut in half sagittally, and placed in 4% PFA for 24 hours at 4 °C with gentle rocking. For anti-angiogenic
treatment experiments, Sorafenib (LC Laboratories, Woburn, MA) was administered to mice at a concentration
of 50 mg/kg by intra-peritoneal injection once daily 10 days following metastasis induction. Sorafinib was diluted
in Cremophore EL (Sigma

Tissue Clearing and Staining. Slightly modified CUBIC and PACT tissue clearing protocols**” were used
as follows for brain tissue clearing, with the exception of the Sorafinib treated brains. Following 24 hours fixation,
brains were rinsed twice with 1 x PBS, sliced into 2 mm sagittal sections, and incubated in a hydrogel formulation
(2 or 4% acrylamide in 1x PBS with 0.25% photoinitiator VA044 [Wako Chemicals]) at 4 °C gently rocking for
three days. Prior to hydrogel polymerization, samples were degassed using a desiccation chamber, alternating
between three 10-minute cycles of vacuum and nitrogen gas. Samples were polymerized by incubation at 37 °C for
3-4hours. Polymerized hydrogel was decanted and samples were rinsed twice with 1 x PBS. Lipid removal from
samples was then performed using either 8% SDS in 1 x PBS. Once samples became optically transparent after
approximately 4-7 days, samples were washed for 24 hours in 1 x PBS before whole tissue staining (molecular
phenotyping). For molecular phenotyping, all samples were first incubated in a 1:50 primary antibody dilution
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(anti-Ms mAb GFAP (GAS5), Cell Signaling Technology Technologies®, Cat. No. 3670s; anti-Rb mAb Cytokeratin
8 (EP1928Y), Abcam®, Cat. No. ab53280) in 0.1% Triton X-100 for 3 to 7 days with gentle rotating. Following
primary antibody incubation, samples were washed for 24 hours in 0.1% Triton X-100 with minimum three
rounds of buffer changes. All samples were then incubated in a 1:50 secondary antibody (goat anti-Rb or goat
anti-Ms Alexa Fluor® 488, 594, or 647) dilution in 0.1% Triton X-100 for 3 to 7 days with gentle rotating. After
secondary antibody incubation, EdU was detected per Click-iT EdU Alexa Fluor® 488 or 594 imaging kit (Life
Technologies™, Cat. No. 10639) protocol with a 3-4 hour detection incubation period. Some samples were incu-
bated in DAPI (0.025 mg/mL) for 12 hours with gentle rotating. Samples were washed one last time in 0.1% Triton
X-100 for 24 hours with multiple buffer changes and then made optically transparent by incubation in CUBIC
2 reagent prepared as described previously* for at least 2 hours prior to imaging. The brains of Sorafinib treated
mice were cleared using ScaleAB methodology as previously described*.

Confocal and Two-Photon Microscopy. All images were acquired using either the confocal or two pho-
ton setting on a commercial multiphoton laser scanning inverted microscope (Olympus FV1000) equipped with
filter set (460-500, 520-560, 525-625, 650-700 nm) and a mode-locked Ti:sapphire laser (Mai Tai DeepSee
690-1040 nm, Spectra-Physics). Optical cleared and stained samples were immersed in CUBIC 2 reagent in a
custom-made sample holder when imaged using a 10x ScaleView objective (XLPLN10XSVMP, Olympus USA;
NA = 0.6 and WD = 8 mm) or placed on a coverslip when imaged using the 25x objective (XLSLPLN25XGMP,
Olympus USA; NA = 1.0 and WD = 8 mm). Use of confocal versus multiphoton was dictated by which method
better excited the Alexa fluorophores, which depended on fluorophore vendor and imaging depth. When acquir-
ing images to be stitched, MATL was used in the Olympus software to program 10% overlap between imaging
stacks.

Image Processing and Segmentation.  Background removal. ~ Auto-fluorescence in mouse brains results
in a strong and inhomogeneous background in the acquired 3D images. Such inhomogeneous background (noise)
causes difficulties to segmentation and visualization of the 3D images. We developed a new approach® that com-
bines the spatial filtering method and optimization-based methods for this background removal problem. First,
we applied percentile filtering with a window size that is slightly bigger than the size of the smallest object (e.g.,
the size of a cell) in the image, to estimate a rough background. Then, we used unsupervised one-class learning?!
to detect errors in this rough estimation. Finally, these errors were corrected in the re-estimation process and the
refined background estimation was obtained for generating a noise-free image. The processing speed of our new
background removal method' is comparable to the rolling ball algorithm? and yields the state-of-the-art accu-
racy. More details and validations can be found in’.

Voxel-level segmentation. 'We utilized information from multiple channels (e.g. K8, DAPI, GFAP, and EdU) for
segmentation. For this purpose, we formulated the voxel-level segmentation problem as a classification problem.
Several classifiers were trained to determine whether a voxel belongs to a specific type of foreground (tumor cells,
astrocytes, blood vessels, etc) or the background based on multi-channel features. These classifiers were then
applied to every voxel in the 3D image to generate the segmentation.

(1) Multi-channel feature extraction: The classification accuracy relies heavily on the quality of the extracted
features. In order to utilize multi-channel information, our multi-channel feature extraction procedure for the
voxels consists of two main steps. (i) Extracting a feature vector in each channel. As in*, the following features are
extracted for every voxel in each channel to represent its appearance and texture: Intensity, gradient magnitude,
eigenvalues of the Hessian matrix, and eigenvalues of structure tensor; (ii) concatenating together feature vectors
from different channels to form a multi-channel feature vector. (2) Voxel classification: After the feature extraction
process, training data were labeled by human experts and used to train four random forest classifiers*’ that were
designed to classify tumor cells, astrocytes, proliferating cells, and blood vessels. Each classifier has 200 trees and
2 candidate features in each node. These classifiers are then applied to every voxel in the 3D image to generate
segmentation results.

Structural-level segmentation.  Since tumor cells tend to form dense clusters, to eliminate false-positives, cell
clusters whose volumes are larger than a threshold in the voxel-level segmentation of tumor cells were identified
as tumor clusters. The volume of each cell cluster was approximated by the volume of its connected component in
the voxel-level segmentation. The threshold for large clusters was selected by a human expert for each 3D image.
When K8 staining was used, each cell cluster that contains K8 signal was immediately identified as a tumor cluster
regardless of its size.

Image Quantification. Based on the structural-level segmentation and voxel-level segmentation, we per-
formed the following quantifications. (1) Proliferation ratio: By assuming that every cell of a specific type has an
average volume, the proliferation ratio of each tumor cluster can be determined approximately as the ratio of the
volume of proliferating cells inside the tumor to the volume of the tumor cluster. The volume of proliferating cells
was computed based on their voxel-level segmentation and the volume of the tumor cluster was computed as
describe above. (2) Volume of surrounding astrocytes (astrogliosis): For each tumor cluster, we define its surround-
ing space as consisting of all the voxels that satisfy the following two conditions: (a) It is outside the tumor cluster,
and (b) its closest distance to the tumor surface is smaller than a chosen value dis (the average diameter of an
astrocyte is 24 pm. Therefore we set dis = 24 um to survey the single layer of astrocytes surrounding the tumor for
astrocytes). The surrounding space was calculated in two steps: (i) dilate the cluster region in the original image
in a spherical manner with a radius dis; (ii) subtract the original cluster region from the dilated region. Then the
volume of the surrounding astrocytes can be easily calculated. (3) Zone analysis: Zone analysis was performed in
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a similar manner. Each zone was calculated using image morphological or logical operations. (4) Distribution of
the closest distances from tumor cells to blood vessels: We computed approximately the distribution of the closest
distances from tumor cells to blood vessels by computing the distribution of the closest distances from tumor cell
voxels to blood vessel voxels, which was carried out by using the k-nearest neighbor search function in MATLAB.

3D Volumetric Data Presentation. 3D images were obtained by stacking up and aligning 2D image slices
based on minimizing the mean squared error (MSE) between aligned regions in consecutive slices using a custom
MATLAB code and XUVStitch (http://www.xuvtools.org). All surface generated images and videos of original
data or surface generated data were created using IMARIS software (Bitplane).

Raw quantification data were extracted by using MATLAB, and statistical analysis was performed in R studio.
P < 0.05 (two-tailed) was considered statistically significant.
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Abstract

The impact of altered amino acid metabolism on cancer pro-
gression is not fully understood. We hypothesized that a meta-
bolic transcriptome shift during metastatic evolution is crucial for
brain metastasis. Here, we report a powerful impact in this setting
caused by epigenetic upregulation of glutamate decarboxylase 1
(GAD1), a regulator of the GABA neurotransmitter metabolic
pathway. In cell-based culture and brain metastasis models, we
found that downregulation of the DNA methyltransferase
DNMT1 induced by the brain microenvironment-derived clus-
terin resulted in decreased GAD1 promoter methylation and
subsequent upregulation of GAD1 expression in brain metastatic
tumor cells. In a system to dynamically visualize cellular meta-

Introduction

Altered cancer cell metabolism has been recognized as one of
the important hallmarks of cancer (1, 2). The dynamic meta-
bolic balance between metabolic stress and the high demand
for macromolecules for enhanced proliferation in the tumor
cell is highly tissue context dependent (1). The process of
metastasis represents an extreme case of context-dependent
metabolic adaptation (3). Recently, experimental evidence
began to shed light on the critical role of the metabolic
interactions between tumor cells and the metastatic tumor
microenvironment in facilitating metastatic success. Direct
lipid transfer from peritoneal adipocytes to metastatic ovarian
cancer cells promotes omental metastasis (4). Colon cancer
cell-derived creatine kinase promotes the synthesis of phos-
phocreatine, which is transported and catabolized by meta-
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bolic responses mediated by GAD1, we monitored the cytosolic
NADH:NAD™" equilibrium in tumor cells. Reducing GAD1 in
metastatic cells by primary glia cell coculture abolished the
capacity of metastatic cells to utilize extracellular glutamine,
leading to cytosolic accumulation of NADH and increased oxi-
dative status. Similarly, genetic or pharmacologic disruption of
the GABA metabolic pathway decreased the incidence of brain
metastasis in vivo. Taken together, our results show how epigenetic
changes in GAD1 expression alter local glutamate metabolism in
the brain metastatic microenvironment, contributing to a meta-
bolicadaption that facilitates metastasis outgrowth in that setting.
Cancer Res; 77(11); 2844-56. ©2017 AACR.

static tumor cells to generate ATP (5). In addition, an in vitro
proteomics analysis of brain-seeking subclones of a breast
cancer cell line showed an increase in proteins that regulates
B-oxidation of fatty acid synthesis, glycolysis, and citric acid
cycle (TCA) cycle activity compared with the parental lines,
implying a role for the brain microenvironment in reshaping
metastatic tumor cell metabolism (6). Yet, the mechanisms of
how metastatic tumor cells acquire a new metabolic balance
when surrounded by a highly metabolically unique brain
microenvironment are still poorly understood.

In normal physiologic conditions, the brain microenviron-
ment displays a unique metabolic cooperation among diverse
cells types. Global brain tissue metabolism is compartmental-
ized between different cellular subtypes (7). This compart-
mentalized metabolic phenotype requires dynamic cross-talk
between various cell types to establish a cohesive metabolic
signaling network (8, 9). Highly active neurons require an
uninterrupted supply of metabolites from the astrocyte-neuron
metabolic shuttle: lactate, glutamate, glutamine, malate, and
o-ketoglutarate (10-13). Interestingly, recent studies have
revealed cross-talk between brain astrocytes and metastatic
tumor cells that is reminiscent of astrocyte-neuron interactions,
including downregulation of the tumor suppressor PTEN
through the uptake of glia-derived exosomes (14), and gap
junction-mediated transfer of cGAMP to astrocytes (15).
Intriguingly, clinical brain metastases display an increased neu-
ronal-like gene signature compared with primary tumor coun-
terparts, suggesting metastatic tumor cells engage an extensive
brain-like transcriptome adaptation (16, 17). However, it is
still unknown whether the neuronal-like properties obtained by
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the metastatic tumor cell facilitate a neuronal-like metabolic
adaption to efficiently utilize the metabolites in the extracellular
compartment of the brain.

In this study, we identified the brain microenvironment-
dependent upregulation of glutamate decarboxylase 1 (GAD1)
in metastatic cancer cells, which facilitates glutamine metabo-
lism and intracellular y-aminobutyric acid (GABA) production.
Mechanistically, we elucidated that epigenetic regulation
induced by the brain microenvironment-derived clusterin
resulted in an upregulation of GAD1 expression and function-
ally necessitated sustained brain metastatic outgrowth. Further-
more, our results revealed a novel therapeutic opportunity for
brain metastasis patients. GAD1-GABA-dependent metastasis
outgrowth warrants an alternative therapeutic strategy by repur-
posing FDA-approved blood-brain barrier (BBB)-permeable
GABA-targeting agent. Here, we demonstrate that vigabatrin, a
clinically approved antiepileptic seizure drug targeting the
catabolism of GABA downstream of GAD1, showed a promis-
ing therapeutic efficacy in treating brain metastasis in vivo. In
summary, our study provides mechanistic insight into brain
microenvironment-induced epigenetic regulation of GADI.
Our preclinical evidence of repurposing antiseizure agents as
novel anti-brain metastatic treatment opens new translational
avenues, which could yield more effective clinical therapeutics
for patients who are desperate for a cure.

Materials and Methods

Reagents and cell culture

A375SM and MDA-MB-231 cell lines were purchased from
ATCC in the past 3 years and cultured less than 6 months
before replenishment. Cells were authenticated by short tan-
dem repeat less than 6 months prior to publication. All cell
lines were tested mycoplasma negative. Human cell lines were
further authenticated using STR profiling by Genetica DNA
Laboratories. Primary glia cells were isolated from the brain
tissue of newborn C57B6 mouse pups (1-3 days old) as
described previously (18). Cancer-associated fibroblast (CAF)
cell line was a gift from Dr. Zachary Schafer at the University of
Notre Dame (Notre Dame, IN). Lentiviral-based expression
vectors pcDNA3/Myc-DNMT1 (36939), pcDNA3.1-Peredox-
mCherry (32383), and packaging vectors were purchased from
Addgene. Lentiviral-based TRIPZ short hairpin RNA (shRNA)
and SMARTpool:ON-TARGETplus siRNA were purchased from
GE Healthcare. MISSION esiRNA and GABRA1 (HPA055746)
antibodies were purchased from Sigma-Aldrich. DNMT3A
(ab4897) and p-AMPK (ab131357) antibodies were purchased
from Abcam. DNMT1 (5032) and DNMT3B (67259) antibo-
dies were purchased from Cell Signaling Technology. For
coculture experiments, tumor cells were mixed in a 1:5 ratio
with either freshly isolated primary glia or CAF cells in 6-well
plates. For the transwell coculture experiments, tumor cells
were seeded in the bottom wells, and primary glia or CAF cells
were seeded on the upper insert and maintained for 2 days. For
conditioned media and coculture experiments, reduced media
(1 g/L glucose, 2 mmol/L 1-glutamine, 10% of FBS, and 1%
penicillin/streptomycin) were used. Conditioned media were
collected 5 days after seeding of either glia or CAF cells.
Conditioned media were mixed with fresh media as designated
and used as culture media for tumor cell proliferation assay.
Cytokine array analysis was conducted by RayBiotech (Quanti-

www.aacrjournals.org

Brain Microenvironment Reshapes Metastatic Metabolism

body Mouse Cytokine Array 4000). Human clusterin protein
(2937-HS-050) was purchased from R&D Systems. Clusterin
siRNA (mouse, sc-43689) was purchased from Santa Cruz
Biotechnology.

Bioinformatics and gene set enrichment analysis

Publicly available GSE19184 dataset (17) was analyzed for
transcriptome changes of tumor cell at the different tissue
microenvironments. In brief, we performed differential gene
expression analysis using the Comparative Selection Marker
Module interface to compare the transcriptome profile of brain
metastases to respective primary tumor. Four tumor types were
analyzed: MDA-MB-231Br3 for mammary tumor, PC14Br4 for
prostate tumor, A375SM for melanoma, and KM12M for cecum
cancer. A g-value of less than 0.05 was considered statistically
significant. To identify metabolism-related genes, we per-
formed gene set enrichment analysis (GSEA; ref. 19) using
GenePattern interface (http://www.broadinstitute.org/gsea/;
ref. 20). Metabolism-specific custom gene sets were assembled
from the MSigDB v4.0 database (19), specifically from ¢2 and
¢5 subdatabases. GSEA enrichment results were compared
across all four cell lines to identify shared enriched gene sets.
The differently expressed metabolic genes were depicted by Java
Treeview. Network analysis was conducted through the web-
based bioinformatics package NetworkAnalyst (http://www.
networkanalyst.ca) based on recommended protocol (21, 22).

gRT-PCR

Total RNA was isolated using TRIzol reagent (Life Technolo-
gies) and then reverse transcribed using Verso cDNA Synthesis Kit
(Thermo Fisher Scientific). SYBR-based qRT-PCR was performed
using predesigned primers. For quantification of gene expression,
real-time PCR was conducted using iTaq Universal SYBR Green
Supermix (Bio-Rad) on a Mastercycler ep realplex real-time PCR
machine (Eppendorf). The relative expression of mRNAs was
quantified by 2744 with logarithm transformation.

Proliferation assay

Tumor cells were seeded in 1:5 ratio of tumor to stromal cell and
cultured for 48 hours in reduced media. Five random nonover-
lapping regions were imaged using a Zeiss Axio confocal micro-
scope. Three wells were manually counted for each condition.

DNA extraction and methylation analysis

Genomic DNA was extracted from 25 mg of brain tissue
containing human metastatic tumors or 100,000 tumor cells with
the DNeasy Blood and Tissue Kit (Qiagen). DNA (1 pug) was
modified with sodium bisulfite (EpiTect Kit, Qiagen). For meth-
ylation-specific PCR, 100 ng of converted DNA was amplified with
the EpiTect MSP Kit (Qiagen) using specific methylated or
unmethylated primers designed with MethPrimer (23) and fol-
lowing the cycling conditions indicated by the EpiTect MSP Kit.
For bisulfite sequencing, GAD1 promoter region (CpG island
122) was amplified and gel was purified. Sanger DNA sequencing
was performed on purified PCR amplicon.

Biosensors and time-lapse imaging

Tumor cells were transiently transfected with Peredox (24)
and cocultured with either CAF or glia cells in reduced media
conditions for 48 hours. For time-lapse imaging, cells were
incubated in an environment chamber (5% CO, and 37°C)
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with a consistent media flow (0.5 mL/minute). Glutamine was
supplemented for a final concentration of 2 mmol/L. Cells were
maintained in initial reduced media condition for 10 minutes
prior to image acquisition. Time-lapse imaging was performed
on a Nikon A1-R confocal microscope (ex:488 nm em:561 nm).
ImageJ and custom MatLab codes were used to subtract back-
ground, determine fluorescent intensity, and generate pixel-by-
pixel green-to-red ratio image for each time point. Fluorescence
baseline value of each cell at the initial time point was defined
as relative level 1.0.

In vivo animal experiments

All animal experiments and terminal endpoints were carried
out in accordance with approved protocols by Notre Dame
Institutional Animal Care and Use Committee. Primary mam-
mary fat pad (MFP) tumors were established by injection of 5 x
10° tumor cells orthotopically into the MFP of 12-week-old
Rag1~/~ mice. Brain metastatic tumors were established by either
intracarotid injection of tumor cells (2.5 x 10> cells in 0.1 mL of
serum-free media) or intracranial injection (5 x 10* cellsin 2 uL of
serum-free media). The endpoints of in vivo experiments are based
on the presence of clinical signs of brain metastasis, including but
not limited to, primary central nervous system disturbances,
weight loss, and behavior abnormalities. Animals are culled after
showing the above signs or 3 week after surgery. Eight hematox-
ylin and eosin (H&E)-stained sagittal sections through the left
hemisphere of the brain were analyzed for the presence of met-
astatic lesions. Brain metastases incidence was quantified by
identification of tumors from fluorescent images of total brain
(A375SM) or by identification of tumors from H&E-stained
sections (MDA-MB-231).

THC and immunofluorescence staining

Standard THC was performed as described previously (14).
Immunofluorescence was performed following the standard pro-
tocol (Cell Signaling Technology). Image] was used for quanti-
fication of pixel-by-pixel intensity of staining.

Statistical analysis

For quantitative data with normal distribution, the Student ¢
test was used for comparing two groups. All Pvalues are two tailed.
A difference with P < 0.05 (two sided) was considered statistically
significant.

Results

Brain metastatic microenvironment induces a global metabolic
transcriptome shift

To examine the global influence of the brain metastatic micro-
environment on cancer cell metabolism in vivo, we performed
bioinformatics analysis focusing on curated metabolism-related
genes using a publicly available ¢cDNA microarray dataset
(GSE19184), containing gene expression data generated from
either primary xenograft tumors or brain metastases counterparts.
This dataset represents major tumor types that metastasize to the
brain, including lung (KM12M), colon (PC14Br4), melanoma
(A3755M), and breast (MDA-MB-231Br3). Surprisingly, we
observed a global downregulation of the majority of metabo-
lism-related genes in brain metastatic tissues compared with
respective primary tumors, regardless of their distinct primary
tumor of origin (Fig. 1A). In contrast, only a small set of metab-
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olism-related genes were upregulated in brain metastases (Fig. 1A,
top right), suggesting that brain metastases engage a specific
metabolic program that is vital for sustaining their energy needs.
We performed GSEA to further determine the functional implica-
tions of the tumor metabolic shift. Interestingly, despite the
majority of metabolism-related gene sets were negatively enriched
in the brain metastatic tumors, only one gene set (REACTOME:
GABA synthesis, release, reuptake, and degradation) was signif-
icantly enriched in the brain metastatic tumors in all four cell lines
(Fig. 1B-D, Supplementary Fig. S1; Supplementary Table S1).
GABA is an inhibitory neurotransmitter primarily found in
GABAergic neurons (25). In line with a recent clinical finding
demonstrating GABA receptor upregulation in human HER2™"
breast cancer brain metastases (16), enrichment of GABA signal-
ing in brain metastatic tumor cells suggests that the metastatic
tumor cells might adapt and shift to more neuronal-like signaling
to thrive in the brain microenvironment. To mimic the brain
microenvironment, we cocultured MDA-MB-231Br cells with
primary brain glia cells and observed an increase in one GABA
receptor isoform, GABRA1, compared with tumor cells alone
(Supplementary Fig. S2A). Examining the "REACTOME: GABA
synthesis, release, reuptake, and degradation" gene set further
revealed glutamate decarboxylase 1 (GAD1) as among the only
three significantly upregulated genes in brain metastases (Fig. 2A).
GADI1 catalyzes the production of GABA from r-glutamic acid and
is primarily found in the cytosol to provide an intracellular source
of GABA for cell metabolism (26). As other cellular processes to
catabolize glutamine (and glutamate) were downregulated (Sup-
plementary Fig. S2B and S2C; Supplementary Table S2) in brain
metastatic tumor cells, we reasoned that the GAD1-mediated
GABA pathway could be the primary method for utilizing gluta-
mine as an energy source in metastatic tumor cells.

To validate the observed increase of GAD1 in brain metastases
from our bioinformatics analysis, we injected MDA-MB-231
parental cells (MDA-MB-231 here after), a non-brain-seeking
triple-negative breast cancer cell line, into either the brain or
mammary fat pad to model brain metastases and primary breast
cancer. Using human-specific qRT-PCR primers, we detected a
significant increase of GAD1 mRNA expression in the brain
metastatic tumor compared with the primary tumors (Fig. 2B,
P < 0.01). To model the different tissue microenvironments in
vitro, we cocultured tumor cells with either Cavl ™/~ fibroblast
(CAF) cells or primary glia cells to model the primary cancer
microenvironment or brain metastatic microenvironment,
respectively (14, 27). Compared with CAF coculture, coculture
with primary glia cells led to a significant increase of GAD1 mRNA
expression in both MDA-MD-231 cells and A375SM cells (Fig. 2C,
P < 0.01), which was associated with increased cell proliferation
of tumor cells (Fig. 2D, left, P < 0.001). Importantly, the prolif-
erative advantage imposed by glia coculture was completely
abolished by inducible knockdown of GAD1 in tumor cells
(Fig. 2D, right, P < 0.0005 and Supplementary Fig. S3, P <
0.0001). Together, these data demonstrate that the brain meta-
static microenvironment alters the cancer cell metabolic tran-
scriptome and induces upregulation of GAD1 mRNA expression,
thereby facilitating tumor cell proliferation.

Brain microenvironment-induced downregulation of
DNMT1 reactivates GAD1 expression

Epigenetic regulation has been implicated in the regulation
of GAD1 gene expression under certain pathologic conditions,
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Figure 1.

Metastatic microenvironment induces metabolic transcriptome shift. A, Heatmap of differentially expressed metabolic genes identified from bioinformatic
analysis of GSE19184. B, GSEA result of gene sets enriched in either brain metastatic or primary tumor samples arising from MDA-MB-231Br3. C,
Cleveland plot of top 10 gene sets enriched in either brain metastatic or primary tumor samples arising from MDA-MB-231Br3. D, Venn diagram of
gene sets enriched in the brain metastatic samples arising from indicated cell lines.

such as schizophrenia (28). We examined the ENCODE
data track of the GAD1 genomic locus (29) and found that
CpG islands located on the GAD1 promoter are heavily meth-
ylated in differentiated cancer cell lines (K562, HeLa, and
HepG2) while demethylated in human embryonic stem cells
(hESC; Fig. 3A). This suggests a possible methylation-depen-
dent regulation of GAD1 mRNA transcription (30). We first
performed methylation-specific PCR (MSP) using human-spe-
cific primers to multiple CpG sites along the GAD1 promoter
(Supplementary Fig. S4). Coculture with glia cells decreased
GAD1 promoter methylation compared with coculture with
CAFs (Fig. 3B). Bisulfate sequencing of CpG island 122 located
in the GAD1 promoter further validated a decreased GAD1
promoter methylation under the glia cell coculture (Fig. 3C,

www.aacrjournals.org

P < 0.05). Consistently, in vivo brain metastases exhibited a
similar decrease in GAD1 promoter methylation compared
with paired primary tumors (Fig. 3D).

As the primary enzyme regulating the propagation of
DNA methylation (31), DNA (cytosine-5)-methyltransferase 1
(DNMT1) has been shown to regulate GAD1 through DNA
methylation in multiple physiologic conditions (28). Interesting-
ly, we observed a significant decrease of DNMT1 mRNA in brain
metastatic tissue compared with paired primary tumors deriv-
ed from A375SM and MDA-MB-231Br3 cells (q < 0.005 and
q < 0.001, respectively) in our bioinformatics analysis of
GSE19184 (Fig. 3E). Moreover, we detected a significant reduc-
tion of DNMT1 mRNA expression using independent, paired
tumor sets (brain vs. primary; Fig. 3F, P < 0.0001) and cocultured
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Brain microenvironment induces GAD1 upregulation. A, Heatmap of reactome. GABA synthesis, release, reuptake, and degradation gene set from
bioinformatic analysis of GSE19184. B, gRT-PCR validation of GAD1 mRNA expression using tissue samples of either primary or brain metastatic tumors derived
from MDA-MB-231. C, gRT-PCR of GAD1 mRNA expression of tumor cells after 48-hour coculture with either CAFs or glia cells; left, MDA-MB-231; right,
A375SM. D, Left, cell proliferation assay of MDA-MB-231 after 48 hours of coculture with CAF or primary glia cells; right, cell proliferation assay of MDA-MB-231
with or without knockdown of GAD1 by transfection with either control shRNA or GAD1-targeting shRNA prior to coculture with primary glia cells for 48 hours

with doxycyline-containing reduced media.

with glia, but not CAF cells, led to a prominent decrease in
DNMT1 mRNA expression in both MDA-MB-231 and A375 cells
(Fig. 4A, P < 0.005 and P < 0.001, respectively). Consistently,
DNMT1 protein expression was also decreased in glia coculture
(Supplementary Fig. S5A), while there are no evident changes in
DNMT3A and DNMT3B mRNA and protein (Supplementary
Fig. S5B-S5D). The above evidence suggests that the brain micro-
environment induces demethylation of the GAD1 promoter,
possibly through downregulation of DNMTI1. To determine
whether the altered DNMT1 expression in tumor cells induced
by glia coculture requires direct cell-to-cell contact, we cultured
tumor cells using conditioned media from either glia or CAF cells.
Culture with glia-conditioned media, but not CAF-conditioned
media, reduced DNMT1 mRNA expression (Fig. 4B, P < 0.05).
Consistently, when we cultured tumor and stromal cells in a
transwell system, we observed a similar decrease in DNMT1
expression (Supplementary Fig. S5E, gray boxes, P < 0.005) and
a corresponding increase in GAD1 expression (Supplementary
Fig. S5E, white boxes, P < 0.005), suggesting an unique glia-
secretory factors influence DNMT1 gene expression in tumor cells.
Next, we conducted an unbiased cytokine screen to identify the
glia-secretory factor influencing the epigenetic regulation of
GAD1 in tumor cells. We identified 74 differentially expressed
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cytokines between conditioned media from glia cells or CAF cells
(Fig. 4C, left, P,g; < 0.1) with 44 cytokines enriched in glia
conditioned media (Fig. 4C, right, heatmap). We further per-
formed network analysis using online NetworkAnalyst tools. We
constructed densely connected modules and nodes based on the
number of first-degree interactions. Interestingly, NetworkAnalyst
revealed the cytokine clusterin as the top-ranked key nodes
(centrality degree = 74, betweenness = 17,320.89; Fig. 4D;
Supplementary Table S3) and is highly expressed in the glia
conditioned media (Fig. 4E, left, P < 0.05). Clusterin is a glyco-
protein increased in pathologic conditions that has been impli-
cated in cancer and cellular adaptive responses to extracellular
stresses, such as metabolic stress (32, 33). Direct treatment of
clusterin dramatically reduced DNMT1 expression in tumor
cells and resulted in GAD1 upregulation (Fig. 4E, right, white
boxes, P<0.00001) and a decrease in DNMTT1 (Fig. 4E, right, gray
boxes, P < 0.00005). To examine whether glia-derived clusterin
is responsible for DNMTT1 reduction in tumor cells, we conduct-
ed loss-of-function experiment by knocking down clusterin in glia
cells prior to coculture. Knocking down glia clusterin mRNA
expression (Fig. 4F, left, P < 0.00001) led to a decrease in GAD1
mRNA (Fig. 4F, right, white boxes, P < 0.005) and an increase in
DNMT1 mRNA (Fig. 4F, right, gray boxes, P < 0.005) in the tumor
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probe intensity in primary tumors or brain metastases arising from indicated
metastases arising from MDA-MB-231.

cells after 48-hour coculture. To determine whether the brain
microenvironment-induced reduction of DNMTT1 is required for
increased GAD1, we overexpressed DNMT1 in tumor cells
(Fig. 4G, left, P < 0.0001) resulting in blocking glia-induced
GAD1 upregulation (Fig. 4G, right, P < 0.0001) and proliferative
advantage (Fig. 4H, P < 0.0005). Finally, we targeted DNMT1 in
tumor cells using an esiRNA (Supplementary Fig. S5F, left, P <
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cell lines. F, gRT-PCR of DNMT1 mRNA levels in primary tumors or brain

0.0001) resulting in increased GAD1 expression in tumor
cells (Supplementary Fig. S5F, right, P < 0.0001). As both DNA
methylation and histone modification status could potentially
influence GAD1 expression, we further explored mRNA expres-
sion levels of histone modification enzymes in primary tumor
and brain metastases microarray datasets. Surprisingly, we
observed a general downregulation of a majority of these enzymes
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with either CAF or glia cells; left, MDA-MB-231; right, A375SM. B, gRT-PCR of DNMT1 mRNA expression of MDA-MB-231 cultured either with 100%

conditioned media from either CAF or glia cells or 50% mix of conditioned media and fresh media. C, Cytokine screen of glia and CAF conditioned media;

left, MA plot of log (mean expression of Glia/CAF) of 73 cytokines analyzed. *, differentially expressed cytokines (P, < 0.1). Right, heatmap of
differentially expressed cytokines. D, Network analysis of differentially expressed cytokines. E, Impact of extracellular clusterin on DNMT1 and GAD1

expression. Left, cytokine expression profile of clusterin in conditioned media from CAFs or glia cells; right, gRT-PCR of GAD1and DNMT1 mRNA expression in
MDA-MB-231 cells treated with control or 200 ng of clusterin. F, gqRT-PCR of GAD1 and DNMT1 mRNA expression in tumor cells genetic knockdown of
glia-derived clusterin. Left, gqRT-PCR of clusterin mRNA expression in glia cells; right, gRT-PCR of GAD1 and DNMT1 mRNA expression in MDA-MB-231 cells

cocultured with control glia or siClusterin glia cells. G, gRT-PCR of mRNA levels in tumor cells after 48-hour coculture with primary glia cells. Prior to

coculture, tumor cells were transfected with either vector control or DNMT1 overexpression plasmid for 24 hours. Left, DNMT1 mRNA expression; right, GAD1

mRNA expression under glia coculture. H, Proliferation of MDA-MB-231 cells after DNMT1 overexpression and coculture with glia cells for 48 hours.
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(Supplementary Fig. S6A). Using pair primary and brain metas-
tases in vivo tissue sample, we validated the downregulation of
histone deacetylase 1 (HDAC1) mRNA brain metastasis tissues
(Supplementary Fig. S6B, P< 0.005). Because of the generally low
expression of HDACs, treating tumor cells with HDAC inhibitors
did not result in a convincing restoration of GAD1 mRNA expres-
sion in vitro and in vivo (Supplementary Fig. S6C and S6D),
suggesting the HDAC-mediated mechanism is unlikely to be the
major contributor in GAD1 expression. Taken together, compre-
hensive epigenetic analysis suggests brain microenvironment-
secreted clusterin downregulates DNMT1 in metastatic tumor
cells, which subsequently leads to GAD1 upregulation.

GAD1 mediates a dynamic glutamine metabolic flux

Considering the role of GAD1 in regulating glutamine-GABA
metabolism, we hypothesized that upregulation of GAD1 drives a
metabolic shift toward glutamine-mediated metabolism. To visu-
alize cellular metabolic events dynamically, we transfected MBA-
MD-231 with a biosensor for real-time sensing of cytosolic
NADH:NAD" (Peredox; ref. 24). Increased GFP/RFP ratio
(green/red ratio) as reported by time-lapse imaging of Peredox
indicates NADH accumulation in the cytosol and a more oxida-
tive cellular status (34). We cocultured tumor cells transfected
with Peredox with either CAFs or primary glia cells under the
precise control of media circulation, which allows us to alter
extracellular glutamine concentrations and monitor intracellular
NADH/NAD™ in real time (Fig. 5A). After an initial starvation
period with glucose-free and glutamine-free media for 15 minutes
(TO-T1), we introduced glutamine into the coculture (Supple-
mentary Fig. S7A and S7B, T1). The glia cocultured tumor cells
responded dramatically to the glutamine, displaying a sharp
decrease in green/red fluorescence ratio, indicating increased
consumption of NADH, whereas the CAF cocultured tumor cells
expressed a stable fluorescence signal, indicating no change in the
NADH/NAD™ ratio (Supplementary Fig. S7A and S7B, T1 to T2).
Upon removing glutamine, all tumor cells, regardless of coculture
condition, showed an increase in green/red fluorescence ratio
(Supplementary Fig. S7A and S7B, T2 to T3). These data suggest
that glia cocultured tumor cells have a greater response to extra-
cellular glutamine due to the brain stromal cell-directed meta-
bolic shift. When applying glucose-containing media instead of
glutamine-high media, we observed no increase in green/red
fluorescence ratio (Supplementary Fig. S7C, T1 to T2). This
suggests that glia cells shift the tumor cells to respond primarily
to glutamine greater than glucose, a metabolite found in greater
level in the brain parenchyma (35). To further characterize intra-
cellular signaling in response to glutamine, we stained for phos-
phorylated AMPK (Thr172)(p-AMPK), a sensor of cellular energy
homeostasis (36), at different time points during the glutamine
starvation-replenish cycle. Under coculture with CAFs, p-AMPK
in tumor cells increases during the starvation period and remains
unchanged during the subsequent high glutamine and starvation
periods, whereas the p-AMPK fluctuates moderately in the tumor
cells cocultured with glia (Supplementary Fig. S8A and S8B). This
result suggests that glia facilitates the ability of tumor cells to
overcome metabolic stresses imposed by nutrient starvation.

To visualize the metabolic flux regulated by GAD1 expression,
we cocultured glia cells with tumor cells transfected with either
GAD1 siRNA or a nonsilencing control siRNA (Supplementary
Fig. S8C, left, P < 0.01). We observed an increase of the green/red
ratio in all tumors cells during the initial starvation period (Fig. 5B
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and C, TO-T1). Once glutamine was introduced into the media,
tumor cells transfected with siGAD1 did not respond to glutamine
(Fig. 5B, T1-T2). Real-time imaging revealed a continuous
increase of the green/red ratio in siGAD1 cells, despite coculture
with glia cells (Fig. 5C). However, in the control siRNA group,
replenishing glutamine led to an immediate decrease of the green/
red ratio (Fig. 5B and C, T1-T2). When glutamine was removed
from the media, all of the tumor cells displayed an increased
green/red ratio, suggesting a more oxidative cellular status (Fig.
5C, T2-T3). Furthermore, increased staining of p-AMPK in tumor
cells cocultured with primary glia cells in response to glutamine
starvation (TO-T1) suggested an increase in anabolic metabolic
pathways (Fig. 5D and E; Supplementary Fig. S8C, right). Con-
sistent with this cellular behavior, when glia-induced overexpres-
sion of GAD1 was inhibited with siGAD1, tumor cells failed to
utilize glutamine replenishment (T1-T2), indicated by sustained
staining of p-AMPK (Fig. 5E). Taken together, our data demon-
strate that glia-induced GAD1 is the key cellular metabolism
enzyme responsible for the dynamic glutamine utilization capa-
bility of tumor cells, following metabolic shifting at the brain
metastatic microenvironment.

Repurposing vigabatrin as an anti-brain metastatic therapy

The reliance on brain microenvironment-dependent GAD1
upregulation to drive glutamine metabolism and cell prolifer-
ation represents a novel therapeutic opportunity for brain
metastasis treatment. Modulation of GAD1-mediated GABA
metabolism has been clinically exploited previously as an
antiseizure therapy (37, 38). One such drug, vigabatrin, targets
GABA metabolism by inhibiting GABA transaminase (GABA-T),
an enzyme directly downstream of GADI1. Vigabatrin thus
functions to block GABA flux into the TCA cycle (39). Because
of the essential role of GAD1-mediated GABA signaling in
metastatic outgrowth, we hypothesize that vigabatrin could be
repurposed to block tumor cell utilization of GABA as a metab-
olite, thereby decreasing metastatic outgrowth. Examination of
GABA-T expression revealed an increase in both brain metastatic
tumor samples (Fig. 6A, left, P < 0.05) and tumor cells cocul-
tured with glia cells (Fig. 6A, right, P < 0.05), which is likely to
be a result of downstream positive feedback in response to
upregulated GAD1-GABA signaling. Knocking down GABA-T
genetically (Fig. 6B, P < 0.005) did not alter the GAD1 expres-
sion (Supplementary Fig. S9A), but decreased glia-induced
tumor cell proliferation in both the MDA-MB-231 (Fig. 6C,
left, P < 0.05) and A375SM cell lines (Fig. 6C, right, P <
0.00005), suggesting GABA-T is a downstream singling node
responsible for GAD1's tumor-promoting function. Consistent-
ly, targeting GABA-T pharmacologically with vigabatrin resulted
in a dose-dependent reduction in tumor cell proliferation under
glia coculture (Fig. 6D, P < 0.05), without significant impacts
on the migratory potential of the tumor cells (Supplementary
Fig. S9B). Collectively, these data suggest that targeting GABA-T
is a potentially viable brain metastasis therapy, which could
block the proliferation potential of tumor cells in the brain
microenvironment.

To explore the possibility of targeting the GAD1 metabolic
pathway as anti-brain metastasis therapy in vivo, we induced
shRNA expression after metastatic extravasation of tumor cells
(7 days after intracarotid injection; Supplementary Fig. SOC). We
observed a significant decrease in metastases with shGAD1 (GFP)
compared with control shRNA cells (RFP) in both the A375SM

Cancer Res; 77(11) June 1, 2017

Downloaded from cancerres.aacrjournals.org on May 15, 2018. © 2017 American Association for Cancer Research.

2851


http://cancerres.aacrjournals.org/

Published OnlineFirst April 11, 2017; DOI: 10.1158/0008-5472.CAN-16-2289

Schnepp et al.

| Environmental chamber

Control siRNA GAD1 siRNA
Loaded with —GIn
B +GIn

-~ Tumor cell biosensor

/

Control siRNA

£
Glia cell

|exid/ones eAes|ey

Syringe pump A:
glucose-free & glutamine-free

]

1.0
‘105
0.0

siGAD1

e

[ — J
o g
Syringe pump B :
glucose-free & glutamine-high ¥ 1
Timelapse imaging

o —~
R
" =
Glia coculture £
o —
To T T2 T3 TO T T2 T3
(—
204 %\
il o fee]
E s E
g B -
o >
o - o
2 2
2 o S
2 s Control siRNA | 2 | SIGAD1
0 1,000 2,000 0 1,000 2,000
Time (sec) Time (sec) o
2
[}
=
Glia + Tumor cell with siGAD1
Phospho-AMPKa (Thr172)
Control siRNA siGAD1
P<0001 | 5 i Ths
= - @ 2004 - °
i 200 g = N
3 = & | é
£ 2 150 $ 8150 — 5
3= S0 H
cs [ ]
: HERE (=
k=] K] t T
égmo— — gvmo_ l;\
S - r i =
[ 50 — Tl o
TO T1 T2 T3 TO T1 T2 T3
(n=24) (n=51) (n=238) (n=41) (n=61) (1=237) (n=31) (n=36)
Figure 5.

GAD1 mediates dynamic tumor glutamine metabolic flux. A, Schematic of experimental setup. B, Heatmaps of time course of changes in fluorescence ratio
of Peredox biosensor throughout indicated time points. Prior to biosensor study, MDA-MB-231 cells were transfected with either control or GAD1
targeting siRNA for 24 hours and then cocultured with glia cells for another 48 hours. TO, 48-hour coculture in reduced media; T1, 15 minutes of
incubation in glucose-free and glutamine-free media; T2, 15 minutes of incubation in glucose-free and 2 mmol/L glutamine media; T3, 15 minutes of
incubation in glucose-free and glutamine-free media. C, Time course measurements of green/red fluorescence ratio of Peredox biosensor in MDA-MB-231.
Tumor cells were transfected, cocultured, and treated as in B. D, Representative images of immunofluorescence staining of tumor cell's phosphorylated
AMPK at Thr172 (pAMPK) and tumor-specific marker cytokeratin 8 (K8) at indicated time point after 48-hour coculture with glia cells following
transfection with GAD1 targeting siRNA. Time-course experiments (TO-T3) were conducted as in B. E, Quantification of pAMPK fluorescence intensity in
tumor cells from images in D.
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Suppression of metastatic tumor cell proliferation in vitro by targeting GABA-T. A, qRT-PCR of GABA-T mRNA expression. Left, primary tumor or brain
metastatic samples arising from MDA-MB-231 cell line; right, MDA-MB-231 cells cocultured with either CAF or glia cells for 48 hours in reduced media. B,
gRT-PCR of GABA-T after tumors were transfected with esiRNA targeting GABA-T or control and then cocultured with glia cells for 48 hours. Left,
MDA-MB-231 cells; right, A375SM cells. C, Proliferation of tumor cells after transfection with esiRNA targeting GABA-T or control and then cocultured with
glia cells for 48 hours. Left, MDA-MB-231 cells; right, A375SM cells. D, Proliferation of tumor cells after coculture with glia cells and treatment of vigabatrin,
either control, 300 umol/L, or 600 umol/L. Left, MDA-MB-231 cells; right, A3755M cells.

(Fig. 7A, P < 0.05) and MDA-MB-231 models (Fig. 7B, P <
0.00001). These data suggest ablation of brain microenviron-
ment-induced metabolic shifting to GAD1-GABA signaling is
critical for successful brain metastatic outgrowth. As we have
demonstrated targeting GABA-T effectively suppressed tumor cell
proliferation, we treated metastasis-bearing mice with either
4 mg/kg (clinically recommended dosage for antiseizure treat-
ment) or 7 mg/kg vigabatrin daily intraperitoneally. As expected,
inhibiting GABA-T led to an evident accumulation of GABA in
tumor cells in vitro (Supplementary Fig. S9D, P = 0.0218). After a
7-day course of 4 mg/kg daily vigabatrin, the metastatic burden is
dramatically decreased compared with vehicle-treated mice
(Fig. 7C). There were no detectable morphologic differences in
residual brain metastases (Fig. 7D, left, H&E staining). We
observed a dose-dependent decrease in the number of metastases
(Fig. 7D, right, P< 0.01), which is associated with a decrease in Ki-
67" tumor cells (Fig. 7E, P < 0.05). Together, these data suggest
that blocking GABA flux into the TCA cycle, either through genetic
depletion of GAD1 or pharmacologic treatment with vigabatrin,
significantly suppressed aggressive metastatic outgrowth in the
brain.

Discussion

One of the emerging hallmarks of cancer is deregulated
metabolism (40). Yet, the dynamic nature of metabolic repro-
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gramming in response to metastatic microenvironments, such
as the brain, has not been fully characterized. During the
metastatic process, highly metastatic "seeds" from the primary
tumor microenvironment experience a series of metabolic
stresses and ultimately settle in an exotic metastatic microen-
vironment: the brain, an organ that maintains a unique metab-
olism equilibrium (7, 11). Our study illustrates the striking
metabolic plasticity of metastatic tumor cells. To take the
greatest advantage of available metabolites, metastatic tumor
cells, regardless of their primary tumor of origin, metabolically
adapt to the brain microenvironment by engaging the GAD1-
GABA synthesis pathway to facilitate metastatic outgrowth
(Fig. 7F). In accordance with the previous observation of
upregulated GABA receptors in brain metastatic tumors
derived from HER2" breast cancer patients (16), our study
significantly expands the relevance of this finding by revealing
a mechanism of epigenetic upregulation of the key GABA
synthesis enzyme GAD1 in multiple tumor types that drives
an increased intracellular GABA metabolism. Our study also
highlighted a clinically targetable mechanism for brain metas-
tasis treatment (Fig. 7F).

The data from this study shed light on the emerging concept of
metastatic cooption. Cooption is essential to many biological
ecosystems, including disease conditions (41). Conceivably,
metastasis, as a well-known multistep, tissue context-dependent
biological process, requires a series of cooptions to facilitate
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GADI-mediated glutamine metabolism enables brain metastatic outgrowth. A, Top, representative images of A375SM brain metastatic tumors arising from
1:1 mix of tumor cells expressing either control (labeled with GFP) or GADI-targeted shRNA (labeled with RFP); bottom, quantification of metastatic
incidence. B, Top, representative images of MDA-MB-231 brain metastatic tumors with/without GAD1 knockdown; bottom, quantification of metastatic
incidence. C, Representative images of brain metastatic tumors arising from A375SM cells after treating with vehicle control or vigabatrin (4 mg/kg) for
7 days, beginning at 7 days postinjection. D, Reduction of metastatic tumor lesions by vigabatrin. Left, representative images of H&E staining of
metastatic tumors treated with either control or vigabatrin (4 mg/kg); right, quantification of stained tumors per section. E, Ki-67 IHC staining of tumors
arising in mice treated with either vehicle control or vigabatrin (4 mg/kg); left, representative images of Ki-67 staining; right, quantification of Ki-67* tumor
cells per region of interest. F, Proposed model of brain microenvironment-induced tumor cell metabolic shifting via clusterin-mediated epigenetic

upregulation of GAD1, which contributes to brain metastatic outgrowth.

ultimate metastasis success. Indeed, during early metastatic col-
onization, blood vessel cooption has been observed and is
believed to be essential for metastasis outgrowth (42). In our
study, we demonstrated an indispensable form of metabolic
cooption, in which metastatic tumor cells mimic astrocyte-neu-
ron cooperation, by adopting a similar metabolic phenotype.
Cooperation between astrocytes and neurons enables metabolic
compartmentalization and precise metabolite regulation between
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astrocytes and neurons (7, 11). In the normal brain tissue,
glutamine metabolism primarily occurs in the astrocytes yet
GABA synthesis occurs predominately in GABAergic neurons
(7, 11). Reminiscent of neurologic disorders (28), metastatic
tumor cells exhibit methylation-dependent upregulation of
GAD1, which is a marker of GABAergic neurons (43), and
decrease of other glutamine catabolic processes (Fig. 2A-C; Sup-
plementary Fig. S2B and S2C). The altered metabolic phenotype,
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characterized by neuronal-like expression of the GAD1-GABA
pathway, favors GABA synthesis in tumor cells and subsequently
enables tumor cells to thrive in the glutamine-rich brain meta-
static microenvironment. Because of the overarching role of
DNMT1 in the regulation of DNA methylation, it is reasonable
to envision that a collective transcriptome shifting of a number of
DNMT1-regulated genes orchestrates the highly dynamic brain
metastasis process. Further study would be necessary to function-
ally reveal and validate other significant contributors in the brain
metastasis context.

Furthermore, our data lay the groundwork for clinically
translatable targeted therapies for patients suffering with brain
metastases. Currently, brain metastasis patients have limited
treatment options, mainly surgery or radiotherapy (44). One
of the major obstacles in developing therapies for brain
metastasis is the presence of the BBB. The BBB acts as the
barrier to prevent molecules from the vascular system from
reaching the brain parenchyma (45). Most chemotherapeutic
drugs fail to cross the BBB, making the brain a sanctuary organ
for cancer cells (46). Fortunately, in developing treatments for
mental disorders, there is a repertoire of clinical neurologic
drugs that have been proven to cross the BBB. Mechanistically,
our data illustrate that brain metastatic tumor cells upregulate
a shared common signaling node, GAD1-GABA, with clinical
seizures, which has been successfully targeted by the neuro-
logic drug, vigabatrin (38). Vigabatrin acts a suicide inhibitor
of the enzyme directly downstream of GAD1, GABA transam-
inase (GABA-T), leading to an accumulation of GABA. For
patients suffering from epilepsy, the increased pool of GABA
results in a decrease in epileptic seizures (39). At the same
time, inhibiting GABA-T also prevents GABA flux into the TCA
cycle in tumor cells, suggesting that repurposing this neuro-
logic drug for brain metastasis may inhibit tumor GABA
metabolism. One previous study suggested that treatment of
HER2" breast cancer cells with vigabatrin decreases prolifer-
ation in vitro (16). Our study further demonstrated vigabatrin
as a highly promising brain metastasis therapy using an in vivo
model of brain metastases (Fig. 7C-E). Expanding the appli-
cability of these findings for additional brain metastases
that arise from other cancer is of interest for further study.
Extravagated tumor cells lose their metastatic outgrowth capa-
bility in brain when vigabatrin is used to block GABA flux,
decreasing both metastasis number and proliferation index
(Fig. 7C-E). It is important to note that brain tumor patients
frequently experience seizures due to the deprivation of inhib-
itory neurotransmitter GABA around the tumor site (47). This
suggests that in addition to treating brain metastases, vigaba-
trin might bring an additional benefit of stabilizing tumor-
induced seizures, which is of interest for future preclinical and
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