
Progress Report for MLF 2021 
Inhibiting metastasis and preventing recurrence in MYC-amplified medulloblastoma 

 
With the support from the Matthew Larson Foundation for Pediatric Brain Tumors, we completed 
Aim 3 of our proposal in 2021. 
 
Aim 1. To examine whether the recurrent tumors postirradiation are derived from the 
quiescent tumor cells in the cerebellar tumor bed. 
 
It was completed in 2020. 
 
Aim 2. To determine whether targeting Olig2 via nanoparticle-mediated delivery of CT-179 
can eliminate metastasis of MYC-amplified MB, thereby preventing relapse. 
 
Subaim 1 was completed in 2020.  
 
Aim 3. To identify genes and pathways specifically expressed in the radioresistant tumor 
cells in the cerebellar tumor bed and the metastatic tumor cells in the leptomeninges using 
a single-cell sequencing assay. 
 
It was completed in 2021. The results are showing below.   
 
Single-cell RNA-seq reveals tumor cell heterogeneity and ectopic developmental 
trajectories in OLIG2-high MYC-amplified MB 
To study dynamic changes in cell types during tumor recurrence in high-risk MYC-amplified MB, 
we performed scRNA-seq and compared untreated OLIG2-high MB002 PDX tumors, residual 
tumors immediately following radiotherapy, and the spontaneously relapsed tumors 7-8 weeks 
post-irradiation. We dissected tumors from the brains of 3 replicate PDX mice from each condition, 
dissociated the samples, and FAC-sorted mCherry+ cells. We then processed the sorted cells 
using the 10X Genomics scRNA-seq platform and sequenced the resulting libraries. After filtering, 
we identified 16,631 cells from untreated tumors, 3,256 cells from residual radioresistant tumors, 
and 16,811 cells from post-irradiation recurrent tumors. 

We subjected cell-specific transcriptomic data from 9 replicates across 3 conditions to 
principal component analysis (PCA) using the Harmony algorithm (PMID) and Louvain clustering, 
as in our prior studies 1, generating a tSNE projection with 26 color-coded clusters, numbered 
from most populous (Cluster 0) to least populous (Cluster 25). Clustering by expression of 
proliferation and mitosis markers identified 10 of these clusters as non-proliferative. To resolve 
the biological significance of the clusters, we determined cluster-specific gene expression profiles 
by comparing the expression of each gene by cells within the cluster vs. cells outside the cluster. 

We identified the types of cells in each cluster based on gene expression, which revealed that 
the cells were in a range of differentiation states with different developmental trajectories 2. Among 
them, some cells had developmental trajectories related to the cerebellum. Clusters 12 and 13 
uniquely expressed markers of cerebellar granule neuron lineage, including progenitor marker 
DCX, axon guidance signal CNTN2 and transcription factor NEUROD2 1, 3. Clusters 6 and 21 
expressed the neuromodulator SST, which is expressed by cerebellar interneurons and was 
found to be Group 3 MB-specific in a prior scRNA-seq analysis of MB samples 4. Along with these 
neural trajectories, Clusters 16, 22 and 25 expressed genes typical of glial cells. Clusters 16 and 
22 showed highly specific expression of NKX6-2 and upregulated OLIG2, a combination typically 
seen in ventro-thalamic glioblasts 5. Cluster 25 did not express OLIG2, but uniquely expressed 
the astrocytic marker AQP4, and the transcription factors SOX2, PAX3 and SOX9, a combination 
that during normal brain development is specific to embryonic Bergmann glia 5. These sets of 



markers are consistent with a glioblast phenotype and suggest that Clusters 16, 22 and 25 may 
be pluripotent neuro-glial precursors.  

 Several clusters showed differentiation along specific fate trajectories that were not expected 
within the cerebellum, including myocytes (Cluster 8, marked by Troponin TNNI1 and MYOG), 
photoreceptors (Cluster 9, marked by RP1), and myeloid cells (Cluster 24, marked by AIF1 and 
TYROBP). Photoreceptor differentiation is consistent with Group 3 MB-specific gene expression 
patterns 4 and indicated an expansion of differentiation trajectories from fates expected in the 
hindbrain into ectopic neuro-ectodermal fates. Myocytic differentiation demonstrated further 
expansion into mesenchymal fates. In contrast, the AIF1+/TYROBP+ Cluster 24 likely resulted 
from the propagation of tumor-associated myeloid cells, rather than from the generation of 
myeloid cells from the tumor lineage. Together the variety of cell types demonstrated that the PDX 
tumors were heterogenous communities, comprising a broad range differentiation states and 
developmental trajectories, and including the human cells of the tumor microenvironment.  

 
Radiation-induced change in cellular heterogeneity is transient and resolves back to 
original cell types as tumor recurs 
With disaggregation by treatment group, the post-radiotherapy residual tumors differed markedly 
from the primary and recurrent tumors, while the latter ones closely resembled each other. To 
make statistical comparisons of cluster populations between conditions, we normalized each 
cluster population from each replicate to the total cells from that replicate. As the resulting 
proportional measures of cluster populations were inter-related by the normalization to the whole, 
we used Dirichlet regression to make statistical comparisons between conditions in each cluster. 
This method showed that radiation therapy altered the populations of specific cell types in different 
ways, and that the process of recurrence restored the diverse populations of the untreated tumors. 

Clusters 2, 5, 9, 24 and 25 showed statistically significant proportional increases in the post-
radiotherapy residual tumors, compared to untreated and recurrent tumors.  Cluster 25 was 
unique to post-irradiation residual tumors, indicating that other cell types in the primary tumors 
underwent changes of state to generate this glioblast-like cell type. In contrast, primary tumors 
contained populations of Clusters 2, 5, 9, and 24, and their enrichment in post-irradiation residual 
tumors may have resulted from either selective preservation of these cell types as the primary 
tumors were irradiated or from the radiation-induced state change or a combination of both 
processes. In contrast to these types of cells, at the end of radiotherapy all other clusters showed 
either statistically significant decreases or a decreasing trend. The Cluster-specific variation in 
population changes show that radiation affected individual cell types differently, reducing cellular 
diversity in the residual tumors though selectively failing to reduce multiple cell types, as residual 
tumors remained heterogeneous. 

Unlike post-irradiation residual tumors, recurrent tumors showed populations that closely 
resembled the untreated primary PDX tumors. We noticed no statistically significant difference in 
the populations of any cluster when compared untreated and spontaneously recurrent tumors. All 
of the cluster population changes caused by radiotherapy in the residual tumors were reversed in 
the recurrent tumors, including relative reduction of Clusters 2, 5, 9 and 24 and complete 
disappearance of Cluster 25 cells. Collectively, our results indicate that radiation therapy reduced 
the cellular diversity of residual populations; however, the process of recurrence restored the full 
diversity of the initial tumors.  
 
Recurrent tumors show global changes in gene expression compared to primary tumors 
In residual tumors, radiotherapy decreased OLIG2 globally, leaving a small population of OLIG2+ 
cells distributed across multiple clusters. Reduced OLIG2 mRNA was consistent with the 
decrease in OLIG2+ cells observed in our immunohistochemistry studies. The OLIG2+ populations 
in residual tumors tended to be proliferative, showing significantly elevated co-expression of the 
proliferation marker PCNA, compared to OLIG2- populations. Diverse OLIG2+ cell types thus 



persisted after radiation albeit reduced in number remained proliferative, potentially contributing 
to recurrence. 

In recurrent tumors, all cell types except myeloid cells were typically OLIG2+, with increased 
OLIG2 mRNA in OLIG2+ cells, relative to untreated tumors. The reduced OLIG2 expression that 
resulted from radiotherapy was thus fully reversed through the process of recurrence. 

Although recurrent tumors and primary tumors showed similar numbers of each type of cell, 
specific genes were up-regulated in multiple cell types in the recurrent tumors. We compared 
gene expression in each cluster in primary or recurrent tumors, focusing on the 24 tumor-derived 
clusters that were present in both primary and recurrent tumors. We excluded Cluster 24, which 
was myeloid-derived and showed no significant differentially expressed genes, and Cluster 25, 
which was not populated in either the primary or recurrent tumors. We identified 6 genes that 
were upregulated in the recurrent tumors in 16 out of the 24 clusters, 11 genes that were 
upregulated in 10 out of the 24 clusters and 20 genes that were upregulated in at least 5 out of 
the 24 clusters. GO analysis of the set of 20 commonly upregulated genes identified chaperone-
mediated protein folding as the single enriched biologic process (FDR=6.57x10-7) and Panther 
pathway analysis identified serine glycine biosynthesis as the single enriched pathway 
(FDR=3.75x10-3) with glucose-to-serine shunting enzymes PSAT1 and PHGDH both upregulated. 
Recurrent tumors thus recovered the heterogeneity of the untreated primary tumors and 
widespread OLIG2 expression, but demonstrated specific, durable gene expression changes, 
focused on protein folding and serine metabolism 6. 
 
In the coming year, we will generate CT-179 loaded nanoparticles and evaluate whether 
they can enhance efficacy of antitumor growth compared to free CT-179 in vitro and in vivo. 
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March 23, 2022 
 
 
To the Medical Advisory Committee of The Matthew Larson Foundation: 
 
Please find below my report detailing my accomplishments for my award entitled “Development of a 
“liquid biopsy” paradigm for improved diagnosis, treatment and response monitoring for 
pediatric brain tumor patients”. 
 
Over the past year I am happy to report we have completed the following milestones thanks to the 
funding provided to me from the Matthew Larson Foundation: 
 

• We continue to expand the MSK Kids pediatric neuro-oncology liquid-biopsy program. In this 
program we are collecting CSF and plasma samples on every child with primary central nervous 
system tumors receiving treatment at MSK. 
 

• Our in-house Next Generating Sequencing (NGS) assay MSK-IMPACTTM is clinically approved 
by New York State for use on cerebrospinal fluid (CSF). This assay is available for routine 
clinical use at MSK and through an outside pathology consultation request for patients at other 
cancer centers. 
 

• To date, we have collected a total of 160 CSF samples (increased from 64 last year) across 105 
unique patients and 12 distinct histologies.  
 

• With the support of the Matthew Larson Foundation (which Is acknowledged), we are very 
excited to share that we have just published a manuscript in Neuro-oncology. 
 

o Miller AM, Szalontay L, Bouvier N, Hill K, Ahmad H, Rafailov J, Lee AJ, Rodriguez-
Sanchez MI, Yildirim O, Patel A, Bale TA, Benhamida JK, Benayed R, Arcila ME, 
Donzelli M, Dunkel IJ, Gilheeney SW, Khakoo Y, Kramer K, Sait SF, Greenfield JP, 
Souweidane MM, Haque S, Mauguen A, Berger MF, Mellinghoff IK, Karajannis MA. 
Next-generation Sequencing of Cerebrospinal Fluid for Clinical Molecular Diagnostics in 
Pediatric, Adolescent and Young Adult (AYA) Brain Tumor Patients. Neuro Oncol. 2022 
Feb 11:noac035. doi: 10.1093/neuonc/noac035. Epub ahead of print. PMID: 35148412.  
 

o The PDF of the accepted paper is attached. 
 

• This year, our work has been formally presented as an invited talk at The Society for Neuro-
oncology (SNO) Pediatric Conference from June 10th-12th        
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• Abstract Title: Next-Gen Sequencing of Cerebrospinal Fluid for Clinical Molecular 

Diagnostics in Pediatric, Adult, and Young Adult (AYA) Brain Tumor Patients 
• Session Name: Liquid Biopsy in Pediatric CNS Tumors: From Evaluation of Feasibility to 

Prospective Application in the Clinic 
 

• I have been invited to develop a national NCI funded protocol entitled “Integration of CSF 
ctDNA liquid biopsies for pediatric patients with brain tumors”. This protocol is currently at 
CTEP being reviewed 
 

• We have integrated CSF cell-free DNA as a longitudinal biomarker in a new protocol 
sponsorsored by the pediatric brain tumor consortium entitled “ Phase 2 Study of 
Intraventricular 8H9 (Omburtamab)-Based Radioimmunotherapy for Pediatric Patients 
with Recurrent Medulloblastoma and Ependymoma". This trial is open at MSK and is now 
accruing. 
 

• I have formed a collaboration with Dr. Mark Souweidane (Vice Chairman, Department of 
Neurological surgery at Weill-Cornell Medical Center and Director of Pediatric Neurosurgery at 
New York Presbyterian/Weill-Cornell and Memorial Sloan Kettering Cancer Center) to initiate a 
project entitled “Liquid Biopsy for Longitudinal Monitoring in Diffuse Midline Glioma (DMG) 
Patients”. The goal of the project is to implant ventricular access devices into DMG patients at 
the time of initial biopsy in order to facilitate frequent prospective CSF sampling. This will allow 
us to determine whether longitudinal liquid biopsy (CSF cfDNA) correlates with disease status in 
children with DMG. Our hope is that this will be the foundational work for the integration of this 
assay into the clinical care of DMG patients and that the project will provide critical information 
on CSF cfDNA utility so that the assay can be integrated into therapeutic trials moving forward 
such as the PBTC protocol discussed above. This protocol is now approved by the Cornell IRB 
and open and we are working to submit it at MSK and Columbia.  
 

• We have an abstract on a new set of data accepted for presentation at the upcoming 
International Symposium on Pediatric Neuro-oncology (IPSNO) meeting entitled: “Noninvasive 
diagnosis of gliomas through CSF cfDNA sequencing in pediatric adolescent and young adult 
(AYA) patients”. This abstract will be published in Neuro-oncology. 
 

• In regard to the spending for the past calendar year, costs were kept low intentionally to reserve 
additional funding to cover what we anticipate to be a large influx of CSF samples in the next 
calendar year across the two PBTC trials opening, and the multi-institutional trial entitled Liquid 
Biopsy for Longitudinal Monitoring in Diffuse Midline Glioma (DMG) patients.  

 
Future Directions 
 
In the next year I plan build on this work to achieve the following milestones: 
 

• Publication of a 2nd manuscript entitled “Noninvasive diagnosis of gliomas through CSF 
cfDNA sequencing in pediatric adolescent and young adult (AYA) patients” 
 

• Launch of my PBTC trial entitled “Integration of CSF ctDNA liquid biopsies for pediatric 
patients with brain tumors”. 
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• The launch of our tri-institutional protocol at MSK and Columbia entitled “Liquid Biopsy for 

Longitudinal Monitoring in Diffuse Midline Glioma (DMG) Patients” which will offer unprecedented 
insight into the role of CSF liquid biopsy for clinical care and disease response monitoring. 

 
• The results from the incorporation of CSF liquid biopsy into PBTC protocol PBTC-

058 entitled " Phase 2 Study of Intraventricular 8H9 (Omburtamab)-Based 
Radioimmunotherapy for Pediatric Patients with Recurrent Medulloblastoma and 
Ependymoma". 

 
• Development of new assays at MSKCC aimed to increase the sensitivity and the applicability of 

CSF liquid biopsy including shallow whole-genome sequencing through a new collaboration with 
Elli Papaemmanuil’s lab (Computational Oncology, MSKCC) and development of a methylation 
profiling on CSF through collaboration with Jamal Benhamida (Department of Pathology, MSKCC). 
 

 
I am extremely indebted to the foundation for your support over this past year for their support which 
has been foundational both to the development of a Pediatric Brain Tumor Liquid Biopsy Program at 
MSK Kids and to me personally by facilitating multiple multi-institutional collaborations and fostering my 
personal and professional growth.  
 
I look forward to all that we will continue to achieve together in 2022.  
 
 
Best, 

 
Alexandra Miller, MD, PhD 
Assistant Attending 
Department of Neurology 
Memorial Sloan Kettering Cancer Center 
Millera2@mskcc.org 
(212) 610-0783 
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2021 Matthew Larson Foundation Grant Awards Progress Report: March 24, 2022  
Dr. Michael D. Taylor 
Improving therapy by targeting the biological differences between micro- and macro-metastasis in central 
nervous system tumors 
 

As a brief review, our laboratory studies medulloblastoma (MB), a malignant pediatric brain tumor that 
arises within the cerebellum or dorsal brainstem. It is the most common childhood brain tumor and affects 
approximately 18-20% of children diagnosed with brain cancer. During metastasis, tumor cells spread 
almost exclusively to the leptomeningeal spaces of the brain and spinal cord. This metastatic process is 
known as leptomeningeal dissemination and is associated with poor prognosis. Unfortunately, despite such 
a high incidence, leptomeningeal disease remains poorly understood and lacks effective therapies, as such 
this is the focus of our current line of research.  

The objective of this project is to decipher the metastatic disease of MB with hopes of uncovering potential 
therapeutic targets. The hypothesis is that there are biological differences between various stages of 
metastases and that there exists a biological switch with therapeutic potential that promotes the 
progression of micro-metastases to clinically relevant macro-metastases.  

We initially developed three aims for this project to explore the cellular programs governing micro- and 
macro-metastases: 

1. Investigate the different transcriptional landscape between micro- and macro-metastases using 
single-cell RNA sequencing technology 

2. Unravel genetic mutations that underlie the ability of micro-metastases to develop into macro-
metastases using single-cell targeted genome sequencing technology 

3. Explore the role of the tumor microenvironment in supporting micro-metastases and the growth of 
macro-metastases using CyTOF imaging mass cytometry and immunofluorescence 

Here we provide progress and up-to-date results for each aim.  

Aim 1: Investigate the different transcriptional landscape between micro- and macro-metastases 
using single-cell RNA sequencing technology 

Classically, micro-metastases are considered to be single cells or small clusters of metastatic cells whereas 
macro-metastases are vascularized, large metastatic tumors. In this study of MB metastasis, we have 
observed potential micro- 
and macro-metastases, 
formally characterized 
them by their cell 
numbers, area, and 
volume, and provided a 
quantitative definition for 
distinguishing between 
micro- and macro-
metastasis (fig. 1). Using 
mathematical modeling 
and volumetric data from 
three-dimensional confocal 
scanning of leptomeninges, 

Figure 1: Micro- and macro-metastases in SHH MB. 
A) Fluorescent imaging of the primary tumor, macro- and micro-metastases from a SHH MB 
transgenic animal model. B) The number of cells in micro- and macro-metastatic clusters. C) 
The area of micro- and macro-metastases. D) The volume of micro- and macro-metastases. 
E) Volumetric boundary between micro- and macro-metastasis. 



the volumetric boundary between micro- and macro-metastases is 12.9µm3 on a log scale or approximately 
400,000µm3 on a linear scale (fig. 1E). Any metastatic cluster that is found to be below that threshold may 
be considered a micro-metastasis.  

We suspected that micro-metastases may be undergoing a state of tumor cell dormancy or tumor mass 
dormancy, which is often the case in cancers with long latency periods between remission and recurrence 
with metastasis. We decided to interrogate the level of proliferation and apoptosis within micro- and macro-
metastases in MB through immunofluorescent assays. We completed ex vivo staining of leptomeninges 
with Ki67 and TUNEL, as well as in vivo labeling with EdU (fig. 2). We found that macro-metastases have 
greater proliferation and apoptosis (quantification not shown), and that some micro-metastases may 
potentially be in a state of tumor cell dormancy. 

 

Figure 2: Proliferation and apoptosis of micro- and macro-metastases. 
A) Confocal imaging of Ki67 staining in micro- and macrometastases. B) Immunofluorescent detection of EdU in micro- and 
macro-metastases after in vivo labeling for 24 hrs. C) TUNEL assay for apoptosis in micro- and macro-metastasis.  

The transcriptional landscape of leptomeningeal 
micro- and macro-metastases in MB were investigated 
using the SMART-seq single cell RNA sequencing 
technology, which has been shown to be optimized for 
studying rare cell populations and covering full 
transcriptomes. Results from single cell RNA 
sequencing found that the primary tumor, micro- and 
macro-metastases formed five different clusters (fig. 
3A) although none of the clusters were exclusively one 
population (fig. 3B). Differential gene and pathway 
analyses showed a number of pathways that were 
altered amongst the metastatic populations (fig. 3C-D). 
We decided pursue metabolism as an avenue for 
micro-metastasis to progress towards macro-
metastasis. 

More specifically, we were interested in the lipid 
pathways as our single cell data showed many 

Figure 3: sc-RNA sequencing clusters and analyses determine metabolism to be a transitioning factor for metastasis.  
A) Seurat clustering of primary tumor, micro- and macro-metastases. B) Distribution of primary tumor, micro- and macro-
metastases. C) Pathways altered in micro-metastases vs. primary tumor. D) Pathways altered in macro-metastases vs. primary 
tumor. 

 



significantly differentiated genes to be involved in lipid synthesis and transport. 

We took an interest in cardiolipin biosynthesis as cardiolipin is a signature phospholipid in the mitochondria 
and is well known for its function in mitochondrial structure and energy production. We completed 
transmission electron microscopy on matched primary tumor and metastatic samples to look for physical 
alterations in the mitochondria that may indicate the energy imbalances between micro- and macro-
metastases. We noticed a greater number of mitochondria and an accumulation of mitochondria on one side 
of the cell. Further experiments with MitoTracker are being conducted to determine differences in the 
mitochondria between the primary tumor, micro- and macro-metastases.  

 

In addition, Pgs1 was highly upregulated in macro-metastases and is a rate-limiting enzyme that commits 
phospholipids to the cardiolipin biosynthetic pathway. Unfortunately, despite successful genetic 
knockdown experiments of Pgs1 in MB cell lines, the in vivo aspect of the experiment did not show any 
differences in metastatic burden or micro- vs. macro-metastatic growth.  

Moving on from 
cardiolipin, we focused 
our attention on simply 
understanding the 
lipidomes of micro- and 
macro-metastases 
through shotgun 
lipidomics and mass 
spectrometry. Here, the 
results reported an 
abundance of all lipid 
classes in macro-
metastasis compared to 
micro-metastasis, with 
the exception of fatty 
acids which were found 
in similar levels between 
both populations (fig. 
5A-B). A limitation to 
this technique is potential 
microenvironmental 
contamination due to 
small sample input from 

Figure 4: TEM images of the 
primary tumor and macro-
metastasis.  
A) TEM image of a primary 
tumor cell. B) TEM image of a 
macro-metastatic cell. The 
white-dotted line is the cell 
membrane. The yellow-dotted 
line are mitochondria.  

Figure 5: Lipidomes of micro- and macro-metastases in MB. 
A) Heatmap summarizing the results of the shotgun lipidomics experiment. B) Bar graphs 
representing some key lipid classes that are abundant in macro-metastasis compared to micro-
metastasis, with the exception of fatty acids. C) Oil Red O staining of lipid droplets and neutral 
lipids in GFP micro- and macro-metastases. D) Quantification of the areas stained positive for lipid 
droplets and neutral lipids.  



the micro- and macro-metastases. It would be ideal to repeat this experiment with a large number of animals 
harboring both micro- and macro-metastases, flow sort the metastatic cells, and then submit for lipidomics. 
To complement the lipidomics, we carried out Oil Red O staining of leptomeninges with micro- and macro-
metastases (fig. 5C). Our analysis of this experiment found that there were more lipid droplets and neutral 
lipids within the microenvironment of macro-metastasis than micro-metastasis (fig. 5D) and that 
interestingly, it is not within the tumor cells. It will be very interesting to functionally test the effects of 
different lipid classes such as ceramides and cholesterol on the growth of micro- and macro-metastases in 
vivo either through genetic knockdown, supplementation, and pharmacological inhibition experiments.  

As eluded to early, fatty acids are found at similar levels in both micro- and macro-metastases. This led us 
to believe that fatty acids may have an important role in micro-metastases as it was more abundant than any 
other lipid classes. We propose that micro-metastases use fatty acids as sustenance in the hostile 
leptomeninges and rely on it for survival until it overcomes the necessary hurdles to develop into a macro-
metastasis. We carried out in vivo radio-isotope tracing with 13C-labeled glucose and xenografted animals, 
in which the metabolic flux of metabolites can be determined and illuminate active metabolic pathways 
(fig. 6A). In line with our theory, labeled carnitines were detected in micro-metastases and implied the 
presence of active fatty acid oxidation within these cells (fig. 6B). 

 

Figure 6: In vivo radio-isotope tracing finds carnitines in micro-metastasis. 
A) Schematic for the experimental set-up for in vivo 13C-labeled glucose tracing. B) Detection of 13-C labeled carnitines in 
primary tumor, micro- and macro-metastases.  

These findings were further corroborated with our collaborative work with Dr. He Ye and Dr. Rinat 
Abzalimov at The City University of New York (CUNY) on matrix-assisted laser desorption ionization 
(MALDI) imaging. Here, we can investigate the presence of metabolites on the leptomeninges harboring 
micro- and macro-metastases without losing spatial information. We found that carnitines were also in 
detected in micro-metastases with this technique (fig. 7), and again, highly supports our proposed theory 
that micro-metastases rely on the use of fatty acids to survive.  

To validate whether fatty acids are necessary for micro-metastases to survive and grow in the spinal cord 
leptomeninges, we conducted some genetic knockdown experiments to disturb the fatty acid synthesis 
pathway. We targeted Elovl7, a fatty acid elongase that is highly expressed in micro-metastasis but not 
macro-metastasis and found a trend towards less micro-metastasis and lowered metastatic burden. 
However, the animal numbers were insufficient to reach statistical significance (data not shown). We will 
now attempt another experiment to test the effects of fatty acids by supplementing the cells or animals 
through diet and assessing their metastatic burden at endpoint. 



 

Figure 7: MALDI imaging finds carnitines in micro-metastases. 
A) MALDI imaging results show the detection of multiple different carnitines in micro-metastases outlined in black, and a lower 
abundance in macro-metastases. B) The quantification of carnitine abundance in micro- and macro-metastases.  

Finally, we carried out a simple in vivo experiment where animals are placed on a control or high-fat diet. 
This experiment was designed to determine whether global perturbations in the abundance of lipids would 
impact metastatic progression from micro- to macro-metastasis. We found that animals fed a diet with 
higher fat content survived fewer days and developed more metastasis than control (fig. 8). 

 

Figure 8: High fat diet impacts metastatic growth in vivo. 
A) Representative fluorescent imaging of control and experimental animals on a high-fat diet. B) The survival curve of control and 
experimental animals. C) Quantification of micro-metastases. D) Quantification of macro-metastasis. E) Quantification of total 
metastatic burden in animals.  

Overall, we were able to characterize and define micro- and macro-metastases in MB. We found differences 
at the transcriptional level and explored lipid metabolism as a biological switch that controls the progression 
of micro- to macro-metastasis. We are now completing additional experiments to strengthen the support we 
currently have for our data and to complete a manuscript. 



Aim 2: Unravel genetic mutations that underlie the ability of micro-metastases to develop into macro-
metastases using single-cell targeted genome sequencing technology 

Initially, this aim was to explore the genomes of micro- and macro-metastases using the single-cell targeted 
genome sequencing technology called SBCapSeq. We had optimized this technique for the project, but 
because due to its inability to scale as a high-throughput technique, we decided to alternatively use shear-
SPLINK to interrogate the genetic mutations and clonal evolution of micro- and macro-metastases. Shear-
SPLINK utilizes acoustic shearing to fragment the cells DNA at random prior to barcoding and library 
preparation for genomic sequencing.  

We are interested in understanding the evolutionary trajectory of micro- and macro-metastasis from the 
primary tumor in MB. Is it as simple as the primary tumor sheds micro-metastases that then develop into 
macro-metastases? Using SNV calling with our single cell RNA sequencing data and a DENDRO analysis, 
we found that most primary tumor, micro- and macro-metastatic cells were closely related to each in terms 
of their mutational profile (fig. 9A). However, we did find clades that contained only micro- and macro-
metastases (dotted) and only the primary tumor and macro-metastases. This suggested a different 
relationship between micro- and macro-metastasis than we initially hypothesized. The evolutionary 
trajectory was also predicted with a Slingshot analysis on the single cell data (fig. 9B).  

 

Figure 9: Evolution of micro- and macro-metastasis in MB as predicted with single cell RNA sequencing data. 
A) SNV calling produced phylogenetic trees that showed clades of primary tumor, micro- and macro-metastatic cells with similar 
mutational profiles. B) Slingshot analysis to predict the trajectory of cells based on their transcriptomes.  

With shear-SPLINK optimized, we carried out the technique on Sleeping Beauty animals that were also 
homozygous for the SmoA1 mutation as these animals had higher disease penetration and metastatic burden. 
We completed an analysis on the proportion of shared insertions to determine the level of similarity between 
the primary tumor, micro- and macro-metastasis to delineate their evolutionary trajectory. We concluded 
that the primary tumor was more similar to the macro-metastases and the micro-metastases are more similar 
to macro-metastases (fig. 10A). We found that micro- and macro-metastasis shared 7 insertion sites but 
micro-metastasis had more insertions than macro-metastases (fig. 10B). This suggested that micro-
metastasis might be more divergent and later in the trajectory.  

Therefore, evidence from shear-SPLINK as well as from the single cell predictions posits the metastatic 
evolution in MB to be the primary tumor to macro-metastasis to micro-metastasis. However, as we have 
seen animals with only micro-metastases, we believe that the primary tumor sheds two different populations 
of micro-metastases—one with the propensity to proliferate and develop into a macro-metastasis 
immediately after dissemination and another that remains dormant. Future experiments will require us to 
distinguish between these two micro-metastatic populations and determine which have the greater potential 



to give rise to MB and metastasis. We are also 
interested in determining the types of pathways that are 
associated with the insertions that were unique and 
shared amongst the micro- and macro-metastasis, and 
functionally testing the genes or pathways for 
therapeutic opportunities. 

Aim 3: Explore the role of the tumor 
microenvironment in supporting micro-metastases 
and the growth of macro-metastases using CyTOF 
imaging mass cytometry and immunofluorescence 

It is becoming a well-known concept that the tumor 
microenvironment (TME) plays an important role in 
supporting the growth of tumor cells and metastasis. 
Given the size and potential biological differences 
between micro- and macro-metastases, the TME may 
also be unique and have variations in the immune cell 
compositions. To investigate this, we proposed to use 
CyTOF imaging mass cytometry. In collaboration with 
Dr. Hartland Jackson from the Lunenfeld-Tanenbaum 
Research Institute in Toronto, we had worked to put 
together a panel of mouse immune cell markers to assay 
for the different types of cells that could be associated 
with micro- and macro-metastases on the leptomeninges.  

Meanwhile, as antibody optimization is underway, we 
are utilizing more simple immunofluorescence 
techniques to understand the leptomeningeal microenvironment. We showed that the microenvironment 
between micro- and macro-metastases is very different, such that there is more proliferative activity 
occurring within the boundaries of a macro-metastasis (fig. 11). This is evidence that the macro-metastatic 

cells have a more active microenvironment that supports its growth. 

We initially hypothesized that macrophages were the key players 
and provided support to  macro-metastatic growth. Thus, 
macrophages were thought to be more closely associated with 
macro-metastases. However, we found from our 
immunofluorescence staining of F4/80 macrophages that these 
immune cells are closer to micro-metastases (fig. 12). We proposed 
that the macrophages that are closely associated with micro-
metastases are M1-activated and that they are in the process of 
eliminating the metastatic cells by being in closer proximity. We 
will need to test this theory by staining for M1 and M2 markers.  

To further examine the roles of immune cells in MB metastasis, we 
have generated immunocompetent animals with spontaneous 
tumors that lack specific immune cell populations (e.g., 
macrophages,  neutrophils, T cells). These animals are currently 
being expanded in their colonies but some preliminary data has been 

Figure 10: Shear-SPLINK delineates trajectory of 
MB metastasis.  
A) Proportion of shared insertions determine similarity 
between the primary tumor, micro- and macro-
metastases. B) Insertions found in micro- and macro-
metastases. C) MB metastasis model based on shear-
SPLINK analysis and predictions.  

Figure 11: Increased proliferation in 
macro-metastasis microenvironment. 
A) Ki67 staining of microenvironmental cells 
around macro-metastasis. B) Ki67 staining of 
microenvironmental cells around micro-
metastasis. 



collected. In animals that are lacking 
macrophages and have the genotype as 
CSF1+/-, we found a significant decrease 
in macro-metastasis (fig. 13), which is an 
implication that macrophages are 
important for macro-metastatic growth. 
We are awaiting animals with genotypes 
targeting microglia, neutrophils, and B and 
T cells to develop tumors and metastasis 
for analysis.  

 

Overall, the three aims have been progressing well towards increasing our knowledge and understanding 
of metastasis in MB. Currently, we have unraveled a metabolic switch that is a component of the transition 
from micro- to macro-metastasis. We look forward to finding and testing for therapeutic potential in this 
area. We have also uncovered a model for MB metastasis dissemination and progression from the primary 
tumor. Finally, we are beginning to dive deeper into understanding the microenvironment that surrounds 
and supports the micro- and macro-metastases in MB. We hope that through our research and work in MB 
metastasis, we can help improve patient outcomes with more informed, targeted, and effective treatments. 

Figure 12: Macrophages in closer association to micro-metastasis. 
A) Macrophages within the vicinity of micro-metastases. B) Macrophages 
found near macro-metastases. C) Quantification of the distance between 
macrophages and their nearest micro- or macro-metastatic cell cluster. 

Figure 13: Metastasis in animals that are genetically altered to lack functional macrophages. 
A) Fluorescent imaging of WT and experimental animals that lack functional macrophages. Black arrows indicate micro-metastases. 
B) Quantification of the number of macro-metastases in WT and CSF1R +/- animals. C) Quantification of micro-metastases in WT 
and CSF1R +/- animals.   


