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Humboldt University Museum

 No clear boundary
 Invasion of brain 

parenchyme

 Aggressive, 
fast growing tumor

 Hypoxia and necrosis

 Abnormal vessels and 
neo-angiogenesis

Biological and Clinical Challenges of Glioblastoma

 Genetic instability: 
mutations and CNAs

 Immunologically cold tumor 

Thorsson et al. Immunity 2018



Classification of Malignant Gliomas (= Diffuse Gliomas)

Adapted from Louis et al. Acta Neuropathol 2016

Diffuse Gliomas

IDH wildtype IDH mutant

1p19q loss
TERT promoter

ATRX
TP53

Amplification of RTKs
Loss of tumor suppressors (PTEN,

RB1, NF1)

Primary Glioblastoma
(grade IV)

Astrocytoma grade IV
(secondary Glioblastoma)

(grade IV)

Astrocytoma 
(grade II, III)

Oligodendroglioma
(grade II, III)

6-8 years

MS: 12-14 months

5-6 years

1-2 years

IDH: Isocitrate Dehydrogenase



Glioma: ‘a disease of the whole brain’
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Andreas von Deimling, Dianova

Infiltration zoneCortical area



T1 + contrast MRI Invading tumor cells
Visualization of tumor cells 

on brain section

Patient GBM in mouse brain
(PDOX)

Invading tumor cells are not removed by surgery

GBM in patient

before surgery after surgery

radiotherapy



 Glioma cells do not metastasize to other organs (although CTCs can sometimes 
be detected in blood)

 However they ’metastasize’ within the brain – concept of Diffuse Glioma

 Invading glioma cells are largely shielded from current therapeutic interventions:

o Surgical resection removes the tumor core, but not the invasive front

o Radiotherapy focuses on the tumor core & limited margin

o Systemic therapy often does not reach invading glioma cells, which are 
hidden in normal brain tissue and protected by an intact blood brain 
barrier

 Hence recurrence is inevitable

 Targeting invading glioma cells is like guerilla warfare

Factsheet about glioma invasion



De Gooijer et al. Trends in Mol Med 2018
Fabian et al. submitted 

Preferred routes of glioma cell invasion



Single Cell Invasion vs Collective Invasion

Provenzano et al. TRENDS in Cell Biology 2009

Collective invasion through cellular 
networks in GBM

(Tumor microtubes)

Osswald et al. Nature 2015



Travel of nuclei after nuclear division in 
cellular protrusions of migrating cells

Protrusions extending into 
the brain parenchyma

Osswald et al. Nature 2015

Tumor microtubes: thin cellular protrusions between 
glioma cells

 Facilitate invasion
 Increase tumor cell resistance



Armento et al. Glioblastoma, 2017

Molecular mechanisms of glioma cell invasion



Ca2+ signaling and role of cytoskeleton

Cuddapah et al. Nature Rev Neurosci 2014
Jung et al. Nature Neurosci 2019

 Intracellular Ca2+ increase leads to opening of 
channels (Cl-, K+ channels, aquaporins) and 
water efflux, volume loss allowing to squeeze 
into small spaces

 Followed by regain of volume through ion influx 

 Tumor microtubes at 
the invasive front
(similar to growth cones during 
axon elongation)
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non-invasive
GBM cells

highly invasive
GBM cells

invasive 
GBM cells

non-
invasive

invasive highly
invasive

Transwell assay

migration

invasion

Scratch assay

In vitro invasion assays in 2D format

 Easy and straightforward
 Monolayer cultures
 Control for proliferation required!



non-
invasive

invasive highly
invasive

0h

72h

non-invasive
GBM cells

highly invasive
GBM cells

invasive
GBM cells

Invasion assay in 3D format: tumor spheroids  

 on plastic (migration)
 in matrigel/ECM (invasion)

Goplen et al. AJP 2010
Schuster at al. under review



Glioma invasion assays within ex vivo brain tissue

Organotypic brain slice 
cultures

highly invasive
invasive
non-invasive

Single cell velocityColonized area

Brain organoids

24h

48h

72h

non-invasive 
GBM cells

invasive 
GBM cells

highly-invasive 
GBM cells

Schuster et al. under review
Fabian, Bjerkvig et al. unpublished



Glioma invasion in vivo

Endpoint: 20 weeks Endpoint: 8 weeks Endpoint: 5 weeks

Highly invasive GBM Invasive GBM Non-invasive GBM

Immunohistochemistry

Intravital microscopy

Osswald et al. 2015 Schuster et al. under review
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RNA interference screen to 
identify invasion essential genes

shRNA library:
18,205 human genes
95,700 shRNAs in total
5 shRNAs/gene

Highly invasive GC Boyden chamber assay

Analysis and 
validation of 

candidate genes

Anne Schuster

Schuster et al. Trends Biotechnol. 2018



Data analysis of shRNA screen

Normalized shRNA counts

Individual shRNA Scoring

Integrated gene Level:
Scoring of the targeted

genes

Raw shRNA counts

or

redundant siRNA activity 

RNAi gene enrichment ranking 

17 Candidate genes in the TOP 2% list

~ 200 Candidate genes in the TOP 10% list 

Model-based Analysis of 
Genome-wide CRISPR-Cas9 Knockout 

Metabolic enzyme: Methylene Tetrahydrofolate Dehydrogenase 1like (MTHFD1L)

Novel transcriptional regulator: Zinc finger AN-type protein 3 (ZFAND3)



Collaboration with Johannes Meiser, Alexei Vazquez

Serine One-Carbon Metabolism

2016

2017

Rosenzweig et al. 2018



A novel route for serine catabolism
coupled to ATP synthesis and formate release

amino acid serine

Meiser et al., Science Adv. 2016

Nucleotide synthesis ATP production ATP production and 
formate release

Novel catabolic pathway



MTHFD: Methylene TetraHydroFolate Dehydrogenase

MTHFD1L: mitochondrial enzyme required for formate release

SHMT: Serine hydroxymethyltransferase 

Catabolic pathway:
ATP production and 
formate release

Folate cycle Anabolic pathway: 
nucleotide synthesis
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Serine catabolism is increased in tumors in vivo
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in vivo Metabolic Flux Analysis
in GEMMs

Meiser, Schuster et al., Nature Comm 2018



 MTHFD1L activity promotes glioma invasion through formate
release

 Formate accumulates in tumors and in plasma of tumor-
bearing mice – role in metastatic process remains to be 
elucidated

 Tumor metabolism not only regulates proliferation, but also 
invasion (energy driven processes) 

 MTHFD1L is localized to mitochondria, which may provide 
local ATP production at the migratory tip of tumor cells 
(cf tumor microtubes)

Novel role of metabolism in tumor cell invasion

Tumor metabolism

Proliferation

Metabolic need: 
Biomass

and Energy

Invasion

Metabolic need: 
Energy (ATP)

Meiser, Schuster et al., Nature Comm 2018
Fabian et al. under review



Data analysis of shRNA screen

Normalized shRNA counts

Individual shRNA Scoring

Integrated gene Level:
Scoring of the targeted

genes

Raw shRNA counts

or

redundant siRNA activity 

RNAi gene enrichment ranking 

17 Candidate genes in the TOP 2% list

~ 200 Candidate genes in the TOP 10% list 

Model-based Analysis of 
Genome-wide CRISPR-Cas9 Knockout 

Metabolic enzyme: Methylene Tetrahydrofolate Dehydrogenase 1like (MTHFD1L)

Putative transcription factor: Zinc finger AN-type protein 3 (ZFAND3)



ZFAND3: Zinc Finger AN1-Type containing 3 domain

ZFAND1

ZFAND2A

ZFAND2B

ZFAND3

ZFAND4

ZFAND5

ZFAND6

ZFAND7

8 family members

ZFAND3 (or testis expressed sequence 27, TEX27)
Å AN1 and A20 domain
Å essential for spermatogenesis in mice
Å associated with development of Diabetes Type II
Å exact function remains unkown





 Glioma invasion is a major clinical challenge

 Specific routes and modes of glioma invasion in the brain microenvironment 

 RNA interference screen reveals multiple genes regulating glioma cell invasion

 MTHFD1L activity promotes GBM invasion through formate release

 ZFAND3: a novel transcriptional regulator of GBM invasion

 Therapeutic targeting remains a challenge, but may become feasible with tumor-specific 
targets

Summary and Perspectives

Is there a role for mathematical modeling?

 Modeling invasion in the brain taking into account different parameters

 Predict potential of recurrence at distant sites? 

 Is invasion in mouse and human brain comparable?

 …



Does size matter?
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