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Summary

The use of cell-based models in neurotoxicology and for neurodegenerative diseases
is driven by limitations of animal data predictivity, legislative pressure and the in-
creased availability of relevant cells. As all model systems cell-based in vitro models
have their restrictions and limitations. For instance, the toxicological sensitivity of
neuronal cells might be affected by genetic variability, differences in the metabolic
state and the presence or absence of secondary cell types (e.g. astrocytes).

The aim of this thesis was to characterize different factors affecting toxicity outcomes
in neurons derived from a dopaminergic neuronal cell line (LUHMES: Lund human

mesencephalic cells).

In a first project, the conditionally immortalized cell line LUHMES was characterized
with respect to changes in cellular metabolism occurring while differentiating from
neuronal precursor cells to mature dopaminergic neurons. It was observed that
changes in metabolic utilization and demands, i.e. the developmental state of the
cells, correlate with an increase or decrease in toxicant sensitivity. The direction of
the sensitivity change was defined for toxicants of different mode of action.

In the second project, genomic stability and reproducibility within different subpopula-
tions of this cell line were investigated. Notably, even though LUHMES have an intact
set of chromosomes, a few passages in different environments (i.e. transfer to a dif-
ferent lab and deposition at a cell bank) were sufficient to introduce differences be-
tween subpopulations, as revealed by whole genome sequencing. These differences
did not manifest as obvious genetic alterations, (i.e. larger chromosomal aberrations
or mutations directly changing amino acids), but were rather founded in SNPs in non-
coding regions or pleiotropic effects, which strongly influenced the toxicant sensitivity
of the subpopulations.

In the third project, the LUHMES cell line was used to discover stress pathways
which increase cellular resilience against disturbance of the ubiquitin-proteasome
system, one major hallmark of Parkinson’s disease (PD). NRF-1 was identified as a
major transcription factor coordinating proteasomal recovery. Increased external glu-
tathione (GSH) supply was found to increase NRF-1 expression and to allow cellular

survival. By co-culturing LUHMES cells with astrocytes, it was observed that astro-
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cytes are of great importance for neuronal thiol-supply and increase neuronal GSH,

thereby reducing neuronal sensitivity for proteasomal inhibitors.

In summary, these findings suggest that most model systems, used as basis for ani-
mal free methods, require more scientific characterization of robustness and resili-
ence factors. By the characterization of these factors further insight into underlying
mechanisms of physiological cell-cell-interactions, cellular resilience pathways as
well as modes of toxicity can be discovered, and interpretation of toxicological data
can be facilitated.



Zusammenfassunqg

Forschung an zellbasierten in vitro Modellen flr Neurotoxizitatsstudien und zur
Modellierung von neurodegenerativen Erkrangungen gewinnt immer mehr an
Bedeutung. Die Griinde hierfir liegen zum einen in einer eingeschrankten
Anwendbarkeit und Vorhersagekraft von Tiermodellen fir den Menschen und zum
anderen in einem erhdhten Druck durch neue Gesetze und Regularien. Wie alle
Modelle unterliegen auch zellbasierte in vitro Modelle Einschrankungen, was ihre
Vorhersagekraft und Gultigkeit betrifft. Zum Beispiel kann die Sensitivitdt von
Neuronen gegenuber Neurotoxikantien durch verschiedene Faktoren beeinflusst
werden. Hierzu zahlen unter anderem der metabolische Status der Zellen,
genetische Veranderungen in den Zellen und die Anwesenheit weiterer Zelltypen in

der Kultur.

Ziel dieser Arbeit war es zu untersuchen wie diese Faktoren die Sensitivitdt von
dopaminergen Neuronen, die von der LUHMES (LUHMES: Lund human

mesencephalic cells) Zelllinie generiert wurden, beeinflussen.

Im ersten Projektteil wurden die metabolischen Verdnderungen wahrend der Zell-
Differenzierung verfolgt. Es konnte beobachtet werden, dass sich die
Substratabhangigkeit und die Verwendung von metabolischen Reaktionswegen uber
den Verlauf der Differenzierung verandern. Diese Verédnderungen konnten mit
unterschiedlichen Sensitivitaten gegentber verschiedener Toxikantien in Verbindung

gebracht werden und waren abhangig vom Wirkmechanismus dieser Toxikantien.

Im zweiten Teilprojekt dieser Arbeit, wurden zwei Subklone der LUHMES Zellen auf
phanotypische und genetische Unterschiede untersucht. Trotz eines intakten Sets an
Chromosomen und nur geringen genetischen Abweichungen waren wenige
Passagen in unterschiedlicher Umgebung (Zellbank und urspriingliches Labor)
genug um deutliche Unterschiede in ihrem Differenzierungsverhalten zu
dopaminergen Neuronen hervorzurufen. Diese Unterschiede fiihrten zu eine
veranderten Sensitivitat gegentiber einem Toxikant, der haufig zur Modellierung der

parkinsonschen Krankheit verwendet wird.

AuRRerdem wurden die LUHMES Zellen verwendet um neue Signalwege und

Mechanismen zu identifizieren, die eine erhtte Wiederstandskraft der Zellen
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gegenuber Stérungen im Ubiquitin-Proteasom System ermdglichen. Ein gestorter
Proteinabbau, der durch Defekte in diesem System hervorgerufen werden kann, ist
ein Hauptcharakteristikum der parkinsonschen Krankheit und dadurch von grofRem
Interesse. Es konnte gezeigt werden, dass NRF-1 eine entscheidende Rolle in dieser
Stressantwort spielt und fiir das Uberleben der Zellen von groRer Bedeutung ist.
Durch das Hinzuflgen von Astrocyten zu den Neuronen konnte Glutathione (GSH)
aus Astrocyten als wichtiger Modulator der Stressantwort auf Proteasominhibition
ermittelt werden. Das GSH verstarkte die NRF-1 Antwort und ermdéglichte das

Uberleben der Neuronen in Anwesenheit von Proteasominhibitoren.

Zusammenfassend benétigen die meisten zellularen Modellsysteme eine eingehende
Charakterisierung von potentiellen Faktoren, die die Robustheit und Ausfallsicherheit
beeinflussen. Durch eine solche Charakterisierung kénnen neue Einsichten in zu
Grunde liegende Mechanismen gewonnen und die Interpretation von toxikologischen

Daten erleichtert werden.
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1. Introduction?:

1.1 Challenges in Neurotoxicology and neurodegeneration

Regulatory toxicology is undergoing a major transition from an animal-experiment
driven discipline to a mechanism-based science, promoting also in vitro experimenta-
tion (1, 2). This change extends in related fields as well, such as neuro degeneration,
where cellular models are the first choice to study underlying mechanisms. The tran-
sition from the current ‘black box’ approach of animal experiments towards a new
approach using mainly in vitro testing to identify the mechanism is driven by many
practical considerations (3-6). This includes, but is not limited to: (i) the concordance
and transferability between animal and human toxicity is in a lot of cases low. For
example rodents have been described to be predictive of human toxicity in less than
50 % of the studies (7); (ii) in vitro safety testing and mechanistic characterization can
minimize the number of animals needed; (iii) reduction of animal use and transition to
high-throughput methods should decrease the cost and time, and increase the relia-

bility of experimental results.

If we consider neurotoxicology and neurodegeneration, the scientific reasons sup-
porting the complementation or substitution of the current methods utilizing animals
by in vitro testing using human cells are multifaceted. Even though the basic compo-
sition of the human brain is not as different from a rodent one as once thought (8),
there are still significant and important differences (9). For example, there are spe-
cies-specific differences in: (i) the constitution and architecture of the neocortex (10);
(ii) the timing of neurogenesis (11); (iii) the spatial and temporal expression patterns
of developmental genes (12);(iiii) the occurrence of cell types (i.e. Von Economo neu-
rons) (13, 14).

! parts of this introduction are taken and modified from the Review:

In vitro acute and developmental neurotoxicity screening: an overview of cellular platforms and high-throughput technical
possibilities.

Gutbier S*, Schmidt BZ*, Lehmann M*, Nembo E, Noel S, Smirnova L, Forsby A, Hescheler J, Avci HX, Hartung T, Leist
M, Kobolak J, Dinnyés A.

Arch Toxicol. 2017 Jan;91(1):1-33. doi: 10.1007/s00204-016-1805-9. Epub 2016 Aug 4. Review

“shared first authors


https://www.ncbi.nlm.nih.gov/pubmed/27492622
https://www.ncbi.nlm.nih.gov/pubmed/27492622

The species differences also extend to astrocytes, which are more abundant (15, 16),
larger, have 10 times more processes and exhibit different signaling processes (17)
in humans than in rodents. However, the most important difference in brains of di-
verse species lies in the sequence of human proteins and their rodent counterparts.
This differences result in altered receptor affinities and enzyme recognition and can

have effects on the inflammatory response (18).

In regard to neurodegeneration one should also consider that significant variation
between rodent and human disease biology has been suggested (19) and that this
discrepancy in disease models might account for the vast clinical failure of drugs that

work in animal models (18).

1.2 The brain: a special environment

The brain’s extraordinary structure and function lead to a special sensitivity to toxicity
and degeneration: in comparison to other organs, “neurotoxicity” normally does not
affect the entire nervous system, like for example hepatotoxicity the entire liver, but
only very specific and small areas. However, this can still lead to a dramatic loss of
function. A prominent example here is the selective loss of dopamine neurons in the
substantia nigra pars compacta, which only accounts for 3% of the human central
nervous system (CNS). The death of this neurons leads to Parkinson’s disease (20,
21). There are six specific properties, which make the brain a special environment
and contribute to this selective toxicity affecting subpopulations. These should be
definitely considered in the choice of models of neurotoxicology and neuro degenera-
tion: (i) the blood brain barrier (BBB), (ii) increased lipid content, (iii) the high energy
demand of the CNS, (iv) signal transmission, (v) morphology of neural cells, and (vi)

the specific biochemistry of neurons (22).

(i) The blood brain barrier protects the brain against several neurotoxicants (23, 24)
and shields the cells of the brain from the immune system of the body (24). However,
there are several ways how substances can cross the BBB, namely directed
transport, diffusion over cell membranes (lipophilic substances) and pericellular pas-
sage of water soluble substances across tight junctions (25-27). Another way of a
toxicant or a drug to cross the BBB are precursor substances (such as 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine or L-Dopa) that cross the BBB and are then meta-
10



bolically activated within the CNS, for example by astrocytes (28). Therefore, in the
course of neurotoxicity studies or developing new pharmacological entities, the capa-
bility of a substance to come across the BBB should always be assessed (23). How-
ever, the protection of the BBB does not include all neurons in the body (29), due to
the lack of a BBB in the peripheral nervous system and the circumventricular organs
(29).

(i) The high ratio of membrane to cytoplasm of neurons, and the additional amount of
lipids in the membranes from the myelin sheaths forming Schwann cells or oligoden-
drocytes leads to a high lipid content in the brain. This increased lipid content might
affect the vulnerability as it favours the accumulation of lipophilic substances, e.g.

methylmercury(30).

(i) The maintenance and generation of membrane potential are the main reasons for
the high ATP demand of neurons. In addition, directed transport and long transport-
distances increase the demand of energy compared to other cell types. This includes
mainly transport of organelles, such as mitochondria (31, 32) and of components of
the translational machinery (33).

(iv) Signal transmission between neurons is the major function of the nervous sys-
tem. For a successful transmission of signals, neurotransmitters have to be released
into the synaptic cleft and bind to their target receptors on the postsynaptic neuron.
Essential for the correct signal transmission are the packaging of neurotransmitters
into vesicles, and the removal of released neurotransmitters from the synaptic cleft.
These delicate processes are susceptible to disturbances by neurotoxicants and

once malfunctioning may cause neurodegeneration (22).

(v) Compared to other cell types, neurons have a specific morphology, as they pos-
sess long projections called axons. These projections can reach a length that is
>100,000 fold the length of the cell body and therefore create special requirements

on intracellular transport and represent a special site of loss susceptibility (31).

(vi) Subgroups of neurons display specific biochemical properties, which are associ-
ated with specific vulnerability of these neurons compared to their neighboring cells.
One example are dopaminergic neurons that produce and release the neurotransmit-
ter dopamine, which autoxidizes quickly. Disturbances in the release of dopamine (by

toxicants such as methamphetamine) or inhibition of dopamine re-uptake (e.g. by
11



cocaine), can result in increased autoxidation of dopamine causing oxidative stress

for these neurons (34, 35).

Another point, also addressed in this thesis is cell maturity, which can have also sub-
stantial influence on the susceptibility to neurotoxicants (23, 36). On one hand, the
development of the nervous system requires strict control of several processes (e.g.
neural tube formation and closure). This control is mediated by sensitive signalling
pathways, which are susceptible to very small perturbations (37-41). On the other
hand, with progressing differentiation the metabolic demands might change resulting

in an altered toxicant sensitivity (42).

These aspects should be taken into account when selecting and establishing cellular

platforms and methods to test for neurotoxicity or to model neurodegeneration.

1.3 Endpoints and analytical methods in in vitro models of neurotoxi-

city and neurodegeneration

Hundreds of targets may be affected by neurotoxicants or altered after the neuro-
degenerative stressor is applied. One principle that facilitates neurotoxicity testing in
vitro, is the concept of adverse outcome pathways (AOP). It summarizes and con-
nects a sequence of molecular initiating events (MIE) and downstream key events
(KE). Even though all of this MIE and KE might be assessed on their own, the more
practical and rational approach is to develop an assay for downstream key events
(KE), which correspond to essential neuronal functions and are affected by more than
one MIEs. Thus, the approach of AOP might therefore provide a basis for in vitro
neurotoxicity testing and may also be applicable for the choice of neurodegenerative
models (43-46).

Even though there are many endpoints and methods that might be applicable to neu-
rodegeneration or neurotoxicology, the focus in the following is on “high-throughput”
methods, such as cell viability, neurite outgrowth and integrity, monitoring spontane-
ous electrical activity of neuronal networks, and on analytical methods, such as tran-
scriptomics and metabolomics. An overview about the different experimental ap-

proaches to define neurotoxicity and neurodegeneration is given in scheme 1.
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Viability Readouts
MTT reduction; resazurin reduction; LDH release ; ATP levels; caspase

activity; annexin/Pl staining; cell counts; plasma membrane integrity,
mitochondrial membrane integrity, nuclear swelling or shrinking, DNA
fragmentation

Information on Cytotoxicity

If cytotoxicity occurs at lower
concentrations for a specific neuronal
subpopulation than for other cells

Legend:
Necessary condition
-3 gives information on

Morphological Readouts Functional Readouts
Neurite integritiy Ca?* signaling

Dentritic /Axonal complexity Migration of neural crest cells
Myelination Neurotransmitter release
Glial proliferation/distrophy Spontaneous activity of neural
Protein aggregates networks (MEA)

Network formation Mitochondrial movement
Synaptogenesis ROS formation

Synaptic spine density Metabolic pattern
Postsynaptic densities Differentiation pattern

Analytical methods to assess test endpoints

Spectrophotometry; Fluorimetry; Luminometry; Electrophysiology;
Patch clamp; Multi electrode arrays (MEA)

Impedance measurements; Immunocytochemistry; High content
imaging (HCI); Reporter assays; Fluorescence-activated cell sorting
(FACS); Multichannel parallel microscopy; Transcriptomics (mRNA;
miRNA); Metabolomics; gPCR; etc.

Scheme 1: modified from Schmidt, et al. (22). Summary of readouts and analytical methods for defining neurotoxicology
and to assess neurodegenerative processes.
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1.3.1 Cell viability assessment

Measurement of ATP as readout for functional metabolism (47, 48) or quantifying the
reduction of resazurin or tetrazolium salts (e.g. MTT) by viable cells (28, 49, 50) are
widely used endpoints addressing cell viability. Another high-throughput endpoint is
the assessment of lactate dehydrogenase (LDH) release from cells (51, 52), which is
an indicator of irreversible cell damage. Like every assay, these methods also have
limitations. For example, in cultures consisting of more than one cell type, cell death
of one type of cells can be masked by proliferation of another type of cells (53). To
circumvent this, methods that involve counting of viable cells are often chosen, which

can be combined with further image based methods.

1.3.2 Neurite outgrowth and stability

Exposure of developing neurons to developmental neurotoxicants may inhibit the
growth of axons and/or dendrites (54). One of the first high throughput assays meas-
uring the effect of substances on neurite growth (55) used Neuroscreen-1 cells,
which is a subline of the PC-12 rat neuronal cell line. For visualization of the neurites
immunostaining for B-lll-tubulin was used and a scoring algorithm, which distin-
guished viable from dead cells and neurites from somata was developed. In a similar
approach, human mesencephalon derived LUHMES cells were used. This condition-
ally immortalized cell line grows an intricate neurite network, upon cessation of prolif-
eration. Using this cells in the phase of rapid neurite growth and measuring neurite
growth and cell viability, allowed the identification of specific neurotoxicants by com-
parison of the EC50 values for viability and neurite growth (56, 57). This assay was
already applied to screen larger compound libraries. Furthermore, the results were
compared to the effect on the neurite outgrowth of stem cell derived peripheral neu-

rons. Thereby selective differences have been observed (58).

A further readout, more relevant to neurodegenerative models can be to monitor de-
generation of already formed neurites (56). The human neuroblastoma SH-SY5Y cell
line can be used for both neurite outgrowth studies (59, 60), and neurite degenera-
tion assays (49), simply by quantifying the number of neurites per cell. These assays

have also been improved for high-throughput, since they use calcein staining of live
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cell structures instead of time-consuming and cost intensive tubulin staining as end-
point (56).

1.3.3 Detection of reactive oxygen species

Oxidative stress within cells has been reported as a secondary effect for many neuro-
toxicants targeting the mitochondrial electron transport and is one major hallmark of
the cellular stress in many neurodegenerative diseases, such as PD. Since the mito-
chondrial pathway is the major energy source of neurons, they have a particularly
high intrinsic ROS formation, which has to be controlled. Methods to detect and
guantify oxidative stress within cells, encompass quantification of oxygen radicals
with colorimetric or fluorescence-based probes (49, 61), determination of glutathione
(35, 61-64), or monitoring of the regulation of oxidative stress-responsive transcrip-
tion factors (e.g. Nrf-2)(65).

1.3.4 Detection of spontaneous neuronal activity

The key function of the nervous system is the transmission and storage of infor-
mation within the neuronal network. This is achieved by electrical communication be-
tween neurons. One approach to measure this uses multielectrode arrays (MEA) that
measure non-invasively changes in the extracellular electrical fields of neurons. With
MEA one can detect spontaneous or induced electrical activity of neuronal networks
in vitro. One big advantage regarding the throughput is that MEA instruments are

available in multiwell format (22).

In order to address mechanistic questions, it is of high interest to combine the MEA
endpoints with other technologies. For example, by addition of metabolomics one can
correlate changes in cellular physiology with changes in the metabolism of neuronal

cells or neurotransmitters and vice versa (66).
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1.3.5 Mitochondrial trafficking

Neurons are particularly vulnerable to toxicants affecting mitochondrial function, as
they depend on the oxidative phosphorylation for energy (ATP) production (67). Mito-
chondrial transport, and fission and fusion of mitochondria are essential for the func-
tionality of mitochondria and for the correct energy supply of the cell. The require-
ments on transport of mitochondria are different in neurons compared to other cell
types due to their long processes. Regarding neurodegeneration, alterations in mito-
chondrial fission and fusion, increase of mitophagy and decrease of motility have
been observed. These endpoints might also be sensitive markers for neurotoxicity
(68, 69). For instance, dopaminergic neurons were found to change their mitochon-
drial motility already 6 h after MPP™* exposure, which is very early before cell death
occurs (after 60-72 h) (70). Interestingly, several studies have used high content im-
aging (HCI) approaches to monitor mitochondrial dynamics in various cell types and
these protocols might be applicable to neurons as well (71-73).

1.3.6 High content imaging

One widely used analytical method to measure several of the beforehand mentioned
endpoints is high content imaging (HCI), which refers to automated high-throughput
multicolour fluorescence microscopy (74). For this analytical method, cells are either
stained with cell permeable dyes, or fixed and immunocytochemically stainined. Al-
ternatively, cells, which express fluorescent proteins, can be employed and changes
in fluorescence intensity and distribution, cell morphology and cell movement can be
monitored. The major challenge of HCI is data analysis. Therefore, automated analy-
sis tools such as “NeurphologyJ” (an Imaged plugin) and “HCS-Neurons” are of big
interest (75, 76). Other software tools provide automated neuronal feature extraction
algorithms (77) or focus on the high throughput application by allowing scripts that
can be applied for unlimited number of pictures (i.e. Cellprofiler or KNIME)(78, 79).
However, issues such as acquired data, manual correction of analysis, assay devel-
opment and the speed of data acquisition still limit the throughput of this method and

therefore needs improvement.
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1.3.7 Transcriptomics

Another analytical method to address toxicant induced changes or cellular changes
prior to neurodegeneration, caused by non-toxic concentrations, is transcriptomics
(40, 80-82). For example, in a report from the pan-European ESNATS research pro-
ject (Embryonic Stem Cell-based Novel Alternative Testing Strategies) the feasibility
of this method for developmental neurotoxicity testing was investigated (83). Enrich-
ment of transcription factor binding sites (TFBS) in response toxicant exposure
across several cellular systems was observed. This points to the possibility to identify
a set of “common cytotoxicity TFBS” or specific patterns for toxicant groups. Several
studies also demonstrated that transcriptome changes correlate with toxicant concen-
trations (84, 85), which can be employed to identify biomarkers, and to classify com-

pounds in an unbiased way (80, 86).

1.3.8 Metabolomics

Metabolomics includes measurement of metabolites inside and outside of cells. This
technology can be used for identification of potential biomarkers, which indicate cellu-
lar stress adaptions following neurotoxicant exposure or changes leading to neuro-
degeneration (87). Metabolomics can either be untargeted or targeted. In targeted
metabolomics, known and predefined metabolites are measured. This approach can
be further extended by feeding 13C-labeled glucose or glutamine to the cells, which
allows time resolved metabolic activity monitoring (88). Meanwhile, untargeted
metabolomics is naive of prior knowledge and thus may help to elucidate unknown
metabolic features triggered by toxicants, such as upregulation of compensatory
pathways or activation of secondary metabolism.

Given the possible applications and information gain by the use of metabolomics,
one should be careful with this relatively new and promising technique. Awareness of
the pitfalls, especially of untargeted metabolomics (e.g. identification of the metabo-
lites measured, and appropriate quality assurance and reproducibility) is mandatory
for meaningful data interpretation (89). Another relevant issue that should be consid-
ered is that both, the extraction and analytical methods applied, influence and limit

the set of metabolites that can be assessed.
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1.4 Cellular platforms

Cellular platforms, established for neurotoxicity testing and modeling of neurodegen-

erative diseases, are diverse. They comprise the complete range from non-human

primary cells to human induced pluripotent stem cell (hiPSC)-derived neurons. The

current development trends to more elaborate cellular systems, including cell types,

and even cell combinations, in which all organ specific cell types and functions are

combined to a human on a chip system (23). A short summary of the described cell

sources and their advantages and shortcomings is depicted in scheme 2.

Primary cells

reference material”

High similarity to in vivo
Restricted availability
Contaminated by other cells

Ethical issues

hESCI/iPSC

Infinite

disease background,
untransformed

Long, complicated
differentiation

(Ethical issues)

Cellular in vitro models
for neurotoxicology and

neurodegeneration

Tumor derived celllines
infinite

Human

Easy handling

Cancer phenotype

Proliferative

Immortalized cell lines
Infinite

Human

(Controllable transgene)
Modified genome

Reflecting in vivo?

Scheme 2: Overview of main sources of cells used in cellular in vitro models for neurotoxicity testing and modelling of
neurodegenerative diseases. Main advantages of each origin are listed in green and disadvantages in red.
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1.4.1 Non-human primary neural cells and neural cell lines

In the field of non primary cells, re-aggregated spheroids (90, 91) or enriched cultures
of neurons (48, 90, 92, 93), or astrocytes (94) are still frequently used. However, pri-
mary cells always require fresh preparation from animals. Therefore, immortalized
cell lines, which reflect a neuronal phenotype derived from murine or rat, have been
established (95-97). They were generated either from neoplasms (neuroblastomas,
phaeochromocytomas) (e.g. the Neuro-2a; PC-12, HT22(98)) or cells were immortal-
ized by oncogenes (e.g. IMA(15, 99)).

1.4.2 Human primary cells and immortalized human neural progenitor cell

lines

Avalilability of human primary cells is very limited and often there are ethical issues
limiting the use even further. Most of this human cell material is derived from abor-
tions or brain surgery resections. Some, more relevant for neurodegenerative stud-
ies, might also come from brain donations. This diverse background has strong ef-
fects on batch differences and therefore affects reproducibility to a far extent.
However, there are protocols existing that describe how to obtain pure populations of
neurons, microglia, oligodendrocytes, and astrocytes from fetal human brains (100).
Moreover, primary cells have been used in neurotoxicological studies as well (101).

The generation of immortalized cell lines from neurons obtained from the mesen-
cephalon (102-106) the cortex (107), the subventricular zone (108) or from the spinal
cord (109) is a second strategy to circumvent the beforehand mentioned limitations.
These cells were generated either by over-expression of an oncogene, or, to avoid
the use of oncogenes, over-expression of human telomerase. The neuronal progeni-
tor cell lines obtained by these means provide a proliferative cell population which
can be used to generate large numbers of cells. Further alternatives for neurotoxico-
logical modelling arise from advancing in 3D cultures and employing these cells as
cell source (110).

A second strategy for the generation of human cell lines is the isolation from tumor

tissue. The most widely used example for such a cell line is the SH-SY5Y human
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neuroblastoma cell line, which might be used in their standard phenotype, or be dif-

ferentiated to cells displaying more neuronal properties (111).

A third source are human neural stem cells, which can be expanded in vitro and dif-

ferentiated to various cell types (22, 112, 113).

1.4.3 Human embryonic stem cells (hESCSs)

Embryonic stem cells (ESCs), firstly isolated from the inner cell mass of murine blas-
tocysts, are pluripotent cells, which have the potential of continuous self-renewal and
the capacity to differentiate into any cell type of the body (114, 115). After the gen-
eration of murine ESCs, protocols for the isolation of cells of human origin have been
developed (116, 117).

Murine ESC have been in use already a long time for in vitro developmental toxicity
testing (118) and the murine ESC-based Embryonic Stem Cell Test (EST) became
an OECD and ECVAM validated platform for embryotoxicology testing (119). The
protocols developed for neuronal differentiation from mESC are robust and still in use
for DNT testing (37, 40, 120).

Nevertheless, concerns about species differences were the main drivers for the de-
velopment of in vitro toxicology screens based on hESCs (121). Therefore, in order to
establish new model systems of neurotoxicology and neurodegeneration differentia-
tion protocols for hESCs have been developed. These protocols allow the differentia-
tion into various neuronal subpopulations (e.g. dopaminergic, glutamatergic), astro-
cytes, microglia and oligodentrocytes (122, 123). Recently, a neurite outgrowth
assay, based on hESC derived neurons and using automated high-content screen-
ing, proved the validity and importance of hESC derived cells as in vitro toxicological
model (124, 125).
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1.4.4 Human Induced Pluripotent Stem Cells (hiPSC) and induced neurons

(iNeurons)

In 2006 the successful reprogramming of murine somatic cells into stem cells was
achieved (126), and one year later the generation of human induced pluripotent stem
cells (hiPSCs) was also accomplished (126, 127). Nowadays, the generation of hiP-
SCs, using defined factors and diverse methodologies are well established and fre-
guently used (128, 129). A large body of research is showing that hiPSCs share most
characteristics of hESCs (130, 131) and the self-renewal ability makes hiPSCs an
unlimited source of practically all cell types of the body. The visions for potential uses
range from cell replacement therapy through drug-screening and disease modelling
to toxicity testing (132-134).

The most important point, when applying hiPSC derived cells for toxicity models, is to
differentiate cells that model closely the desired celltype found in vivo. Although,
there are many protocols for the generation of different neuronal cell types from
hESC exisiting, most have to be adopted for the use with hiPSC(130, 135-137). Nev-
ertheless, within the last 10 years, several protocols have been published which gen-
erate neuronal cells from hiPSC, e.g. dopaminergic -, spinal motor -, cholinergic —
and glutamatergic neurons as well as astrocytes and oligodendrocytes (122, 123,
131, 138-142).

An alternative way to full differentiation of certain cell types from hiPSC is the genera-
tion of the self-renewing progenitor cells of the distinct organ (e.g. neuronal stem
cells). Different attempts aimed to directly convert somatic cells into neurons (iNeu-
rons) without prior reprogramming to hiPSC (143-145). This technique might allow
faster, simpler and cost effective generation of neurons. Nevertheless, the resulting
neuronal populations need to be properly characterized and validated prior to poten-

tial practical applications.

1.5 Advantages of LUHMES
MESC 2.10, the cells from which the LUHMES (Lund Human Mesencephalic) sub-

clone was generated, were created from the mesencephalic tissue of an aborted

eight week old embryo by conditional immortalization. For the immortalization, a ret-
roviral LINX v-myc vector enabling a tetracycline-controlled v-myc expression, was
introduced (102). Cells that are transfected by this vector express v-myc (in the ab-

21



sence of tetracycline), which enables them to stay in a proliferating state. The addi-
tion of tetracycline stops the v-myc expression and initiates the differentiation. The
LUHMES subclone was selected for a robust dopaminergic phenotype by Lotharius
et al. in 2005 (34).Once differentiated this subclone forms an intricate network of neu-
rites and displays biochemical and morphological properties of mature dopaminerigic
neurons. Differentiated LUHMES expressthe characteristic markers of DA neurons
and are sensitive towards MPP* (35, 63, 104). These characteristics make this cell
line an ideal candidate for manifold PD in vitro studies. The fast proliferation in the
proliferative state and the highly synchronized and fast differentiation allow the large
scale generation of neurons with highly robust and reproducible properties. The near-
ly unlimited availability and fast generation of a defined cell population makes this cell
line ideal for the use in biochemical and multi-omics studies where the required cell
number or homogeneity are often the limiting factors in other cellular systems. In con-
trast to neuroblastoma cell lines, e.g. SH-SY5Y, LUHMES have an intact set of fe-
male chromosomes (103) and might therefore have a more relevant phenotype for
disease and neurotoxicity modeling. Since its creation, the LUHMES cell line has
been used in several studies about neurodegeneration and neurotoxicity (35, 49, 63)

and has been deposited in 2006 at the American Type Culture Collection (ATCC).

According to our knowledge about LUHMES cells, they represent a suitable and
promising model for both, neurodegeneration and neurotoxicity studies. Further char-
acterization of their properties and awareness about potential pitfalls (e.g myc arti-
facts) render them as a state of the art model system, worth to be understood and

explored further.

1.6 Requirement of cell authentication and characterization

Reproducibility in preclinical research is estimated to be lower than 50% and irrepro-
ducible clinical research is assumed to cost 28 billion dollar per year only in the US
(146). Primary causes for reproducibility problems, besides study design, laboratory
protocols, reporting, data analysis and biological reagents, are reference materials,
such as cell lines (146). Despite their importance to biological and biomedical re-

search, a lot of cell lines are misidentified or contaminated by other cells. For exam-
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ple over 400 cell lines thought to be derived from one tissue have been shown to
originate from a different tissue (147). Moreover, a lot of cell lines thought to be tissue
specific have been shown to be Hela, but are still used as tissue specific models in a
lot of publications (148).Therefore, cell line authentication and characterization is a

topic concerning all scientist (147).

It has been shown that over-subculturing with too many passages may affect as well
cell line characteristics and reproducibility. Genetic heterogeneity of the parental line
and sub-selection during culturing is suspected to be the underlying mechanism lead-
ing to genetic drift that might result in genetic distinct subclones (149). To increase
reproducibility, accurate documentation of species, sex and tissue as well as the
monitoring of genotypic and phenotypic changes over time is thought to be essential.
Furthermore, cellular maintenance should move into focus as potential driver of ge-
netic drift (149).

Chromosome painting and short tandem repeat (STR) profiling cannot fulfill quality
assurance requirements, therefore single nucleotide polymorphism (SNP) profiling
should be conducted additionally. Furthermore, the sharing of cell lines has been
suggested to be discouraged or actively banned (150). Since changes in phenotype
might also be caused by small mutations in promoter regions or alterations in the ep-
igenetic landscape, quality controls such as marker expression and functional tests
for toxicant sensitivity might be necessary when using and qualifying a cell model for
toxicant testing.

1.7 Stability and drift in cell culture

As mentioned in chapter 1.6 genetic stability and drift might have strong influence on
experimental outcome and reproducibility. The genetic stability might vary between
cell lines. Nevertheless, it is an issue affecting every cell type, from tumor origin to
stem cells. For example, sequencing of the genome of HelLa cells and comparison of
copy numbers displayed a high level of aneuploidy and large structural variants.
Gene expression analysis identified alterations in cell cycle and DNA repair pathways
compared to normal human tissue (151). Another cell type often used in models of
neurotoxicity and neurodegeneration are the neuroblastoma cells SH-SY5Y. For this
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cell line mycn amplification, gain of 17g and deletion of 1p36 (152, 153), as well as
overall strong alterations in the integrity of the genome, have been reported. This ge-
netic alterations might affect the suitability of this cell lines as disease model as well

as the outcomes of neurotoxicity studies conducted with them.

In contrast to cancer cells, one would expect euploidy and a stable genome in hESC
and iPS cells. However, there is evidence that stem cells start accumulating SNPs in
coding regions in later passages due to subclonal growth. Suggesting a mosaic ge-
nome structure and a subclonal selection due to cell culture conditions (154). Moreo-
ver, some hESC and iPS cell lines tend to manifest aneuploidy (i.e. trisomy 12 or X
and amplification 17q) which provide a selection advantage by multiplication of stem-

ness or anti apoptotic genes (149).

Therefore, detailed characterization and quality controlling over time of the cell lines
used for disease modeling or neurotoxicity studies should always be an integral part

of the model setup in order to increase reproducibility and validity of the system.

1.8 Influence of differentiation status on toxicity

An important aspect, when using complex cellular models including differentiation of
cells to another cell type, is that differentiation can lead to differences in the suscepti-
bility to neurotoxicants. Differentiation of neurons is characterized by the arrest of the
cell cycle, resulting in a stop of cellular division. This process is accompanied by ob-
vious morphological changes (e.g. neuritogenesis), and a strong alteration in the
metabolic phenotype (67, 155). The latter is mainly due to changes in the demand of
glucose and glutamine, which contribute to the generation of ATP (156, 157) and are
essential metabolites for growth (158, 159). Glucose and glutamine sustain oxidative
phosphorylation for ATP production (157). The different metabolic demands can be
the underlying cause of observed differences in the response to neurotoxicants. Met-
abolic characterization of the different cellular differentiation states, can therefore

substantially increase the understanding of the cellular model.
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1.9 Neurotoxicology and neurodegenerative diseases

Since several epidemiologic studies correlated the exposure to neurotoxicants (e.qg.
paraquat, rotenone, 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) and meth-
amphetamine) with PD symptoms, these neurotoxicants are nowadays in use as ex-

perimental models for neurodegenerative diseases such as PD (21, 160).

For example, rotenone, which is a herbicide, pesticide and fish poison has been
found to cross the blood brain barrier (BBB) easily, due to its lipophilic properties.
Within the cells it inhibits complex | of the mitochondrial respiratory chain and triggers
selectively the loss of DA neurons (20). A second widely used neurotoxicant in ani-
mal and cellular models of the neurodegenerative disease Parkinson’s is MPTP and
its active metabolite MPP* (161-163). The discovery of its toxicity in 1983 was trig-
gered by the observation that drug addicts, who injected meperidine-analogs intrave-
nously, developed rapidly severe PD like symptoms. It was reported that the actual
drug 1-methyl-4-phenyl-4-propionoxy-peridine (MPPP) was contaminated with
MPTP(164). Further studies identified the actual toxic compound as a metabolite of
MPTP, MPP™ (165). The uncharged contaminant MPTP easily enters the brain where
it is mainly converted by the monoamine oxygenase B of astrocytes to the unstable
intermediate MPDP*. MPDP" autoxidizes to MPP*, which is accumulated in dopa-
minergic neurons via the dopamine transporter (DAT) (28, 161, 165-169). Within the
neurons it leads to block of complex | of the respiratory chain and therefore to neuro-
degeneration.

Neurotoxicant based cellular models for neurodegeneration are often used for mech-
anistic studies and drug screening approaches, since they are fast and highly repro-
ducible. By targeting complex |, causing oxidative stress and disturbances in the
ubiquitin-proteasome system (UPS), they reflect key hallmarks underlying the neuro-
degenerative process in this diseases. However, they do not completely resemble all
processes of age related neurodegeneration as the toxicity in this models occurs
within hours to several days and a lot of neurodegenerative diseases are character-

ized by the continuous slow demise of neurons over several decades (170).
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1.10 Influence of astrocytes on neuronal stress response - The ad-

vantage of co-cultures

Astrocytes are one of the four major cell types in the brain, with various supportive
functions (i.e. nutrient supply of neurons, influence on neuronal growth and differenti-
ation, trophic support, and maintenance of homeostasis) and direct contribution to
signal transduction (i.e. release and removal of neurotransmitters) (171). For a long
time, astrocytes were described to be the structural framework of the brain, but re-
cently, the discovery of the various other functions changed the perception of astro-
cytes and increased the interest in this cell type. One aspect contributing to this
change is the role of astrocytes in the immune response in acute conditions and neu-
rodegenerative processes, such as AD and PD (172). Another aspect is the observa-
tion that the presence of astrocytes also alters toxicological responses and might also
affect the outcome of pharmacological interventions (15, 173). Therefore, advancing
from a single cell type model to a co-culture model, composed of differentiated do-
paminergic neurons and astrocytes, for mechanistic studies might increase the in-
sight in cellular interactions and alterations of stress pathways (99). Identification of
endogenous resilience pathways with the involvement of multiple cell types might

open new perspectives on possible drug targets.
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2. Aim of the thesis:

The aim of this thesis was to characterize different factors affecting toxicity in neu-

rons derived from the dopaminergic cell line LUHMES (Lund human mesencephalic
cells). Three particular objectives of the thesis were:

1. The impact of metabolic changes in the course of differentiation on neuronal
toxicant sensitivity

2. Characterization of the genetic and phenotypic stability of the LUHMES cell
line and the impact on toxicant sensitivity

3. Investigation of the influence of a second cell type on neuronal toxicant sensi-
tivity and trans-cellular resilience pathways
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3. Results

3.1 Manuscript #1:

This manuscript has already been accepted for publication in Toxicology and applied

pharmacology:

Stage-specific metabolic features of differentiating neurons: Implications for toxicant

sensitivity.

Gutbier S*, Delp J*, Cerff M*, Zasada C*, Niedenfuhr S, Zhao L, Smirnova L,
Hartung T, Borlinghaus H, Schreiber F, Bergemann J, Gatgens J, Beyss M, Azzouzi
S, Waldmann T, Kempa S, N6h K, Leist M.

Toxicol Appl Pharmacol. 2017 Dec 24. pii: S0041-008X(17)30494-5. doi:
10.1016/j.taap.2017.12.013. [Epub ahead of print]

*shared first authorship
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3.1.1 Abstract

Developmental neurotoxicity (DNT) may be induced when chemicals disturb a key
neurodevelopmental process, and many tests focus on this type of toxicity. Alterna-
tively, DNT may occur when chemicals are cytotoxic only during a specific neurode-
velopmental stage. The toxicant sensitivity is affected by the expression of toxicant
targets and by resilience factors. Although cellular metabolism plays an important
role, little is known how it changes during human neurogenesis, and how potential
alterations affect toxicant sensitivity of mature vs. immature neurons. We used imma-
ture (d0) and mature (d6) LUHMES cells (dopaminergic human neurons) to provide
initial answers to these questions. Transcriptome profiling and characterization of
energy metabolism suggested a switch from predominantly glycolytic energy genera-
tion to a more pronounced contribution of the tricarboxylic acid cycle (TCA) during
neuronal maturation. Therefore, we used pulsed stable isotope-resolved metabolom-
ics (pSIRM) to determine intracellular metabolite pool sizes (concentrations), and iso-
topically non-stationary **C-metabolic flux analysis (INST **C-MFA) to calculate met-
abolic fluxes. We found that dO cells mainly use glutamine to fuel the TCA.
Furthermore, they rely on extracellular pyruvate to allow continuous growth. This
metabolic situation does not allow for mitochondrial or glycolytic spare capacity, i.e.
the ability to adapt energy generation to altered needs. Accordingly, neuronal precur-
sor cells displayed a higher sensitivity to several mitochondrial toxicants than mature
neurons differentiated from them. In summary, this study shows that precursor cells
lose their glutamine dependency during differentiation while they gain flexibility of
energy generation and thereby increase their resistance to low concentrations of mi-

tochondrial toxicants.
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3.1.2 Keywords

Developmental neurotoxicity, metabolomics, energy metabolism, metabolic flux, *C

labeling experiment, oxygen consumption

3.1.3 Highlights

e Precursor cells have less energetic buffer than mature neurons

e The resilience towards mitochondrial toxicants is reduced in neural precursor cells
e A map of the central carbon metabolism of precursor cells has been established

e Metabolism studies suggest dependence of neural precursor on pyruvate and glu-

tamine

3.1.4 Abbreviations

aKG- a-ketoglutarate

AA- amino acid

BM- biomass

CCM- central carbon metabolism

CDW:- cell dry weight

DNT- Developmental neurotoxicity

ECAR- extracellular acidification rate

ESI- Electrospray ionization

FCCP- Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
GC-MS- gas chromatography-mass spectrometry

GO- gene ontology

INST *3C-MFA - isotopically non-stationary **C metabolic flux analysis
IVT- in vitro transcription

LUHMES- Lund human mesencephalic cells

ME- malic enzyme

MID- mass isotopomer distribution

OCR- oxygen consumption rate
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PC- pyruvate carboxylase

PCA- principal component analysis

PDH- pyruvate dehydrogenase

pSIRM- pulsed stable isotope-resolved metabolomics
RQI- RNA quality indicator

SD- standard deviation

SEM- standard error of the mean

TCA- tricarboxylic acid cycle
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3.1.5 Introduction

Developmental neurotoxicity (DNT) testing is currently undergoing a major transition
from expensive, time consuming animal based studies to cell-based assays (22).
Most in vitro tests model a narrow window of development, and they reflect only one
or few neurodevelopmental processes. Therefore, in order to obtain toxicity predic-
tions with a high confidence level, several assays will have to be combined to a test
battery (174, 175). To cover all actions of DNT toxicants, it is important to focus not
only on specific disturbances of key developmental processes. Also blunt cytotoxicity
can play a role, if it is specific for a subpopulation of cells that is only present during a
particular phase of organ development. For instance exposure to the general cytotox-
icant 5-flurouracil can affect facial and hindlimb development in specific ways (176)
and exposure to the cell cycle toxicant methylazoxymethylacetat (MAM) is a standard
tool to trigger structural and functional DNT (38, 39, 41). The understanding of specif-
ic sensitivities to cytotoxicants (82) and of the underlying biological and metabolic
basis will be important for mechanistic validation of test systems and for the assess-
ment of their biological relevance (5, 116, 177, 178).

In the early fetus, most cells are highly proliferative in order to generate body growth.
For instance, neural precursor cells (NPC) generate abundant progeny to create the
nervous system. Some DNT test methods are based on the differentiation of pluripo-
tent cells to NPCs (179, 180). Others use specific precursors of the peripheral nerv-
ous system to study their function (79, 181), or such cells are being used to examine
for instance astrocytogenesis (182, 183). Monitoring of many of the diverse prolifera-
tion and differentiation steps in the nervous system is a pivotal aspect of DNT testing
(38, 184). Until now, such monitoring is mainly descriptive, based on the guantifica-
tion of markers for various cell populations. A step towards a more mechanistic un-
derstanding of transitions between cells are time-resolved studies of transcriptional
markers (185-188). A further important step requires detailed studies on metabolic
changes (189-193) .

Differentiation of neurons implies cell cycle arrest and cessation of proliferation. Be-
sides the obvious morphological changes (e.g. neuritogenesis), this process is ac-
companied by a strong alteration in the metabolic phenotype (67, 155). Proliferating
cells have a higher demand of glucose and an increased glycolytic rate, which con-

tributes to the generation of ATP (156, 157). In addition, glutamine is taken up to
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generate essential metabolites for growth (158, 159) and to sustain oxidative phos-
phorylation for ATP production (157). Post-mitotic neurons in brain tissue cope with a
different metabolic situation: they have a higher basal energy demand, but they don’t
have to generate new cells. Under these conditions, adult neurons metabolize glu-
cose to CO, through oxidative phosphorylation via the tricarboxylic acid cycle (TCA)
(194). The use of glutamate and glutamine as alternative carbon source is limited to
few special situations (195).

Most available data on the central carbon metabolism (CCM) of cells are derived ei-
ther from cancer cells or from tissue measurements, and there are only few studies
comparing different stages of the same cell line. Some data on changes of the meta-
bolic phenotype during cellular differentiation and de-differentiation have been re-
ported for induced pluripotent stem cells and for neural progenitor lines (189, 196-
198).

Several other studies characterized metabolic changes when cells switched from ex-
ponential growth to growth arrest. For example, two studies reported differences be-
tween CHO cells in either growth or stationary phases. Changes occurring during the
transition from proliferation to a stationary state were mainly observed in the pentose
phosphate pathway, glycolysis and the carbon supply to the TCA (anaplerosis) (199,
200). A further study compared the metabolic differences upon differentiation of neu-
ronal precursor cells to astrocytes (189). All these data sets suggest distinct metabol-
ic differences between proliferating and differentiated cells. The metabolism of cancer
cells and of other proliferating cells shows many similarities, presumably due to their
shared need to generate new biomass during proliferation (198, 201, 202). Recent
data from cultured murine cortical neurons suggest that changes in glycolysis and in
the glutamine-glutamate pathway also may play a key role in the process of neuronal
differentiation (67). However, there is still a need for detailed information about meta-
bolic alterations during human neuronal differentiation, not at least because this fea-
ture might affect the toxicant sensitivity of these cells in different stages of neuronal

maturation.

There are multiple examples for cell-type specific toxicity. For a variety of toxicants it
has been observed that proliferating progenitor cells are more susceptible to undergo
cell death following toxicant exposure than their differentiated progeny (203-206). It

has been discussed intensively, whether this might be due to their different levels of
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anti-apoptotic proteins, their differences in drug transporter expression, or the replica-
tion machinery. However, there are also many situations, when differentiated cells
are more toxicant-sensitive than their precursors. Examples are the paracetamol tox-
icity to primary hepatocytes vs. immature hepatic precursors (207) or the neurotoxici-
ty of the parkinsonian toxicant MPP* (28, 35, 110). Further examples are astrocyte-
specific toxicants such as fluoroacetate, fluorocitrate or 6-aminonicotinamide that se-
lectively affect the energy metabolism of astrocytes (208, 209).

In summary, such altered susceptibilities may depend on a differential expression of
targets, receptors, transporters or metabolizing enzymes. Alternatively, altered meta-
bolic states may be responsible for cell stage specific toxicity. To obtain more infor-
mation on this issue, the present study sets out to characterize metabolic changes
upon neuronal differentiation. We used conditionally immortalized dopaminergic neu-
ronal precursor cells (LUHMES cells), which proliferate in their basal condition (d0),
and which can be differentiated to post-mitotic dopaminergic cells within 6 days (d6).
Proliferating cells express the neuronal precursor markers SOX2, PAX3, BRN3A,
ASCL1 and nestin. Upon differentiation, gene expression changes and genes coding
for synaptic proteins (e.g. GRIN1, DLG4) and dopaminergic markers like tyrosine hy-
droxylase (TH), dopamine D2-receptor (DRD2) and the dopamine transporter (DAT)
are upregulated. The differentiation process is characterized by its uniformity and
synchronization (34, 49, 56, 104). This model system is therefore suitable for bio-
chemical studies that require large numbers of cells at the same differentiation stage.
We made use of this model to measure the role of media constituents and the sus-
ceptibility to few selected toxicants. To obtain a better understanding of the metabolic
states of LUHMES cells, we profiled extracellular key nutrients/products by their rates
of consumption/production. Furthermore, we combined the use of stable isotope
tracers with state-of-the-art metabolomics and fluxomics approaches. Especially, we
applied mass spectrometry based pulsed stable isotope-resolved metabolomics
(pSIRM) and isotopically non-stationary **C metabolic flux analysis (INST *C-MFA)
for the measurement of intracellular metabolite pool sizes and dynamic labeling in-

corporation profiles as well as the calculation of intracellular metabolic fluxes.
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3.1.6 Material and Methods

3.1.6.1 Cell culture

Handling of LUHMES human neuronal precursor cells was performed as previously
described in detail (34, 49, 104). Briefly, the conditionally-immortalized cells (express-
ing a v-myc transgene under the control of a tet-off system maintained in proliferation
medium (PM: advanced DMEM/F12, 2 mM L-glutamine, 1 x N2 supplement (Invitro-
gen), and 40 ng/ml FGF-2) in a 5% CO,/95% air atmosphere at 37° C. Passaging
was three times a week. For differentiation, 8 million cells were seeded in a Nunclon
T175 tissue culture flask in PM. After 24 h, medium was changed to differentiation
medium (DM: advanced DMEM/F12, 2 mM L-glutamine, 1 x N2, 2.25 puM tetracycline,
1 mM dibutyryl 3’,5’-cyclic adenosine monophosphate (cCAMP) and 2 ng/ml recombi-
nant human glial cell derived neurotrophic factor (GDNF)). At 48 h later, cells were
trypsinised, and seeded in a density of 1.8*10° cells/cm? on dishes precoated with 50
pg/ml poly-L-ornithine (PLO) and 1 pg/ml fibronectin in DM. On day 4 of differentia-

tion, medium was replaced.

3.1.6.2 Standard experimental setup

To generate d6 cells, LUHMES differentiated for 2 days were replated at a density of
1.5*10° cells per cm? in DM and left to differentiate for additional 4 days. To obtain dO
cells, proliferating cells were seeded at a density of 6.5*10 cells per cm? in PM on
PLOf/fibronectin coated dishes. At 24 hours after seeding they were used for experi-

ments.

3.1.6.3 Determination of cell numbers and cellular growth

Cells were seeded at standard density into 96 well plates in the respective medium,
containing the indicated supplements. The cell number was assessed several times
after seeding by live cells imaging, using Hoechst-33342 and calcein-AM dyes, which
were applied 30 min prior to imaging. Automated microscopy was used to image, and
subsequent algorithmic analysis was used to determine viability: double positive cells
were counted as live cells whereas cells only positive for H-33342 were counted as
dead. The number of live cells was expressed relatively to the amount of seeded

cells.
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3.1.6.4 Determination of glucose, lactate and pyruvate in cell culture medium

Glucose and lactate were determined by a commercially available colorimetric cu-
vette assay (GLU-142 and LAC-142, respectively. Diaglobal, Berlin, Germany). In
brief, glucose or lactate was converted by enzymes into colorimetric products which
were guantified by spectrophotometric measurements and comparison to calibration
standards. Pyruvate was quantified through enzymatic conversion to lactate for which
NADH was used up. The decrease in NADH was quantified spectrophotometrically (A
= 340 nm) and compared to calibration standards.

3.1.6.5 Determination of total cellular protein

Total protein content and weight of dO and d6 cells was measured in cell populations
(about 5 x 10 cells) detached by trypsinization. The cells were washed, counted and
weighed (wet weight). After that, cells were lysed in 1 M NaOH for 24 h, then protein
was quantified (BCA assay kit, according to the manufacturer’s instructions
(Pierce/Thermo Fisher Scientific, Rockford, IL, USA)).

3.1.6.6 Cell viability measurement

Resazurin measurement. Metabolic activity was detected by a resazurin assay.
Briefly, resazurin solution was added to the cell culture medium to obtain a final con-
centration of 2 pg/ml. After incubation for 60 min at 37° C, the fluorescence signal
was measured at an excitation wavelength of 530 nm, using a 590 nm long-pass filter
to record the emission. After background subtraction, fluorescence values were nor-

malized by setting fluorescence values of untreated control wells to 100%.

LDH release: LDH activity was detected separately in the supernatant and cell ho-
mogenate. Cells were lysed in PBS / 0.1% Triton X-100 (V/V) for 1 hour. Ten pl of
sample was added to 100 pl of reaction buffer containing NADH (100 uM) and sodi-
um pyruvate (600 uM) in KPP-buffer. Absorption at 340 nm was measured at 37°C in
1 min intervals over a period of 15 min. The slope of the absorption intensity was cal-
culated. The ratio of LDHsypematan/LDHiotal Was calculated using the slopes of super-

natant and homogenate. LDH release was expressed in percent (49).

ATP determination: To determine intracellular ATP, cells grown in 24-well plates were

scratched and sonicated in PBS-buffer and boiled at 95 °C for 10 min followed by
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centrifugation at 10,000 g for 5 min for the removal of cell debris. For the detection of
ATP levels, a commercially available ATP assay reaction mixture (Sigma, Steinheim,
Germany), containing luciferin and luciferase, was used. Fifty microliters sample and
100 pl of assay-mix were added to a black 96-well plate. Standards were prepared by
serial dilutions of ATP disodium salt hydrate (Sigma, Steinheim, Germany) to obtain
final concentrations ranging from 1000 nM to 7.8 nM. Determination of protein con-
centration was performed by using a BCA protein assay kit (Pierce/Thermo Fisher
Scientific, Rockford, IL, USA) (35, 47, 210).

3.1.6.7 Extracellular amino acid and ammonia determination

Medium was collected after the indicated time and mixed with 10% (W/V) 5-
sulfosalicylic acid (SSA) in a volume ratio of 4 to 1 to obtain a final SSA concentration
of 2% in biological triplicates. After shaking for 15 min at 1400 rpm at 4 °C in an Ep-
pendorf Thermomix (Hamburg, Germany), the solution was centrifuged for 15 min at
16,000 x g at 4 °C to separate the supernatant from the protein precipitations. For
amino acid analysis, a 1 to 1 mixture of supernatant and sample dilution buffer (pH
2.2, 0.12 M) (Sykam, Furstenfeldbruck, Germany) was prepared. The amino acids
were then quantified using a Sykam S433 Amino acid analyzer (Sykam, Furstenfeld-
bruck, Germany). Shortly, amino acids and ammonia were separated by HPLC and
subsequent post-column derivatization with ninhydrin. Samples were directly injected
in a volume of 100 ul. Chromatography was performed using a lithium based anion
exchange column loaded with spherical polystyrene resin (7 um diameter, 10%
crosslinks, cat# 5125022). Elution was performed using buffers with increasing pH
and ion strength (pH 2.9 --> pH 12; buffer concentration 0.12 M to 0.45 M), supported
by a temperature gradient. Absorbance of the reaction products was quantified at
440 nm (intermediate product; quantifies cysteine and proline) or 570 nm (quantifies
all other amino acids). Amino acid concentrations were determined relative to a ref-
erence standard using the area under the peak method in the ChromStar 7 software
(SCPA, Weyhe-Leehste, Germany) (173). Ammonia was quantified following the

same protocol.

3.1.6.8 Determination of cell-specific extracellular metabolic rates

Cell stage-specific extracellular (net) metabolic rates for proliferating dO cells, i.e.,

growth rate [h™], uptake and secretion rates [nmol x 10° cells™ x h™'], were jointly es-
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timated from extracellular concentration time courses of detectable carbon sources
present in the medium and viable cell numbers (0-12 h), using first order ordinary
differential equations while accounting for degradation of glutamine (GIn) with a deg-
radation rate kgin=2.0-10 [h™] (199). Confidence intervals of the rate estimates were
derived by parametric bootstrapping with 5,000 samples. For post-mitotic (non-
growing) d6 cells, cell stage-specific extracellular rates were determined by linear
regression of the extracellular concentration time courses (0-24 h) and normalization
with the average cell concentration. Cell concentrations were calculated from cell
numbers based on a volume of the liquid phase of 2 ml per well and accounting for
volume losses of 1.5-4.5% due to evaporation. Standard deviations were obtained
using Gaussian error propagation. Calculations were performed with Matlab (The
MathWorks Inc., Natwick, USA).

3.1.6.9 Seahorse measurements

Cells were plated 24 h prior to the experiment in PLO/fibronectin-coated “Seahorse
24 well plates” at a density of 100,000 cells (d6 cells) per well or 60,000 cells per
wells (dO cells) in their normal media.

Mitostress test: One hour prior to analysis, medium was changed to Seahorse XF
base medium, supplemented with 18 mM glucose, 2 mM glutamine and 1 mM py-
ruvate. Mitochondrial oxygen consumption was assessed (i) basally and after addi-
ton of (i) 1 pM oligomycin, (i) 1.5 pM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and (iv) 0.5 pM rotenone with 0.5 pM an-
timycin A. Mitochondrial parameters were calculated as described in results. After
assaying mitochondrial function, cells were counted to normalize oxygen consump-

tion relative to total cell number.

Glycostress test: One hour prior to analysis, medium was changed to Seahorse XF
base medium, supplemented with no glucose, 2 mM glutamine and 1 mM pyruvate.
Extracellular acidification rate was assessed (i) basally and after addition of (ii) 10
mM glucose, (iii) 1 uM oligomycin and (iv) 50 mM 2-deoxyglucose. Glycolytic param-
eters were calculated as described in results. After assaying glycolytic function, cells
were counted as described above to normalize extracellular acidification relative to

total cell number.
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3.1.6.10 Non-targeted metabolomics analysis

DO and d6 cells were cultured according to standardized culture conditions. Metabo-
lite extraction and measurement was performed as described earlier (49). In brief,
cells were washed with ice cold PBS and extracted with 80%/20% MeOH/water solu-
tion. Supernatants were evaporated to dryness at room temperature in a Speedvac
concentrator (Savant, Thermo Fisher Scientific, Waltham, MA, USA). The dried sam-
ples were reconstituted and measured by liquid chromatography using Agilent 1260
high performance liquid chromatography system with a Cogent Diamond Hydride
column (MicroSol, Eatontown, NJ, USA), followed by a 6520 accurate-mass Q-TOF
LC-MS system (Agilent) equipped with a dual electrospray (ESI) ion source operated
in negative-ion mode for metabolic profiling. Raw data were processed with Mass
Hunter Qualitative Analysissoftware (Agilent, version 5.0) (49).

3.1.6.11 Pulsed stable isotope-resolved metabolomics (pSIRM):

LUHMES cells were cultured as described above. To assure standardized conditions,
fresh PM or DM (containing 5.5 mM glucose) was added 4 h prior to start of the label-
ing (t= -4 h). At t= 0 h, medium was changed again to glucose-free and glutamine-
free AAvDMEM/F12 medium (either supplemented with 5.5 mM [U-3C] glucose plus
2 mM [U-*?C] glutamine or 5.5 mM [U-*2C] glucose plus 2 mM [U-'3C] glutamine).
Both tracers were purchased from Campro Scientific (Berlin, Germany, cat. numbers
CS01-183 417 (glc) and CS01-183 434 (gIn), both 99% atom-%). After 0, 2, 8, 16,
30, 60, 180, 360, 480, 1440 and 2880 min, samples were harvested according to the
pSIRM protocol for adherent cells in 6-well plates (88). Every biological replicate con-
sisted of two pooled wells of independent differentiations. Cell extracts were stored in
50%-Methanol (Sigma) until further sample processing. The extraction solvent meth-
anol had been supplemented with cinnamic acid (Sigma, 2 pg/ul) as an internal ex-

traction standard control.

Extracts were supplemented with chloroform (Sigma) for methanol:chlorofom:water
extraction (5:2:1 v/v/v) and incubated for 30 min at 4°C on a rotary wheel, and sub-
sequently centrifuged for phase separation (15min, maximum speed). Equal volumes
of polar phase were collected from each sample separately and dried under vacuum.
Extracts were stored at -25°C until continuing with the preparation for GC-MS meas-

urement.
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3.1.6.12 GC-MS pSIRM sample preparation

Derivatization was carried out as described with modifications (211). First, dried ex-
tracts were dissolved in 20 pl of methoxyamine hydrochloride solution (Sigma, 40
mg/ml in pyridine (Roth)) and incubated for 90 min at 30°C under constant shaking.
In a second phase samples were incubated with 80 pul of N-methyl-N-
[trimethylsilyl]trifluoroacetamide (MSTFA; Machery-Nagel, Dueren, Germany) at 37°C
for 45 min. The in-house alkane standards were added prior to the MSTFA for reten-
tion time analysis (10 pl/ 1 ml MSTFA). The extracts were centrifuged for 10 min at
10,000 x g, aliquoted and transferred in 30 ul into glass vials (Th. Geyer, Berlin,

Germany) for GC-MS measurement.

Formulation of GC-MS standards for retention index determination, as well as for
identification and quantification of metabolites are described in (88). Identification and
guantification of standards was performed parallel with the samples. The quantifica-
tion-standard is an in-lab developed mixture, composed of 65 compounds with known
guantities (88). The primary stock is prepared in eight concentrations from 1:1 to
1:200. All eight standards were extracted, derivatized and measured in parallel to the
samples. For each batch of measurements a fresh aliquot of quantification standards

has been prepared.

3.1.6.13 GC-MS measurements of pSIRM experiments

Metabolite analysis was performed on a gas chromatography coupled to time of flight
mass spectrometer (Pegasus llI- TOF-MS-System, LECO Corp., St. Joseph, M,
USA), complemented with an auto-sampler (MultiPurpose Sampler 2 XL, Gerstel,
Mulheim an der Ruhr, Germany). The samples and quantification standards were
injected in split (split 1:5, injection volume 1 pl) and splitless mode (injection volume 1
ul) in a temperature-controlled injector (CAS4, Gerstel) with a baffled glass liner
(Gerstel). The following temperature program was applied during sample injection:
initial temperature of 80°C for 30 s followed by a ramp with 12 °C/min to 120°C and a
second ramp with 7 °C/min to 300°C and final hold for 2 min. Gas chromatographic
separation was performed on an Agilent 6890 N (Agilent, Santa Clara, CA, USA),
equipped with a VF-5 ms column of 30-m length, 250-um inner diameter, and 0.25-
pgm film thickness (Varian, Palo Alto, CA, USA). Helium was applied as carrier gas
with a flow rate of 1.2 ml/min. Gas chromatography was performed with the tempera-
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ture gradient: 2-min heating at 70 °C, first temperature gradient with 5 °C/min up to
120 °C and hold for 30 s; subsequently, a second temperature step of 7 °C/min up to
200 °C and a final ramp of 12 °C/min up to 320 °C with a hold time of 2 min. The
spectra were recorded in a mass range of 60 to 600 U with 20 spectra/s at a detector
voltage of 1750 V.

3.1.6.14 Data analysis of pSIRM experiments

File processing and analysis was performed with the vendor software ChromaTOF
Version 4.42 (LECO). Processing parameters: baseline offset of 1, peak width of 4 s,
signal/ noise of 20, and peak smoothing of 11 data points. Retention index determi-
nation and metabolite annotation was performed with the in-house developed soft-
ware MAUI-VIA (212). Quantification of metabolites was performed by external cali-
bration as described in (211). Absolute quantities were normalized to internal
extraction standard controls and further quality parameters. Mass isotopomer distri-
butions (MID) for each metabolite and measurement were exported by an extended
module of MAUI-VIA and manually validated prior the implementation for metabolic

flux analysis. Selected mass ranges for MIDs have been described in (88).

3.1.6.15 Metabolic flux analysis (MFA): modeling and computational

procedures

A metabolic network model was constructed for LUHMES dO cells using metabolic
reaction databases (www.genome.jp/kegg) and literature knowledge (199, 213-215).
The model includes all major metabolic pathways of central carbon metabolism (gly-
colysis, pentose phosphate pathway, TCA, anaplerosis), and condensed versions of
amino acid biosynthesis, lactate- and fatty acid metabolism pathways (acetyl-CoA as
precursor). Cellular growth is modelled by a lumped biomass equation. The biomass
equation accounts for synthesis of proteins, lipids, DNA, RNA and carbohydrates.
Biomass coefficients from (216) [mmol/gcpw] Were converted to [nmol/10° cells] with
the conversion factor 0.14 mgcd\,\,llo6 cells estimated from total protein content of
LUHMES cells (0.07 mgprowin/10° cells), and the assumption that the total cell mass
consists of ~50% proteins (217). Although LUHMES cells undergo morphological
changes during differentiation, both stages were comparable in weight/cell and pro-
tein/cell, hence comparable total cell sizes can be assumed (data not shown). Meta-
bolic reactions were allocated to one of three compartments (cytosol, mitochondria
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and extracellular space). Transport reactions of intra- and extracellular amino acids
were specified according to the medium specification and extracellular rate meas-
urements. Catabolic reactions of amino acids were modelled as lumped reactions
fueling succinate, glutamate and acetyl-CoA pools. Carbon atom transitions were
formulated for all metabolic reactions. In case of C-symmetric reactants, scrambling
reactions were specified assuming equal fluxes for each variant. In total, the model
consists of 72 reactions (51 unidirectional, 21 reversible), as well as 32 balanced in-
tracellular, and 11 unbalanced extracellular metabolite pools. The metabolic network
model used for *3C-MFA along with the carbon atom transitions is given in Suppl.
Tab. 3.

With this model, isotopically non-stationary (INST) **C-MFA was performed. To this
end, the high-performance simulation suite 13CFLUX2 (218) with extension for INST
13C-MFA was used according to the workflow described in (219) and Suppl. Fig. S2.
In brief, cell stage-specific extracellular rates of dO cells were calculated as de-
scribed. Mass isotopomer distributions (MIDs) were obtained from two carbon label-
ing experiments with dO cells: 1) [U-**C] glucose + [**C] glutamine and 2) [**C] glu-
cose + [U-B°C] glutamine. Both data sets were corrected for natural isotope
abundance (220). Data sets were simultaneously inferred with the INST 3C-MFA
model, justified by the finding that the cell-specific extracellular rates were found very
comparable across the three independent biological replicates. In total, 89 unknown
parameters (15 net fluxes, 19 exchange fluxes, 31 metabolite pool sizes, 24 group-
scale factors) were estimated from 13 cell stage-specific extracellular rate, 15 metab-
olite pool sizes (averaged over 1) and 2)) and 1,002 single time-resolved MID (4-10
time points, 24 metabolites) measurements. Fitting of the unknown model parameters
was done by minimizing the variance-weighted least squares function quantifying the
difference between the measured and model-predicted measurements. The fitting
procedure was repeated 1,000 times from random starting points to minimize the risk
of getting trapped in local minima. Lastly, for visualization of the best fits the Omix®

software was used (Omix Visualization GmbH, Lennestadt, Germany, (221).

3.1.6.16 Proteomics analysis

Cells were grown under normal culture conditions until the desired stage of differenti-

ation. For harvesting, cells were washed with 100 mM Tris-HCI-buffer and harvested
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by applying urea harvesting solution (8 M urea in 100 mM Tris-HCI, pH 8.5). Subse-

quently, tandem LC/MS ‘shot gun’ proteomics was performed.

3.1.6.17 Affymetrix gene chip analysis

Analysis was performed as described earlier (49, 83). Briefly, samples from approxi-
mately 5 x10° cells were collected using RNA protect reagent from Qiagen. The RNA
was quantified using a NanoDrop N-1000 spectrophotometer (NanoDrop, Wilming-
ton, DE, USA), and the integrity of RNA was confirmed with an automated gel elec-
trophoresis system (Experion, Bio-Rad, Hercules, CA, USA). The samples were used
for transcriptional profiling when the RNA quality indicator (RQI) number was >8.
First-strand cDNA was synthesized from 100 ng total RNA using an oligo-dT primer
with an attached T7 promoter sequence, followed by the complementary second
strand. The double-stranded cDNA molecule was used for in vitro transcription (IVT,
standard Affymetrix procedure) using Genechip 30 IVT Express Kit. During synthesis
of the aRNA (amplified RNA, also commonly referred to as cRNA), a biotinylated nu-
cleotide analogue was incorporated, which serves as a label for the message. After
amplification, aRNA was purified with magnetic beads and 15 pg of aRNA was frag-
mented with fragmentation buffer as per the manufacturer’s instructions. Then, 12.5
Hg fragmented aRNA were hybridized with Affymetrix Human Genome U133 plus 2.0
arrays as per the manufacturer’s instructions. The chips were placed in a GeneChip
Hybridization Oven-645 for 16 h at 60 rpm and 45 °C. For staining and washing,
Affymetrix HWS kits were used on a Genechip Fluidics Station-450. For scanning,
the Affymetrix Gene-Chip Scanner-3000-7G was used, and the image and quality
control assessments were performed with Affymetrix GCOS software. All reagents
and instruments were acquired from Affymetrix (Affymetrix, Santa Clara, CA, USA).
The generated CEL files were used for further statistical analyses. The authors de-

clare that microarray data were produced according to MIAME guidelines.

3.1.6.18 Transcriptomics data processing and analysis

The microarray data analysis workflow was assembled using the Konstanz Infor-
mation Miner (KNIME) open source software (http://www.knime.com). The raw data
was preprocessed using Robust Multiarray Analysis (RMA). Background correction,
guantile normalization, and summarization were applied to all expression data sam-

ples, using the RMA function from the affy package of Bioconduct (179, 186, 222).
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Low-expression genes with a signal below an intensity of 64 in any one of the condi-
tions were filtered out. The limma package (R & Bioconductor) was used to identify
differentially expressed genes, with untreated cells set as control group. The moder-
ated t-statistics was applied and was used for assessing the raw significance of dif-
ferentially expressed genes. Then, final p-values were derived by using the Benja-
mini-Hochberg method to control the false discovery rate (FDR) due to multiple
hypothesis testing. Transcripts with FDR adjusted p-value of < 0.05 and fold change
values = |4| were considered significantly regulated. Gene Ontology (GO) analysis for
regulated genes were performed using DAVID platform (223, 224). Transcriptomics
data were deposited at GEO database and can be accessed under the number
GSE107999.

3.1.6.19 Statistics and data display

If not otherwise specified, the data shown are the means +/- SD of three independent
experiments (each with several technical replicates). Independent experiments were
performed with different cell batches and they are here termed biological replicates
(22) to distinguish them from technical replicates. Significance calculations are based
on ANOVA followed by a suitable post-hoc test (unless otherwise indicated). For data
display, the program GraphPad Prism 5 (La Jolla, CA, USA) was used.
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3.1.7 Results

3.1.7.1 Basic Omics data for test system characterization

LUHMES cells have been characterized in their proliferating state (d0) and as differ-
entiated neurons (d6) for expression of characteristic markers (34, 35), for the sensi-
tivity to the neurotoxicant MPP* (63) and for electrophysiological properties (104). To
get systems-wide information on the cells and the main features that distinguish dO
and dé6 cells, we measured gene expression on the whole genome level. Using Affy-
metrix microarray analysis, we identified about 1400 genes that were = 4 times higher
expressed in one stage compared to the other (Fig. 1A_1). Overrepresented GO
terms were determined separately for genes specific for dO and for genes expressed
higher on d6. As expected, GO terms related to cell cycle and proliferation were
found for the dO LUHMES. The GO characteristic for d6 LUHMES were mainly relat-
ed to the neuronal phenotype (Fig. 1A_1). Additionally, overrepresented pathways
were identified using the Panther and Reactome databases (225-228). The pathway
enrichment corroborated the findings from the GO term analysis (e.g. downregulation
of cell cycle pathways and DNA building-block synthesis) and confirmed neuronal
differentiation as well as out previous observation that the pathway of amyloid beta
production is upregulated in mature LUHMES cells (d6) (229). Amongst the DEG up-
regulated on d6, no single pathway linked to cellular metabolism was enriched. Thus,
the differential gene expression indicates clear differences between the two stages of
the cell line on the transcriptome level, but metabolic differences could not be identi-

fied from this type of data (Suppl. Fig. S3_1).

The transcriptomics observations were supported by proteome analysis, which
showed a clear difference in the proteome of the two cell differentiation stages with
large groups of differentially-abundant proteins in either dO or d6 cells (Fig. 1B_1). A
substantial fraction of proteins related to oxidative phosphorylation, the TCA and fatty
acid metabolism were found to be more abundant in d6 LUHMES. For instance, the
proteomics data showed upregulation of the TCA-associated proteins isocitrate de-
hydrogenase-1 and 2 (IDH1, IDH2) and of the respiratory chain complex Il protein
SDHAF2 upon differentiation. Proteins typically more abundant in dO cells related to
the cell cycle and to synthesis of nucleotides (required for DNA synthesis in proliferat-
ing cells). Of the pivotal central carbon metabolism (CCM) proteins, malic enzyme 1

(ME-1) was stronger expressed in undifferentiated neurons compared to differentiat-
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ed ones (data not shown). Malic enzyme (ME) facilitates the channeling of carbon
from TCA intermediates into glycolysis to generate pyruvate (gluconeogenesis). Be-
sides added carbon supply of pyruvate, the reaction through ME allows synthesizing
NADPH. Within the group of transporters, the strongest upregulations observed upon
differentiation were found for the mitochondrial citrate and ATP transporters
(SLC25A1/A24).

A typical cellular strategy of metabolic switching involves isoenzyme changes. Exam-
ples were observed here for hexokinase (HK) and phosphofructokinase (PFK). The
isoenzymes HK2 and PFKP were strongly downregulated in d6 LUHMES, which was
compensated by stronger expression of HK1 and PFKM (Fig. 1C_1). This is con-
sistent with general biochemical knowledge associating HK2 with muscle, adipose
tissue, cancer, neural progenitor cells and anabolic metabolism, and HK1 with ex-
pression in the brain (230-232). Concordantly, PFKM is known to be predominantly
expressed in muscle and brain (233). These findings corroborate on the proteomics
level that LUHMES cell differentiate from precursor cells to typical brain tissue paren-
chymal cells.

The strong alterations in gene transcription and protein expression suggested clear
differences in the metabolome of the cells. This was confirmed by metabolomics
measurements. The data allowed the clear distinction between different stages of cell
differentiation according to their metabolome (Fig. 1D_1). By a non-targeted metabo-
lomics approach, 38 metabolites were identified and 3 representative metabolites that
were downregulated and 6 representatively upregulated metabolites were quantified
on the basis of standards. The lower abundance of AMP in differentiated cells is in
concordance with the downregulation of purine synthesis genes (Fig. 1B_1). The
higher abundance of glutamine and creatine indicates changes in the CCM and sub-
strate usage while the higher abundancy of D-erythrose may indicate changes in the

pentose phosphate pathway.

In summary, this basic characterization of dO and d6 neuronal cell differentiation
stages suggests metabolic switches that could affect resilience or susceptibility to
toxicants. The suggested metabolic shift, which was not predictable on transcriptome

level, but indicated on proteome level, was therefore further investigated.
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Fig. 1_1: Changes on transcriptional, proteomic and metabolic level during neuronal differentiation

For characterization of the proliferating (d0) and differentiated (d6) LUHMES cells, standardized cell culture conditions were
used to generate samples from the two types of untreated control cells for further analysis. A: The mRNA expression of four
independent cultures of proliferating (d0) and differentiated LUHMES (d6) cells was measured using Affymetrix microarray
analysis. Expression levels were determined genome-wide. From these data, differentially expressed genes (DEG) were
identified by sorting for probe sets (=Affymetrix gene probes) that were expressed in d6 cells > 4 times higher or lower than
in dO cells. Then, a modulated Limma test was applied to further select those genes for which the differential expression was
significant at the 5% level, after the correction for multiple testing. The number of these genes was then displayed. The DEG
were analyzed for statistical overrepresentation of gene ontology (GO) groups using DAVID software. The p-values indicate
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the likelihood of a random overrepresentation of the respective GO. The five most-highly overrepresented GO are indicated
for the group of genes specific for d0 or d6. B: Four independent cultures of proliferating (d0) and differentiated (d6)
LUHMES cells were used for proteome analysis. Differential abundance of proteins is depicted in a heatmap displaying row-
wise z-factors of expression levels (blue= lower expression, black= no change, yellow= higher expression). Rows and col-
umns are sorted by similarity after non-supervised clustering. For each major cluster (=proteins dominating in d0 (bottom) or
d6 (top)), three typical overrepresented metabolic pathways were selected. The numbers indicate how many different proteins
of the total pathway are differentially abundant. C: Two enzymes (each with two isoforms) important for switching metabolic
regulation were selected to display the type of changes occurring during LUHMES differentiation. Protein levels were quan-
tified by a shotgun proteomics approach. The protein ratio of d6/d0 is displayed for hexokinase 1 and 2 (HK1, HK2) and for
phosphofructokinase M and P (PFKM, PFKP). D: Proliferating (d0) LUHMES cells were differentiated for 6 days. On day of
differentiation zero (DoDO, red), two (DoD2, blue), three (DoD3, green) and six (differentiated, DoD6, purple; = d6) the cells
were lysed to prepare samples for metabolome analysis. The samples were analyzed by LC-MS, and metabolite peaks with
differential abundance were detected. For 38 compounds, unambiguous identification was possible and their changes are
displayed as a principal component analysis (PCA). Each point displayed in the PCA map represents one sample analyzed for
the respective day of differentiation. The dashed lines indicate the PCA space occupied by samples from each differentiation
stage (n=6-15). The black arrow suggests how differentiating cells move through the 2D PCA space during differentiation. E:
Three metabolites, which were specifically downregulated and six that were specifically upregulated from dO to d6 of
LUHMES differentiation were selected to display the changes occurring during differentiation. Data are means + SEM from
6-15 samples.

3.1.7.2 Change of mitochondrial function during differentiation

To characterize the potential metabolic changes identified by omics approaches in
greater detail, mitochondrial physiology was assessed by measurements of the oxy-
gen consumption rate (OCR) using Seahorse technology. A strategy of sequential
injection of tool compounds interfering with the mitochondrial respiration was chosen
(Fig. 2A_1). This allowed the calculation of various functional parameters for mito-
chondria (Fig. 2B_1). D6 neurons had a slightly higher basal respiration compared to
dO precursor cells, and massive differences became evident, when mitochondria
were uncoupled (Fig. 2C_1). The OCR data showed that the maximal mitochondrial
respiration, the spare mitochondrial capacity and the amount of oxygen consumption
used for ATP production was significantly increased in d6 cells compared to their dO
precursors (Fig 2D_1). Overall, the data suggest that mitochondria run at their maxi-
mum in dO cells, while d6 cells have a large spare capacity to increase mitochondrial

function according to demand.

49



>
v e

Oligomycin FCCP Rotenone+Antimycin A

B /.f’ b A
P ‘.\ y.
ADH NAD*/‘L&
Succinic Fumaric

Basal
respiration

Mitochondrial respiration
[oxygen consumption rate (OCR)]

Rotenone acid acid
Antimycin A Non-mitochondrial respiration
L Non-mitochondrial respiration |
0 25 50 75 100
C Time [min]
= . . . Dz _ 5009 ns. * * *
E __ 500~ Ollgo:nycm FCCP Rot/AntiA 8 m o | m —m o
w o=
= i o bt 400+
2 S 400- & o
S £ .
cr £ 'c 300~
S % 300~ 5 E m d6
o E E3
£ > 2 2004
2 2 200 € s
ca 3
o = = 100-
2 = 100+ s &
c i o @
g0 > H
> H 6 0=
3 ] T T T T 1 basal maximal ATP spare
0 20 40 60 80 100 respiration respiration production capacity

Time [min]

Fig. 2_1: Differences in mitochondrial function between d0 and d6 LUHMES cells

A: Scheme of the mitochondrial electron transport chain, with a display of complexes 1-V on the inner mitochondrial mem-
brane. Sites of electron and proton transport and their flow are displayed in black, ATP generation driven by the proton-
motive force is shown in purple. Targets of inhibitors used for functional analysis are indicated in red. The uncoupling agent
FCCP was used to disrupt the proton gradient across the inner mitochondrial membrane. B: Exemplary time course (black
curve) of mitochondrial oxygen consumption rate (OCR) under the influence of added inhibitors used by the mitostress test.
The scheme displays the standardized schedule of inhibitor injection (time axis). Moreover it indicates how various parame-
ters of mitochondrial physiology are calculated from the OCR of the four experimental phases. C: Proliferating (dO, black)
and differentiated (d6, blue) LUHMES cells were analyzed for their mitochondrial functionality using the Seahorse mito-
stress test. OCR was normalized to the cell number, and the injection of the mitochondrial inhibitors/uncoupler is indicated in
red. D: The data from C were used to calculate mitochondrial physiology parameters as indicated in B. All data are means +
SEM from two-three biological replicates. *: p < 0.05, by one-way ANOVA followed by Dunnett’s post-hoc test.

3.1.7.3 Change of glycolytic parameters during differentiation of neurons

To further characterize the central carbon metabolism, glycolysis was investigated for
both differentiation stages by measuring extracellular acidification (ECAR; mainly
caused by glycolytic lactate secretion). To obtain a broad set of data, ECAR was as-
sessed for different metabolic situations that were provoked by a scheduled injection
of tool compounds into cell culture medium (Fig. 3A_1). DO and d6 cells differed in
their glycolytic capacity (Fig. 3B_1): proliferative dO LUHMES cells have a much
higher glycolytic rate and capacity in comparison to differentiated d6 neurons. How-

ever, dO cells had no glycolytic reserve to adapt to a higher demand, while d6 cells
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showed a significant capacity to upregulate glycolysis, when challenged by a mito-
chondrial inhibitor (Fig. 3B+C_1).
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Fig. 3_1: Differences in glycolytic activity during neuronal differentiation

A: Exemplary time course (black curve) of extracellular acidification rate (ECAR) under the influence of added glucose and
of inhibitors used by the glycostress test. The scheme displays the standardized schedule of inhibitor injection (time axis).
Moreover, it indicates how various parameters of glycolytic physiology are calculated from the ECAR of the four experi-
mental phases. B: Proliferating (dO, black) and differentiated (d6, blue) LUHMES cells were analyzed for their glycolytic
functionality using the Seahorse glycostress test. ECAR was normalized to the cell number, and the injection of glucose and
inhibitors is indicated in red. C: The data from B were used to calculate glycolytic parameters as indicated in A. All data are
means + SEM from two-three biological replicates. *: p < 0.05, by one-way ANOVA followed by Dunnett’s post-hoc test.
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3.1.7.4 Macroscopic view on the overall metabolic activity

For further evaluation of the metabolism, the cell numbers of the two cultures were
determined. D6 cells were confirmed to be post-mitotic, i.e. their cell number re-
mained constant over 72 h (Fig. 4A_1), implying zero growth. In stark contrast, dO
cells proliferated (doubling time about 10-16 h) with a specific growth rate of u= 0.074
+ 0.013 h™ within the first 12 h of cultivation (SD from at least three biological repli-
cates) (Fig. 4A_1). After 12-18 h, the 5.5 mM glucose of the labelling medium were
exhausted (Fig. 4C_1). The subsequent metabolic shift resulted in a significant drop
of the growth rate (Fig. 4A) and decreased lactate production (Fig. 4D). Thus, the
time regime for INST **C-MFA was limited to 0-12 h, to make sure that cells were still
in non-limiting culture conditons. Normalized to their protein content, both cell differ-
entiation stages, d0 and d6, were found to contain the same amount of ATP (Fig.
4B_1). Absolute cell-specific extracellular rates for both cell differentiation stages are
summarized in Suppl. Tab. 2_1. These rates provide a means to compare the asso-
ciated metabolic phenotypes. In concordance with the mitochondrial and glycolytic
physiology parameters determined above (Fig. 2+3_1), dO cells took up glucose
much faster from the medium than d6 cells: glucose uptake rates were 220 + 44 and
109 + 13 nmol/10° cells/h for dO and d6, respectively. In case of dO, the increased
glycolytic turnover was paralleled with high uptake and secretion of certain amino
acids into the medium. In particular, serine and isoleucine were consumed much
faster by dO than by d6 cells. Moreover, proline and alanine were secreted at 3.6-4.9
fold higher rates by proliferative cells (8 + 4 vs. 2 + 1 nmol/10° cells/h and 68 + 8 vs.
19 + 1 nmol/10° cells/h for proline and alanine in d0 and d6, respectively) (Fig. 4E-H,
Suppl. Tab. 2_1). Both, dO and d6 cells experienced high relative lactate secretion
rates (232mol-% vs. 282mol-% related to glucose uptake rates, respectively) which
again underlines high glycolytic activity in both cell stages. Expectedly, on an abso-
lute level dO cells released more lactate into the medium compared to d6 cells
(509 + 56 vs. 307 + 24 nmol/10° cells/h, respectively) (Fig. 4C+D_1).

These findings are well in line with the different metabolic situations of proliferative
and adult neuronal cells (Fig 41_1). In post-mitotic d6 neurons, metabolism mainly
serves for energy (ATP) production to maintain the functionality of the cell. For this
purpose, glucose is metabolized to the level of pyruvate through glycolysis, and likely
to CO, (experimentally not accessible) in subsequent steps in the TCA. The prolifer-
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ating dO cells can also use this pathway, but their major objective is production of
biomass. To use their full metabolic capacity, they also take up amino acids (Fig.
4E+F_1), in particular glutamine, at much higher rates than d6 cells (78 £ 10 vs. 6 + 3
nmol/10° cells/h, respectively) (Suppl. Tab. 2_1) (158, 159, 234, 235). In addition,
glycolysis is used in dO cells in part to provide building blocks like serine or glycine,
which are essential for both protein and nucleic acid (purine and pyrimidine) synthe-
sis. If glutamine, serine and isoleucine are used by cells to generate energy or to
build up biomass (including lipids), then cells have to get rid of the excess nitrogen.
The need to dispose nitrogen equivalents thus may explain the secretion of alanine
(Fig. 4H_1), ornithine (data not shown) and ammonia (Suppl. Tab. 2_1) by dO cells. If
glycolysis accounts for a large portion of cellular ATP production, as in dO cells, then
large amounts of reduction equivalents (NADH) are generated besides pyruvate.
Conversion of pyruvate to lactate and subsequent secretion of lactate is one way to
maintain this type of metabolism. Similarly, proline can be generated from gluta-
mine/glutamate (Fig. 4G_1) as a way for cells to get rid of reduction equivalents,

when glutamine is used as energy source (Fig. 41_1) (234).
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LUHMES cells (dO or d6) were cultured under standardized conditions. Various culture parameters were analyzed for up to
72 h, i.e. dO cells (black) were allowed to continue proliferation for up to three days, and d6 cells (blue) remained in the state
of differentiated neurons for up to 72 h. Data are means + SD from three independent experiments. A: Change in cell number
(depicted in million cells per well) for d0 and d6 LUHMES over 72 h. B: ATP levels of d0 and d6 LUHMES. Data are nor-
malized to cellular protein content, which was determined in parallel. C+D: Pool sizes (concentrations) of glucose (C) and
lactate (D) in the cell culture medium. Measurements were performed for up to 60 h in cultures of d0 and d6 cells. E-H: Pool
sizes (concentrations) of serine (E), isoleucine (F), proline (G) and alanine (H) in the cell culture medium. Measurements
were performed for up to 60 h in cultures of d0 and d6 cells. I: Schematic illustration of differences in metabolism between
do/d6 cells. The metabolism of post-mitotic d6 neurons mainly serves the energy production (ATP) to maintain the cells
functional. For this purpose, glucose is metabolized to the level of CO, through glycolysis and subsequent steps in the tricar-
boxylic acid cycle (TCA) and respiratory chain. The proliferating d0 cells can use similar pathways, but their major objective
is production of biomass (proliferation). Therefore, they take up amino acids, in particular glutamine being a building block
for proteins and a nitrogen carrier for nucleotide synthesis. Also glycolysis is used in part to provide building blocks like
serine or lysine. Aspartate is exemplified as key building block that can be imported and/or assembled from multiple sources,
and that is essential for both protein and nucleic acid (purine and pyrimidine) synthesis. Secretion of ornithine, alanine or
urea/ammonia serves as nitrogen sink. If glycolysis is used for energy production, as in dO cells, then excess reducing equiva-
lents need to be disposed of in mitochondria (electron sink). Alternatively, this can be achieved by disposal of lactate, or by
generation of proline from glutamate (when glutamine is used as energy source).

3.1.7.5 Direct insights from metabolic pool sizes and isotopic labeling

incorporation profiles

To unravel the intracellular metabolic situation, we used the pulsed stable isotope-
resolved metabolomics (pSIRM) approach. For this purpose, parallel cultures of cells
were exposed to either [U-*3C] glucose or [U-'3C] glutamine label (all carbon atoms
13C labeled). At defined times, cellular metabolites were extracted and measured by
GC-MS. The resulting data delivered twofold information: first, the overall pool sizes
(metabolite amount per cell) of CCM metabolites; second, the label incorporation dy-
namics into CCM metabolites. Both were used for direct interpretation as well as later
on for INST *C-MFA. The pool sizes were used for metabolic flux determination by
INST **C-MFA.

For most intracellular metabolites measured, we found that their pool sizes (concen-
trations) were within the same order of magnitude in dO and d6 cells; for some glycol-
ysis intermediates and amino acids, d6 cells had higher pool sizes, but the difference
was not statistically significant (Fig. 5A_1). Overall, pool sizes spanned several or-
ders of magnitude with glutamate being the largest pool amounting to 45.3 and 82.4
nmol/10° cells in dO and d6 cells, respectively. Aspartate was below the detection
limit in d6 cells, while sizable amounts were measured in dO precursors. The reverse
situation was observed for glutamine. This may be explained by the fact that dO cells
need to maintain a sizable pool size of aspartate for biomass generation which they
derive from cellular metabolism. Furthermore, it could be expected that dO cells rapid-
ly convert all glutamine to glutamate which is, in turn, in rapid equilibrium with -

ketoglutarate (aKG) feeding into the TCA.
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Following the path of glycolytic carbon revealed that incorporation of labeled carbon
from [U-"3C] glucose into the cellular metabolite pools followed the expected order
(Fig. 5B_1): the 3-phosphoglycerate (3-PG) pool was >80% labeled after 1 h (as de-
termined by the [1,2]-fragment as proxy). This means that most 3-PG present in all
cells at that time point was derived from freshly added (labeled) glucose. For lactate
and alanine it already took 6 h to reach 60% label incorporation, and labeling dynam-

ics of citrate was found to be even slower.

Assuming clockwise (oxidative) operation of the TCA, labeled citrate may be formed
from the reaction of non-labeled oxaloacetate (derived from unlabeled glutamate
channeled into the TCA via aKG) and m+3 labeled oxaloacetate (derived from [U-'3C]
glucose via pyruvate carboxylase) with m+2 labeled (mitochondrial) acetyl-CoA (de-
rived from fully-labeled pyruvate). This theoretically yields m+2, and m+5 labeled cit-
rate while m+0 citrate is also the result of the continuous inflow of unlabeled gluta-
mate into the TCA, thereby limiting the labeling fraction of the higher mass traces of
citrate. In contrast to these theoretical considerations, only a fragment of citrate could
be observed within our analytical setup, i.e., the internal carboxylic acid group is lost
during analytical analysis (Suppl. Fig. S1F_1). This shifts the theoretical considera-
tions above towards the in reality observed m+0, m+2 and m+4 traces as shown in
Fig. 5B_1. Although this qualitatively exemplifies the flow of labeled carbons through
the metabolic pathways (Fig. 5B_1), the considerations neglect important aspects of
the metabolic network such as malic enzyme, the potential influx of lipids via AcCoA
or the label exchange from and to amino acids, e.g. between oxaloacetate and as-
partate. To resolve these fluxes, a computational approach is needed (see next sec-
tion).

The comparison of *3C label incorporation profiles in d0 and d6 cells revealed differ-
ences in label incorporation speed depending on whether [U-**C] glucose or [U-'3C]
glutamine tracers were administered (Fig. 5C_1, Suppl. Fig. 1_1). For [U-**C] glu-
cose we found that dO cells produced lactate faster compared to d6 cells (Fig. 5C_1
and Suppl. Fig. S1A,C_1), which is in line with the data generated by the Seahorse
measurements indicating a higher lactate efflux in dO cells (Fig. 3C_1). Furthermore,
label incorporation dynamics in the malate pool suggests that malate was turned over
faster in d6 cells while the turnover of citrate was slightly slower in d6 (Fig. S1,C_1).
This might point towards pronounced channeling of carbon, derived from glucose, or
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further species, such as extracellular pyruvate, into mitochondria of mature cells via
TCA and/or anaplerotic reactions compared to dO cells (Fig. 5C_1). However, label-
ing data of citrate was only obtained for a short labeling time (6 h), and the situation

would need to be clarified for longer labeling periods (24 h).

Feeding [U-3C] glutamine to both cell stages and following the incorporation of la-
beled *3C into metabolites of the TCA gave additional information: for both citrate and
malate the fraction of labeled metabolite increased much faster in dO than in d6 cells
(Fig. 5C_1, Fig. S1B,D_1). Thus, glutaminolysis is significantly enhanced in dO com-
pared to d6 cells which is in line with extracellular rate measurements. Since the cen-
tral carbon metabolism can also potentially operate in glyconeogenetic direction
(215), we also studied whether glutamine was converted to lactate. The labeling frac-
tion of intracellular lactate in cells exposed to [U-**C] glutamine informed about a po-
tential channeling of TCA metabolites back into glycolysis (Fig. SIE_1). Here, only a
minor degree of label incorporation was observed in lactate compared to TCA me-
tabolites (Fig. S1D_1). There was also no difference between dO and d6 cells, alt-
hough ME was expressed stronger in dO cells (Fig.1_1). This data provides evidence
that LUHMES cells do not use glutamine to generate glycolysis metabolites (Suppl.
Fig. S1_1). To approach the metabolic activities in LUHMES cells, knowledge of the

actual intracellular metabolic carbon fluxes is required.
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Fig. 5_1: Intracellular metabolite pool sizes and label incorporation

LUHMES cells (dO or d6) were cultured under standardized conditions, until medium was replaced with fresh media 4 h prior
to label experiments. At 0 h, medium was replaced again with culture medium either supplemented with [U-*C] glucose +
[U-C] glutamine or [U-**C] glucose + [U-*C] glutamine. Various culture parameters, such as intracellular metabolite pool
sizes and label incorporation into metabolites were analyzed for up to 24 h. For 3-PG, alanine and citrate only the [1,2], [1,2]
and [1-4,6] fragments, respectively, were observed (InChl enumeration). A: Comparison of intracellular central carbon me-
tabolism (CCM) metabolites of dO and d6 LUHMES. The red arrow highlights the aspartate pool, only identified in dO cells;
the green arrow indicates the glutamine pool, only identified in d6 neurons. B: Label incorporation into CCM metabolites in
d0 LUHMES after the exposure to [U-*C] glucose. The number of incorporated heavy atoms is indicated (e.g. m+2 means
two *C atoms instead of **C atoms). C: Time-resolved label incorporation over 24 h into CCM metabolites from [U-*C]
glucose or [U-3C] glutamine, as indicated. For better visualization, the summarized percentage of all label containing frag-
ments is displayed (y-axis). All data are means + SD from three independent experiments.

58



3.1.7.6 Metabolic flux analysis of dO neuronal precursors

While time-resolved label incorporation dynamics gives qualitative insights into the
metabolic operation modes of LUHMES cells, the quantification of intracellular fluxes
requires a model-based approach. INST *C-MFA integrates measurements of extra-
cellular rates, metabolite pool sizes and CCM labeling incorporation measurements
into a metabolic network model to jointly infer metabolic fluxes and pool sizes on the
basis of mass balances. The final result of this analysis is a flux and pool size distri-
bution giving absolute numbers for all parameters of the **C flux model. From this
distribution, a so called flux map is generated that shows the calculated fluxes and
pool size distributions in the context of the metabolic network. In this study, we ap-
plied INST **C-MFA to derive the flux map of dO cells. The computational process is
overviewed in Suppl. Fig. S2_1. Best solutions for all reaction parameters of the met-
abolic model were determined in an iterative parameter fitting procedure by minimiza-
tion of the deviation between the model-predicted values and real measurements.
Good fits are obtained for all but one extracellular rate (i.e. influx into mitochondrial
acetyl-CoA), all MIDs and pool sizes. The flux map of the best fit is shown in Fig. 6_1
with fluxes expressed in absolute numbers ([nmol/h/106 cells]). Flux values in abso-

lute numbers as well as in % of the glucose uptake rate are found in Suppl. Tab. 3_1.

A major metabolic feature immediately evident from the dO flux map is the predomi-
nant glucose to lactate metabolism (Fig. 6A_1). Experimentally determined cell-
number specific extracellular fluxes, particularly glucose uptake, and the dominant
lactate efflux, are well reproduced by the model (Fig. 6B,E_1). Also extracellular up-
take and secretion rates of amino acids coincide well, such as aspartate and gluta-
mine uptake rates (Fig. 6C_1), as well as alanine and proline secretion rates (Fig.
6E_1). Additional carbon influx into the CCM occurred through mitochondrial acetyl-
CoA and succinate as well as the glutamate pool due to catabolism of extracellular
amino acids (Fig. 6C_1) and metabolic requirements for biomass synthesis. It should
be noted that in the model threonine, leucine, isoleucine, phenylalanine, tyrosine,
tryptophan and lysine entered the CCM via mitochondrial acetyl-CoA, valine, methio-
nine, isoleucine, phenylalanine and tyrosine via succinate as well as histidine and

arginine via glutamate.

INST **C-MFA provides detailed insight into glycolytic as well as glutaminolytic intra-

cellular fluxes into the TCA. Fluxes (in % of glucose uptake) (Fig. 6D_1) suggest that
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the TCA is approximately equally fueled through glycolysis and glutaminolysis. While
the net flux through citrate synthase is 25%, the net flux from glutamate to aKG (in-
volving glutamate dehydrogenase) is 18%. As a consequence, the succinate dehy-
drogenase flux from succinate towards fumarate within the TCA is 42%. The results
stress the important role of glutaminolysis, on the one hand, to fuel the TCA and, on
the other hand, to accomplish the required demand for biomass synthesis, e.g. for
fatty acid synthesis via acetyl-CoA. The flux from the cytosolic acetyl-CoA pool into
the biomass was 10% of the glucose uptake, while the flux from mitochondrial acetyl-
CoA pool into biomass was approximately found to be twice as high (19%) (Fig.
6A_1, Suppl. Tab. 2_1). The overall flux into the biomass was determined to be 139.7
nmol/10° cells/h (or 405 C-nmol/10° cells/h, i.e. number of carbon atoms), represent-
ing 53% of the glucose uptake. Thus, the high flux into the biomass in dO underlines
the need of biomass precursors to accomplish cellular proliferation expressed by the
high specific growth rate compared to zero growth in d6 (u = 0.074 h™ vs. 0.0 h™).
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Fig. 6_1: Flux map of proliferating LUHMES cells

For proliferating LUHMES cells, metabolic flux analysis (MFA) was performed according to Suppl. Fig. S2_1, and the data
are summarized in a metabolic flux map. A: The CCM-fluxmap features glycolysis, the TCA, as well as input and output
fluxes of metabolites. Flux velocity was encoded by the arrow size, the metabolite pool size (=concentration) was encoded by
the amount of background coloring in the text boxes. Fluxes into biomass are depicted as red arrows pointing to no specific
target. The model assumes three compartments (extracellular space, cytosol and mitochondria). A list of abbreviations re-
garding metabolic pools used for the flux map can be found in Suppl. Tab. 1_1. B,C: Measured fluxes were compared to
simulated fluxes derived from the MFA flux model. The net input fluxes into glycolysis (B), and into the TCA (C) are dis-
played. Additional relative information on the metabolic routes considered is added to the data displays. D: Selected intracel-
lular fluxes, relative to glucose uptake (AcCoA_c = cytosolic acetyl-CoA, BM = biomass). E: Measured secretion rates (e.g.
lactate secretion) are displayed together with data derived on the same fluxes from MFA modeling as shown in A.

In dO cells we observed strict clockwise (oxidative) operation of the TCA, potentially
to enable the cells to meet their NADH and ATP requirements. In particular, no re-
versible carboxylation of aKG to citrate occurs (<10e-6 nmol/10° cells/h). Interesting-
ly, this is in contrast to the findings reported by S& et al. (189) for murine neural stem
cells. Notably, by integrating all available measurements in the network model, fluxes
entering the TCA via pyruvate dehydrogenase (PDH, lower glycolysis) and pyruvate
carboxylase (PC, anaplerosis) can be destinguished by **C-MFA. A high PDH-flux of
32% was estimated by **C-MFA. This would satisfy the demands for acetyl-CoA pre-
cursors for biomass generation and fuel the TCA. The PC-flux contributed only to a
minor extent (ca. 5%). From these flux estimates, a PDH/PC ratio of ca. 0.15 is de-
rived for dO cells, which is only slightly lower than the ratio of 0.18 determined for

neural stem cells by Séa et al. (189).

Assuming that intracellular serine is exclusively used for purine synthesis, an upper
bound for the purine synthesis flux can be derived from the total flux into the serine
pool. This gives a maximal purine synthesis flux of ca. 7% of the glucose uptake
(2.5% and 4.5% derived from the uptake of glucose and serine, respectively), which
is in-line with the low carbon fluxes through the pentose phosphate pathway (Suppl.
Tab. 3_1).

Summarizing, a model-based representation of the CCM network of dO LUHMES
cells was has been established explaining specific extracellular rates, metabolic pool
sizes and labeling incorporation dynamics in a consistent manner. The ensuing flux
map showed a metabolism that is focused on aerobic glycolysis, but also involved the
TCA and amino acid metabolism to a substantial extent. The same MFA approach,
as applied for dO cells was attempted for d6 cells. In this case we found that the
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guality standards for quantitative flux modeling could not be met (Suppl. Fig. S2_1).
Here, future research work is required to collect data in the quality needed by math-
ematical modeling to allow the assembly of highly resolved flux maps for complex
mammalian cells and in particular to answer the question whether the altered mito-
chondrial physiology parameters in d6 cells are reflected by respective changes in

metabolic fluxes.

3.1.7.7 Loss of glutamine dependency upon differentiation

Further experiments were conducted to investigate the impact of media components
such as pyruvate and glutamine on cell growth. The data showed that not only glu-
tamine, but also glutamate and aspartate were rapidly taken up by dO cells from the
medium, while d6 cells reduced the medium composition of these amino acids only
marginally (Fig. 7A_1). To follow up on this, we examined to which extend the cells
required glutamine supplementation. The d6 cells survived for 24 h in medium devoid
of glutamine and pyruvate, while dO cells all died. Glutamine was able to keep cells
surviving, but it did not allow proliferation, while combination of glutamine and py-
ruvate allowed a doubling of the cell number (Fig. 7B_1). These results point to a
crucial importance of pyruvate for proliferation in dO cells although the pyruvate up-
take rate was only about 10% of the glucose uptake rate (29 + 8 nmol/10° cells/h,
Suppl. Tab. 2_1).

In the following, the differential effects of medium supplements were studied for dO
LUHMES cells over a period of 60 h. This series of experiments confirmed that
LUHMES cells could not be maintained alive in medium lacking glutamine. Moreover,
it was confirmed that the presence of pyruvate enhanced the effect of glutamine (a
significant further increase in proliferation), while pyruvate alone had no effect (Fig.
7C_1).
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Fig.7_1: Loss of glutamine dependency of LUHMES upon differentiation

LUHMES cells (dO or d6) were cultured under standardized conditions. Various culture parameters were analyzed for up to
60 h, i.e. dO cells (black) continuing proliferation for up to three days, and for d6 cells (blue) remaining in the state of differ-
entiated neurons for up to 60 h. A: Concentrations of glutamine (GIn), glutamate (Glu) and aspartate (Asp) in the cell culture
medium. Measurements were performed for 0 h to 24 h in cultures of d0 and d6 cells. B+C: Cultures of dO and d6é were
prepared so that they contained similar and standardized numbers of cells at the time point when the experiment was initiated.
Then, the medium was changed and cell numbers were recorded for the following 60 h. The medium contained either no
supplements or combinations of pyruvate [1 mM] and I-glutamine [2 mM]. As control, the standard Adv. DMEM/F12 medi-
um (ctrl.) with all supplements added by the commercial supplier was used. The cell number was assessed 24 h after medium
change and expressed as percent of the amount of seeded cells at t=0. Alternatively, the absolute cell count was quantified by
automated live cell microscopy over a 60 h time period. The number of cells per well is indicated. All data are means + SD
from three biological replicates. *: p < 0.05, by one-way ANOVA followed by Dunnett’s post-hoc test.

These data suggested that glutaminolysis (i.e. uptake of glutamine and feeding into
the TCA via glutamate to aKG) is a pivotal cellular metabolic process that is neces-
sary for the proliferation of neural precursor cells by supplying carbon backbones for
anaplerotic processes, such as building block synthesis, while pyruvate may support

this process by acting as electron-sink (Fig. 41_1) (158, 159).
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3.1.7.8 Differential sensitivity of dO vs d6 cells for metabolic toxicants

This study found by several approaches that dO cells differ particularly from d6 cells
in their limited capacity to upregulate mitochondrial metabolism and in their depend-
ency on glutamine. The latter requires the mitochondrial TCA to be channeled into
various metabolic pathways. Therefore, the question raised, whether this metabolic
situation might sensitize dO cells to mitochondrial toxicants. To obtain experimental
data, the toxicity of antimycin A (ETC complex Ill inhibitor), rotenone (ETC complex |
inhibitor) and UK-5099 (inhibitor of mitochondrial pyruvate transporter) was assessed
by measuring resazurin reduction (viability assay) and lactate dehydrogenase (LDH)
release (cell death assay). Generally, both assays give similar data on toxicant po-
tency. The comparison of the EC50 values for dO and d6 cells showed that proliferat-
ing cells were more sensitive to toxicants inhibiting mitochondrial metabolism. To get
an indication on whether the cell-stage dependent toxicity was related to the energet-
ic flexibility of the cells, we measured lactate release in the presence of rotenone. As
expected, the d6 cells increased this parameter (a measure of glycolytic activity) by
100% in the presence of the toxicant, while dO cells showed little adaptation (data not

shown).

In a next step, it was tested whether dO cells were generally more vulnerable. Thus,
both cell stages were exposed to 3-bromopyruvate, a toxicant that affects energy me-
tabolism not on the stage of mitochondria, but at glycolysis. In this experiment, d6
cells proved to be more sensitive than dO cells (Fig. 8_1). For two non-specific toxi-
cants, the proteasome inhibitor MG-132 and thiol-reactive reagent thiomersal, both

cell stages showed similar sensitivities (data not shown).
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Fig.8_1: Differential sensitivity to toxicants of differentiated neurons versus immature precursors

Proliferating (dO) or differentiated (d6) LUHMES neurons were used in 96-well plates to determine the cytotoxicity of mito-
chondrial inhibitors and of toxicants not inhibiting mitochondrial complexes. After 24 h exposure to serial dilutions of toxi-
cants, resazurin reduction (R, purple) and lactate dehydrogenase release (LDH, green) were determined. Log-logistic curves
were fit to the data, and these were used to determine ECs, values. The right hand column (d6/d0) indicates ratios for either R
or LDH. They were derived by dividing the ECs, value of differentiated cells (d6) by the ECsy value of the progenitor cells
(d0), respectively. All data are means + SD from three independent experiments.

3.1.8 Discussion

In this study, we linked key observations on metabolic changes occurring during neu-
ronal differentiation to different stage specific toxicological sensitivities. Using multiple
analytical approaches, including p-SRIM followed by metabolic flux modeling (INST
13C-MFA), we found that the strong metabolic changes upon differentiation are main-

ly due to the changing metabolic needs of the cells undergoing differentiation from
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proliferating precursors to mature neurons. Proliferative cells were found to be partic-
ularly sensitive to toxicants that challenge the cellular metabolic buffering capacity.
Since their metabolic spare capacities were minor, metabolic insults could not be
compensated, e.g. by increased glycolysis. Previous approaches in toxicology have
already used the combination of two or three omics techniques to attempt a system-
wide characterization of cells and of a specific stress response after toxicant expo-
sure (49, 236-238). This study contributed a comprehensive multi-omics approach
comprising transcriptomics, proteomics, metabolomics, and fluxomics technologies.
Two major insights were: (1) an extreme glutamine dependence of neural stem cells

(d0) and (2) cell stage-specific neurotoxicity.

Metabolic states in LUHMES cells were inaccessible for traditional **C-MFA relying
on steady-state labeling enrichment due to long label incorporation times. Therefore,
INST *C-MFA with shortened labeling periods and time-resolved observations was
implemented (219, 239). This approach made use of the metabolomics data and al-
lowed resolving the contribution of key metabolic pathways by joint inference of me-
tabolite pool sizes, cell-specific extracellular rates and labeling incorporation profiles.

The first major observation of our study was the high dependency of neuronal pre-
cursor cells on extracellular glutamine. It is used for anaplerotic reactions of the citric
acid cycle, when products of the cycle are used as cellular building blocks. In addi-
tion, glutamine is known to be a donor of amino-groups for non-essential amino acids
as serine and glycine, which are also needed for building block and protein synthesis
(240). Furthermore, glutamine is a precursor of glutathione (via prior conversion to
glutamate) and might thereby aid the maintenance of the cells’ antioxidative potential
and redox homeostasis (240, 241). A recent publication found that proliferating cells,
especially during S-phase, rely on glutamine anaplerosis of the TCA (242), which is

in line with dO LUHMES showing a high dependence on glutamine.

DO LUHMES may fuel their TCA from glutamine, also in order to produce aspartate,
as it has been described for cancer cells (156). Such aspartate production has been
shown for tumor cell lines to be limiting for purine and pyrimidine synthesis (158,
243), as well as for NADPH production and maintenance of mitochondrial membrane
potential and integrity (244). Additionally, glutamine can be metabolized to AcCoA
without generation of NADH and thereby not further burdening cells’ mitochondria

(234, 235). Differentiated d6 cells have much less need for nucleotide synthesis and,
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therefore, require less glutamine and aspartate. Still these cells maintain a high non-
growth related metabolic activity. Label incorporation profiles indicate that mitochon-
drial metabolism might be enhanced in d6 compared to dO cells, but further compara-
tive 13C-MFA studies are required to finally answer this question. Being successfully
applied to a test system, this study provides an important basis for probing specific
metabolic states for future studies on the mode of action of toxicants. Ultimately,
mechanistic models of CCM will be needed to study these modes of action (245) and

to predict toxicological properties of unknown compounds (87, 243, 246, 247).

A potential flaw of the model we use is the expression of the myc transgene to main-
tain neural precursor state. We cannot exclude that myc also affects the metabolism,
but there are several lines of evidence that suggest that this is a rather minor effect:
(i) while we performed our study, a similar study was published on the basis iPSC-
derived neurons (without myc transgene). The findings of this study (although related
more to proteome changes) are quite similar to ours (232); (ii) the expression levels
of v-myc in LUHMES are quite moderate compared to endogenous c-myc and we
found that the protein amounts were about similar; (iii) neural stem cells/neural crest
cells do naturally express myc, and it plays an important role at this stage (248-251);
(iv) it is known for some other cells that overexpression of myc (cancer environment)
caused minimal changes in glutamine and glucose consumption, although spare res-

piratory capacity was increased (252).

Second, in the field of DNT, there has been a strong focus on fundamental neurode-
velopmental processes as basis for test systems and assays (43, 175). Here, we
show that also different susceptibilities of a given cell differentiation stage can be im-
portant as target of developmental neurotoxicants. Our data suggest a link between
the metabolic switch during differentiation and alterations in the sensitivity to toxi-
cants. The lack of energetic buffering capacity, both mitochondrial and glycolytic, of
proliferating dO cells accounts for their higher sensitivity to UK5099, rotenone and
antimycin. Instead, the d6 neurons were able to increase the glycolytic activity to
counteract the mitochondrial inhibition, and therefore they showed higher tolerance to
those toxicants. There are several other cases known, in which stage-specific toxicity
occurs, e.g. exposure to the cell cycle toxicant methylazoxymethylacetat (MAM) (39).
However, it should not be concluded from this example that proliferating cells are
generally more sensitive to toxicants. Other literature data show that differentiated
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LUHMES cells are more susceptible to the toxicants colchicine, vincristine and
methylmercury (206). A differential toxicity is not only observed for specific neurotoxi-
cants, but it was also found for the glycolytic inhibitor 3-bromopyruvate, for which d6
cells were twice as sensitive as their proliferating counterparts. These data suggest
that mature neurons may on the one hand compensate certain metabolic stresses
(e.g. partial mitochondrial inhibition), but they succumb more readily to the complete
shut-down of energy production by a glycolytic inhibitor. The data from LUHMES cells
on glycolytic compensation for mitochondrial inhibition are well in agreement with da-
ta from primary neurons (48) and e.g. lymphocytes (253, 254). It also needs to be
noted that our study did not address activity-dependent energy consumption of cells.
For instance some adult neuronal populations, like nigrostriatal dopaminergic neu-
rons, are particularly sensitive to mitochondrial inhibitors. The reason for this is the
extremely high energy demand of these cells, when they are synaptically integrated
(170). This example shows, that metabolic balance may depend not only on basic
biochemical features of cells (as studied here), but also on their cellular context.
Ways to mimic this would be co-cultures (15, 173) or 3D-cultures (110), and applying

metabolomics to such advance models is an additional future challenge.

In summary, our study shows that a thorough characterization of the test system can
be helpful, or sometimes is even pivotal for the understanding of toxicological obser-
vations and for the interpretation of their relevance. By using an approach combining
classical omics techniques with **C-MFA and cellular respiration measurements, we
identified metabolic differences that accounted for changes in toxicant sensitivity. In
the future this approach will be refined and expanded towards the description of toxi-
cant effects in the nervous system. Key metabolic pathways have to be identified and
mapped for various standard toxicants. This knowledge could allow for more targeted
measurements at lower cost. By focusing on few pathways, metabolites and time
points, the procedure could reach a throughput allowing broader screening (255). As
a hit-follow-up of the screening, a full mechanistic characterization may be added.
This approach may identify cell stage-specific toxicants not easily detected by assays
focusing on developmental processes. Since the loss of a highly proliferative sub-
population during neuro-development might result in a pronounced effect in later life,
cell death of the proliferative precursors can be as fatal as impairment of migration
(256), neurite outgrowth (56) or neuronal network formation (257, 258).
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3.1.11 Supplementary information
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Supplementary Fig. S1_1:

LUHMES cells (dO or d6) were cultured under standardized conditions, until medium was replaced with fresh media 4 h prior
to label experiments. At 0 h, medium was replaced again with culture medium either supplemented with [U 13C]-glucose +
[U 12C]-glutamine or [U 12C]-glucose + [U 13C]-glutamine. Label incorporations into various metabolites were analyzed
for up to 24 h. For citrate only the [1-4,6] fragment and for glutamate only the [1-4] fragment, was observed (InChl enumera-
tion). A: Label influx in lactate and malate of dO (left) and d6 (right) LUHMES originating from labeled glucose. B: Label
influx in citrate and malate of dO (left) and d6 (right) LUHMES originating from labeled glutamine. C+D: Label enrichment
(100%-unlabeled) after 6 h of label exposure into metabolites from 13C-Glc or 13C-Gln, as indicated data are means + SD
from three independent experiments. E: Graphical depiction of label entry routes into CCM from glucose or glutamine (pur-
ple: label entry; blue: TCA anaplerosis by Gln; green: TCA; orange: glycolysis; black: malic enzyme). F: depiction of the
citrate molecule with InChl enumeration of the carbon atoms (numbered circles). The green carbons were identified by the
MS measurement. All data are means + SD from three independent experiments, *: p < 0.05, by one-way ANOVA followed
by Dunnett’s post-hoc test.
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Experimental data Modeling

Extracellular uptake and Metabolic map
secretion rates (KEGG/literature)
Reaction network
Cell growth rate lf\tom transitior_15
Biomass equation
Measurement specification

Pool size measurements

13C label incorporation
profiles Initial flux/ pool size values

Best solution:
Optimal set of model parameters

Visualization
Experimental data are incorporated in a metabolic network model to obtain a flux map, showing the reaction rates (fluxes) of
cellular metabolism in vivo. Unknown model parameters are fitted to the experimental data (“optimization™) and the result
(the flux map) is visualized in the context of the metabolic network representation. The main steps are briefly summarized.
For further information about the general procedure of *C MFA, the reader is referred to the literature (below).

Experimental data generation step (see also “Extracellular rate determination” in the main text):

Extracellular uptake and secretion (net) rates quantify how fast substrates are taken up by the cells, or are secreted as prod-
ucts, respectively. Extracellular rates are estimated from experimentally determined extracellular concentration courses over
time of the respective chemical compound.

Equipped with the rates, the carbon balance is checked to be closed in order to account for all important carbon fluxes into
and out of the cells. Likewise, the specific growth rate of the cells is estimated, e.g. from numbers of viable cells over time.
The period in which the cell culture is in a metabolic (pseudo)steady state, dictates the time window for the INST *C MFA
experiments. Sampling times are chosen in such a way that the dynamic labeling enrichment in the different intracellular
metabolites can be followed. During the INST **C MFA experiment, cell culture samples were taken (3 biological replicates)
quenched, and subjected to chemical analysis. Mass spectrometry was used to obtain i) **C label incorporation profiles of the
intracellular metabolites and ii) absolute intracellular pool sizes (using external standards). Additionally,**C label incorpora-
tion profiles were corrected for natural abundance.

Modeling step: A metabolic network is usually constructed from data bases and literature sources. Reaction directions are
assigned in consistency with thermodynamic knowledge. During the model building and testing process, constraints for
fluxes and metabolite pool sizes are added, if required. To model proliferation, a biomass equation is added to account for the
cellular investments of growth which are related to the precursor metabolites. Metabolite pools and transport reactions across
the cell wall/membrane are added in line with the experimental data. An important part of the process is that carbon atom
transitions are specified to describe the fate of each individual carbon atom (e.g. C, within lactate) within the network. An-
other parameter input is the input substrate mixture of the INST 13C MFA experiment. In this context, the analytical meas-

urement configuration is added to the model. To start modeling, feasible initial values for fluxes and metabolite pool sizes are
chosen.

Supplementary Fig. S2_1:
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Optimization phase: Because intracellular fluxes cannot be directly measured, they are estimated by iteratively fitting the
model parameters to the experimentally determined data. Through the optimization process an optimal set of pool sizes and
fluxes is calculated by comparing experimental and model-predicted data and minimizing the variance-weighted differences.
Because minimization is likely to be trapped in solutions that are not globally optimal, the process of parameter estimation is
started repeatedly with randomly sampled initial parameter configurations.
In the end, the best solution of pools and fluxes is visualized in a flux map. Sometimes, it is not possible to suggest a fluxmap
that fulfills all conditions. For instance the requirement of a closed carbon balance may not be adoptable to the measured
extracellular rates and known atom transitions, without postulates on fluxes that are physiologically highly unlikely.
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Supplementary Fig. S3_1

Examples of pathways regulated during LUHMES differentiation

For characterization of the proliferating (d0) and differentiated (d6) LUHMES cells, standardized cell culture conditions were
used to generate samples from the two types of untreated control cells for further analysis. A: The mRNA expression of four
independent cultures of proliferating (d0) and differentiated LUHMES (d6) cells was measured using Affymetrix microarray
analysis. Expression levels were determined genome-wide. From these data, differentially expressed genes (DEG) were
identified by sorting for probe sets (=Affymetrix gene probes) that were expressed in d6 cells > 4 times higher or lower than
in dO cells. Then, a modulated Limma test was applied to further select those genes for which the differential expression was
significant at the 5% level, after the correction for multiple testing. These genes were analyzed for statistical overrepresenta-
tion (enrichment) of pathways (PWs) annotated in the Reactome and Panther databases (225-228). The number of PWs found
is shown (upregulated: red, downregulated: blue). B: For four regulated PWs, the enrichment factor (EF) and the respective
genes are displayed (white: genes of the PW, green: genes of the PW regulated in LUHMES differentiation). C: Visualization
of the purine ribonucleoside monophosphate biosynthesis pathway using the Vanted V2 tool (259). Downregulated genes are
shown in blue, and numbers indicate the fold change down-regulation (dO vs d6). Substrates and products are enclosed by
boxes with round edges and connected by arrows. Enzymes/genes are enclosed by rectangles.

Abbreviations: PPAT, Amidophosphoribosyltransferase; GART, Trifunctional purine biosynthetic protein adenosine-3;
PFAS, Phosphoribosylformylglycinamidine synthase; PAICS, Multifunctional protein ADE2; ATIC, Bifunctional purine
biosynthesis protein PURH; IMPDH2, Inosine-5'-monophosphate dehydrogenase; ADSS, Adenylosuccinate synthetase iso-
zyme 2; ADSSL1, Adenylosuccinate synthetase isozyme 1;GMPS, GMP synthase; LHPP, Phospholysine phosphohistidine
inorganic pyrophosphate phosphatase.
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3.1.12 Supplementary tables

Short name Full name of chemical compound

AKG a-ketoglutarate

AcCoA Acetyl-CoA

Ala Alanine

Asp Aspartate

Cit Citrate

CO, Carbon dioxide

DHAP Dihydroxyacetone phosphate

E4P Erythrose-4-phosphate

Frc6P Fructose-6-phosphate

Fum Fumarate

GA3P Glyceraldehyde-3-phosphate

Glc6P Glucose-6-phosphate

GIn Glutamine

Glu Glutamate

Gly Glycine

Glycerol3P Glycerol-3-phosphate

Lac Lactate

Mal Malate

OAA Oxaloacetate

PEP Phosphoenolpyruvate

Pyr Pyruvate

RUSP X5P RSP Lumped pool (Ribulose-, Xylose- and Ribose-5-
= = phosphate)

S7P Sedoheptulose

Ser Serine

Succ Succinate

13P2G 1,3-Bisphosphoglycerate

3PG 3-Phosphoglycerate

3POH_Pyr 3-Phophohydroxypyruvate

6PG 6-Phosphogluconate

Supplementary table 1_1

Abbreviations used in Fig. 6_1 translate as described above.
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DO

D6

nmol/10° cells/h

Glucose
Lactate
Pyruvate
Ammonium
Alanine
Glycine
Serine
Glutamic Acid
Glutamine
Cysteine
Aspartic Acid
Threonine
Asparagine
Valine
Methionine
Leucine
Isoleucine
Phenylalanine
Tyrosine
Histidine
Tryptophane
Lysine
Proline
Arginine

-220.2 £ 44 -109.4 +12.5
509.4 +55.5 306.7 + 23.8
-29.1+7.8 -149+8.1
50.0+5.8 129+1.3
68.0+7.8 185+1.3
13.6+11.4 4.8+0.6
-16.9+7.9 -1.0+04
-3.8+04 03+0.1
-77.7+10.2 -6.0+2.8
-3.9+0.7 -1.1+0.7
-6.2 +3.7 -04+04
-6.9+29 -04+0.6
-04+0.1 0.03 +£0.04
-11.2+14 -0.8+0.6
-2.0+0.3 -0.01+0.1
-195+2.1 -3.4+0.7
-159+1.7 -2.1+0.6
-26+4.4 -0.02+04
-26+1.7 0.03+0.3
-25+04 -0.1+0.2
-25+17 0.03+0.3
-1.2+25 -1.6+1.0
8442 1.7+£0.7
-48+2.1 -1.2+1.3

1/h
0.0742 + 0.0129 0.0

Supplementary Table 2_1

Cell-specific extracellular rates for dO and d6 cell lines. Negative values refer to uptake rates from the extracellular medium
into the cells while positive values give secretion rates. For calculation procedures see Material and Methods section in the

main text.
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Short name Reaction Fluxes
relative
absolute6 [% of
[nmol/10° cells/h] Glc_IN]
Glycolysis net xch net
empl Gle6P(abedef) <> Fre6P(afbcde) 250.45 ;274' 9552
emp2 Fre6P(abedef) < DHAP(cbf) + GA3P(dac) 25406 2000|9713
emp3 DHAP(abc) < GA3P(abc) 253.42 266'0 96.66
emp4 GA3P(abc) <> 13P2G(bca) 510.19 286'8 194.59
emp5 13P2G(abc) <> 3PG(abe) 510.19 gél& 194.59
emp6 3PG(abc) <> PEP(abc) 502.50 0.08 |[191.66
emp7 PEP(abc) — Pyr_c(abc) 502.50 191.66
Pentose  phosphate
pathway (PPP)
pppl Glc6P(abedef) — 6PG(abedef) 8.73 3.33
ppp2 6PG(abcdef) — CO2(f) + RuSP_X5P_R5P(eadbc) |[8.73 3.33
3 Ru5P_X5P_R5P(abcde) + Ru5P_X5P_R5P(fghij) | 2.10 20.27 |0.80
PP < GA3P(ebd) + S7P(agcifjh)
4 S7P(abedefg) + GA3P(hij) <« E4P(gbfd) +|2.10 353.8 |0.80
PP Frc6P(iajhec) 3
5 E4P(abcd) + RuSP_XS5P R5P(efghi) <> GA3P(ifh) [ 2.10 78.74 |0.80
ppp + Frc6P(bedcag)
Glycerol-3 phosphate
metabolism
glyl DHAP(abc) — Glycerol3P(abc) 124 0.47
Pyruvate and Lactate
metabolism
pyrl Pyr_c(abc) — Lac(abc) 453.90 173.12
pyr2 Pyr_c(abc) < Pyr _m(abc) 37.61 %119. 14.34
Short name Reaction Fluxes
relative
absolute6 [% of
[nmol/10° cells/h] Glc_IN]
Tricarboxylic  acid B
cycle (TCA)
tcal Pyr m(abc) — AcCoA m(ab) + CO2(c) 82.96 31.64
tca2 AcCoA m(ab) + OAA(cdef) — Cit m(acbefd) 64.97 24.78
tca3 Cit_m(abedef) < AKG(fabed) + CO2(e) 39.69 >.08e- | 1514
AKG(abcde) — Succ (% abed + ! badc) +]87.51 33.38
tcad
CO2(e)
Succ(*2 abcd + % badc) < Fum(% abed + 'Y%|111.15 7593. |42.39
tcab
badc) 82
tca6 Fum(% abed + % badc) < Mal(abed) 11115 %31' 42.39
tca? Mal(abed) < OAA(abed) 5151 2339' 19.64
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Anaplerosis

anal Pyr_m(abc) + CO2(d) — OAA(abdc) 14.29 5.45
ana2 Mal(abcd) — Pyr_m(abd) + CO2(c) 59.65 22.75
Fatty acid synthesis
fal Cit_m(abedef) <> Cit_c(abedef) 2629 1893|964
fa2 Cit_c(abcdef) — AcCoA c(ac) + Pyr c(bfe) +]25.29 9.64
co2(d)

Amino acid
metabolism
aal Glu(abede) <> AKG(abede) 41.82 3888- 18.24
aa2 Gln(abede) < Glu(abede) 64.16 2‘1‘53- 24.47
aa3 3PG(abc) — 3POH-Pyr(abc) 6.44 2.46
aa4 3POH-Pyr(abc) — Ser(abc) 6.44 2.46
aad Ser(abc) — CO2(a) + Gly(bc) 12.86 4.90
aa6 OAA(abed) «» Asp(abed) ROl
aa’ Pyr_c(abc) < Ala(abc) .18 1212' 29.67
Short name Reaction Fluxes

relative

?r?ri%llﬁge cellsiy |10 O

Glc_IN]
Extracellular fluxes
AcCoA_IN AcCoA_In(ab) — AcCoA_m(ab) 32.52 12.40
Asp_IN Asp In(abecd) — Asp(abed) 7.07 2.70
CO2_IN CO2_In(a) — CO2(a) 14.29 5.45
Cys_IN Cys_In(abc) — Pyr c(abc) 4.60 1.75
Glc_IN Glc_In(abedef) — Glc6P(abedef) 262.19 100.00
GIn_IN GlIn_In(abcde) — Gln(abede) 67.50 25.74
Glu_IN Glu_In(abcde) — Glu(cdbea) 8.93 3.41
Pyr_IN Pyr In(abc) — Pyr c(abc) 36.90 14.07
Ser_IN Ser_In(abc) — Ser(abc) 11.90 4.54
Succ_IN Succ_In(abcd) — Succ(badc) 36.93 14.09
Ala_ex Ala(abc) — 71.55 27.29
CO2_ex co2(a) — 316.69 120.79
Glu_ex Glu(abcde) — 12.60 4.81
Gly_ex Gly(ab) — 7.27 277
Lac_ex Lac(abc) — 453.90 173.12
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Short name Reaction Fluxes

absolute E‘(;!atlveof

[nmol/10° cells/h] Gl IN]
Biomass reactions
3pg_bm 3PG(abc) — 1.25 0.48
AcCoA_c_bm AcCoA c(ab) — 25.29 9.64
AcCoA_m_bm AcCoA_m(ab) — 50.51 19.26
Ala_bm Ala(abc) — 6.23 2.38
AspAsn_bm Asp(abed) — 6.72 2.56
Cys_bm Cys In(abc) — 151 0.57
G6P_bm Glc6P(abedef) — 3.00 1.15
GlIn_bm Gln(abcde) — 3.34 1.28
Glu_bm Glu(abcde) — 12.66 4.83
Gly_bm Gly(ab) — 5.59 2.13
Glyc3P_bm Glycerol3P(abc) — 1.24 0.47
Oaa_bm OAA(abcd) — 1.17 0.45
P5P_bm Ru5P_X5P_R5P(abcde) — 242 0.92
Ser_bm Ser(abc) — 5.48 2.09
Succ_bm Succ(abed) — 13.29 5.07

Supplementary table 3_1

Bidirectional and unidirectional reactions are indicated by “«” and “—”, respectively. Net and exchange fluxes
are calculated as follows: Vi = v~ v, Vel = min(v~, vO).
Absolute fluxes in [nmol/10° cells/h], relative fluxes in [%, related to glucose uptake flux].
Total  biomass flux  was calculated as: > biomass coefficients X growth  rate.
Biomass coefficients in [nmol/10° cells]: AcCoA_c=340.803, AcCoA m=680.68, Ala=84, Asp=90.58,
Cys_In=20.3, GIc6P=40.46, GIn=45.08, Glu=170.66, Gly=75.32, Glycerol3P=16.66, OAA=15.82,
Ru5P_X5P_R5P =32.62, Ser=73.92, Succ=179.049, 3PG=16.8.
Growth rate in [1/h]: 0.074
Small letters in brackets code for carbon numbers according to InChl enumeration
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3.2.1 Abstract

Genomic drift affects the functional properties of cell lines, and the reproducibility of
data from in vitro studies. While chromosomal aberrations and mutations in single
pivotal genes are well explored, little is known about effects of minor, possibly plei-
otropic, genome changes. We addressed this question for the human dopaminergic
neuronal precursor cell line LUHMES by comparing two subpopulations (SP) main-
tained either at the American Type Culture Collection (“ATCC”) or in the laboratory of
the original provider (“UKN”). Both SP showed similar molecular markers, and they
differentiated well to intricate neuronal networks. However, drastic differences in sus-
ceptibility towards the specific dopaminergic toxicant 1-methyl-4-phenylpyridinium
(MPP") were observed. Whole genome sequencing was performed to identify under-
lying genetic differences. While both SP had normal chromosome structures, they
displayed about 70 differences on the level of amino acid changing “structural vari-

” 3

ants”, “copy number variations”, and “small protein mutations”. Some of these differ-
ences (e.g. mutation in HSF1) were confirmed biochemically, but none of them of-
fered a direct explanation for the altered toxicant sensitivity pattern. As second
approach, markers known to be relevant for the intended use of the cells were specif-
ically tested. The “ATCC” cells rapidly down-regulated the dopamine transporter and
tyrosine hydroxylase after neuronal differentiation, while “UKN” cells maintained high
functional levels. As the respective genes were not altered themselves, we conclude
that polygenic complex upstream changes can have drastic effects on biochemical

features and toxicological responses of relatively similar SP of cells.
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3.2.2 |Introduction

Cell lines, as biological material essential for many research fields, are difficult to de-
fine and standardize (260). Methods like short tandem repeat quantification (STR)
can show whether two cells are derived from the same donor (261), and classic cyto-
genetic approaches can provide data on genome integrity at the level of chromo-
somes or large fragments thereof. Sequencing methods that map individual base
pairs (bp) additionally identify small copy number variations (CNVs; 1 kbp - 3 Mbp),
larger structural variants (SV; > 3 Mbp) and mutations or single nucleotide variants
(SNV) in genes. Such genome alterations continuously occur in dividing cell lines
(262-264) and may often be without functional consequences. This background “ge-
netic noise” makes it difficult to identify changes that affect biological features of in-
terest. Distinguishing relevant changes from ongoing background drift is important to
the question of whether two subpopulations (SP) of cells are functionally identical.
Many fields in fundamental and applied sciences, where cells are the essential mate-
rial to derive information or to generate bio-products, strongly rely on defining meth-

ods for temporal stability of the used cells.

Even with correct cell identity established (e.g. by STR profiling), large genetic varia-
tions, such as amplification or loss of chromosomal parts, may go undetected, and
apparently identical cells may be genetically diverse (265). For instance, some plu-
ripotent stem cell lines tend to develop aneuploidy or translocations during prolonged
culture: trisomy 12 or X, and amplification of 17q provide selection advantages by
multiplication of stemness or anti-apoptotic genes (149, 266). Also, it is well estab-
lished that for cell lines like HeLa, many genetically different SP exist (267). On an
even more subtle level, cell identity may be affected by small mutations, and SNP
profiling is one of the approaches to document such changes (268). Faster sequenc-
ing methods opened the possibility for a closer genetic characterization (by whole
genome sequencing (WGS)) at the bp level (149). By comparing differences in the
sequence of a cellular genome to the reference genome, single nucleotide variants
(SNV; small deletions, insertions or base exchanges in the range of few nucleotides),
CNV (sequence parts larger than 1000 bps that show an average ploidy of >2 or <2)
and other changes can be detected. Typically, around 4 million SNVs may be detect-
ed for iIPSC cell lines compared to the reference genome. After removal of already

known SNVs, 1000-2000 SNVs are typically identified between cell lines. These are
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predominantly heterozygous, and only 5-12 are then expected in coding regions of
genes (264, 269). Notably, also genome changes that do not alter the protein struc-
tures may have drastic functional consequences. For instance, CNV have been as-

sociated with neurological and psychiatric disorders (270-272) .

Studies using WGS point out two factors that favor generation of genetically distinct
subpopulations (SP) upon prolonged culture. The first relates to genetic heterogenei-
ty of starting cultures, containing genetically-distinct subpopulations (154). Secondly,
genetic variants might arise de-novo during sub-culturing and be selected by further
propagation of the cell line. In neuronal precursor cells, a potential additional mecha-
nism responsible for the genome dynamics are L1 retrotransposons, which are highly

active during neurodevelopment (273), and may cause insertional mutagenesis.

LUHMES cells, examined in this study, are neural precursor cells of the mesen-
cephalon, obtained from an 8 week old fetus. They were conditionally immortalized
with a tetracycline-controlled v-myc transgene (34, 102). Its down-regulation triggers
differentiation to electrically active dopaminergic, fully post-mitotic neurons (104).
LUHMES have been deposited in 2006 at the American Type Culture Collection
(ATCC)(274), and a recent report using the banked cells (275) found that they toler-
ate up to 60 pM of the neurotoxicant 1-methyl-4-phenylpyridinium (MPP™), while cells
from the original provider laboratory (“‘UKN”) died at 3-5 uM (35, 49, 63). This large
shift in toxicological properties called for a comparative investigation of the cells. As
strategies to define functional cell identity are of vast general importance, we ex-
plored WGS as a novel approach. Previous studies addressing genetic drift focused
mainly on the genome changes arising during prolonged culture. Only little quantita-
tive information is available on how such genetic drift effects cell function. We ad-
dressed here the question on whether genome analysis can be comprehensively and
unambiguously define cell identity relative to some defined functions. Our results
suggest that a prediction of functionality requires more than the genome data, and
that cell identity definition needs to follow a fit-for-purpose definition, which mostly
requires specifically adopted analytical endpoints.
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3.2.3 Materials and Methods

3.2.3.1 Chemicals

Dibutyryl-cAMP (cAMP), fibronectin, Hoechst dye H-33342, resazurin sodium salt,
tetracycline, tetramethylrhodamine ethyl ester (TMRE) and MPP* were from Sigma
(Steinheim, Germany). Recombinant human FGF-2 and recombinant human glial cell
derived neurotrophic factor (GDNF) were from R&D Systems (Minneapolis). Tween-
20 and sodium dodecyl sulfate (SDS) were from Roth (Karlsruhe, Germany). All cul-
ture reagents were from Gibco/Fisher scientific (Hampton, New Hampshire,USA) un-

less otherwise specified.

3.2.3.2 Cell culture

Handling of LUHMES human neuronal precursor cells was performed exactly as pre-
viously described in detail (70, 104). Briefly, maintained in a 5% CO,/95% air atmos-
phere at 37° C in proliferation medium (PM), consisting of advanced DMEM/F12 with
2 mM L-glutamine, 1 x N2 supplement (Invitrogen), and 40 ng/ml FGF-2, cells were
passaged three times a week. For differentiation, 8 million cells were seeded in a
Nunclon T175 tissue culture flask in PM. After 24 h, medium was changed to differen-
tiation medium (DM), consisting of advanced DMEM/F12 supplemented with 2 mM L-
glutamine, 1 x N2, 2.25 uM tetracycline ( to switch off the transgene), 1 mM dibutyryl
3’,5’-cyclic adenosine monophosphate (CAMP) and 2 ng/ml GDNF. At 48 h later, cells
were trypsinised, and seeded in a density of 1.5x10° cells/cm? on dishes precoated
with 50 pg/ml poly-L-ornithine (PLO) and 1 pg/ml fibronectin in DM. On day 4 of dif-
ferentiation (d4), medium was exchanged for fresh DM.

3.2.3.3 Cell viability measurement

Resazurin: Metabolic activity was detected by a resazurin assay (35). Briefly, resaz-
urin solution were added to the cell culture medium to obtain a final concentration of
10 pg/ml. After incubation for 30 min at 37° C, the fluorescence signal was measured
at an excitation wavelength of 530 nm, using a 590 nm long-pass filter to record the
emission. Fluorescence values were normalized by setting fluorescence values of

untreated wells as 100%.
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LDH release: LDH activity was detected separately in the supernatant and cell ho-
mogenate as deSC“bEd earller (47) The I'atIO Of LDHsupernatant/LDHsupernatant+ cell |ysate
was calculated and expressed in percent.

3.2.3.4 Neurite area detection:

Labeling live cells was performed with 1 pM calcein-AM / 1 pg/ml H-33342 for 30 min
at 37°C. Images were collected in two different fluorescent channels using an auto-
mated microscope (Array-Scan VTI HCS Reader (Thermo Fisher, PA) with high con-
tent imaging software (vVHCS SCAN, Thermo Fisher, PA). Nuclei were automatically
identified in channel 1 (365+50/461+15 nm) as objects according to their size, area,
shape, and intensity. The calcein signal was detected in channel 2 (475+40/525+£15
nm). An algorithm quantified all calcein positive cells as viable and nuclei stained by

H-33342 only as “non viable” cells.

For quantification of the neurite area of d3 cells a well established algorithm was ap-
plied (57). For d6 LUHMES, cells were fixed and stained for B-lll-tubulin and H-
33342, and then the same algorithm was applied.

3.2.3.5 ATP determination:

To determine intracellular ATP, cells grown in 24-well plates were scratched and
sonicated in PBS-buffer and boiled at 95 °C for 10 min followed by centrifugation at
10,000 g for 5 min for the removal of cell debris. For the detection of ATP levels, a
commercially available ATP assay reaction mixture (Sigma, Steinheim, Germany),
containing luciferin and luciferase, was used. 50 yl sample and 100 ul of assay-mix
were added to a black 96-well plate. Standards were prepared by serial dilutions of
ATP disodium salt hydrate (Sigma, Steinheim, Germany) to obtain final concentra-

tions ranging from 1000 nM to 7.8 nM.

3.2.3.6 GSH determination:

For glutathione determination cells were washed with PBS and lysed in 400 pl of 1%
sulfosalicylic acid (w/v). The lysates were collected, sonicated 5 times and centri-
fuged at 12,000 xg for 5 min at 4 °C to remove cell debris. Total glutathione content
was determined by a DTNB (5,5'-dithiobis(2-nitrobenzoic acid)) reduction assay. 20
Ml sample was mixed with 180 ul assay mixture containing 300 yM DTNB, 1 U/ml glu-
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tathione-reductase, 400 yM NADPH, 1 mM EDTA in 100 mM sodium phosphate
buffer, pH 7.5 (all Sigma, Steinheim, Germany). DTNB reduction was measured pho-
tometrically at 405 nm in 5 min intervals over 30 min. GSH standard curves were per-

formed by serial dilutions ranging from 1000 nM to 7.8 nM, respectively.

3.2.3.7 Western blot analysis

Cells were lysed in RIPA-buffer (50 mM Tris-base, 150 mM NaCl, 1 mM EDTA,
0.25% sodium deoxycholate, 1% NP40, 1 mM Na3VvO04, 50 mM NaF, pH 7.5) con-
taining 1x protease inhibitor (Roche) and 0.5 % phosphatase inhibitor cocktail 2
(Sigma, Steinheim, Germany). Determination of protein concentration was performed
by using a BCA protein assay kit (Pierce/Thermo Fisher Scientific, Rockford, IL,
USA). Thirty-five ug of total protein were loaded onto 12% SDS gels. Proteins were
transferred onto nitrocellulose membranes (Amersham, Buckinghamshire, UK). Load-
ing and transfer were checked by brief Ponceau staining. Washed membranes were
blocked with or 5% BSA in TBS—Tween (0.1%) for 1 h. Primary antibodies were incu-
bated at 4° C over night. Following washing steps with TBS—Tween (0.1%), horse-
radish peroxidase-conjugated secondary antibodies were incubated for 1 h at RT. For
visualization, ECL Western blotting substrate (Pierce/Thermo Fisher Scientific, Rock-
ford, IL, USA) was used.

3.2.3.8 Immunocytochemistry

Cells were grown on 13 mm glass cover slips (Menzel, Braunschweig, Germany) in
24-well plastic cell culture plates (NunclonTM) and fixed with 4% paraformaldehyde.
After incubation with the primary antibody overnight (see Table. S1_2) and with the
appropriate secondary antibody for 1 h, Hoechst-33342 (1 pg/ml) was added for 10
min prior to the final washing step. Cover slips were mounted on glass slides with

Fluorsave reagent (Calbiochem/Merck/Darmstadt, Germany).

3.2.3.9 EdU incooperation

Cells were grown and differentiated on coated glass cover slips and fixed with PBS,
4% paraformaldehyde, 2% sucrose for 15 minutes. For EdU-staining cells were incu-
bated with 10 uM EdU 30 minutes previous to fixation. To detect EdU incorporation
the Click-iIT®EdU Alexa Fluor®555 Imaging Kit from Life Technologies (Carlsbad,

CA, USA) was used as described by the provider. For the quantitative image analysis
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we used KNIME Image Processing Extension (Version 1.1.2). KNIME (Konstanz In-
formation Miner) (https://www.knime.com/) is a user-friendly and comprehensive
open-source data integration, processing, analysis, and exploration platform de-
signed to handle large amounts of heterogeneous data. The Image Processing Ex-
tension (http://tech.knime.org/community/image-processing) of KNIME allows the
documentation of the Image Analysis steps in a so-called workflow. Total nuclei and
EdU positive nuclei were counted automatically.

3.2.3.10 OQuantitative real time PCR (gPCR)

For reverse transcription quantitative PCR analysis, RNA was extracted with the
PureLink RNA mini Kit (invitrogen, Darmstadt, Germany) according to the manufac-
turer’s instructions. For transcript analyses of LUHMES, primers (Eurofins MWG Op-
eron, Ebersberg, Germany) were designed using AiO (All in One) bioinformatics
software (276) and can be found in Table S2_2. All RT-gPCRs were based on the
SsoFast EvaGreen detection system and were run in a CFX96 Cycler (Biorad, Mun-
chen, Germany) and analyzed with Biorad iCycler software. The threshold cycles (Ct)
were determined for each gene and gene expression levels were calculated as rela-
tive expression compared to GAPDH (2Y) or as fold change relative to control (2°
(AACY ' ACt and AACt were calculated using following formulas:

ACt = Ct(conditionX/gene Y) — Ct(conditionX/GAPDH).

AACt = ACt(conditionX/gene Y) — ACt(untreated control/gene Y).

3.2.3.11 Dopamine measurement

Predifferentiated LUHMES cells (d2) were seeded in T75 Nuclon Flask and differen-
tiated according to the protocol. On day 6, cells were lysed in 0.2% Trition X-100,
0.01 M HCI, 1 mM EDTA, 4 mM sodium metabisulfite and 1 mM Ascorbate. Cells
were scraped with cell scraper, sonicated, centrifuged at 3000 g for 5 minutes and
supernatants were frozen at -20°C. The dopamine content in cell lysates was ana-
lyzed by using Dopamine ELISA Kit (Abnova) according to the manufacturer’s proto-

col.
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3.2.3.12 °H-MPP+ Uptake

Cells were incubated with 5 pM *H-MPP* and 0.125 pCi per 200 pl (15 nM) volume
radioactively labeled *H-MPP* at 37 °C for different incubation times. The superna-
tant and the cells were separated. Cells were washed 3 times in PBS and then me-
chanically removed from the multiwell plate in an equal volume PBS. 2 ml Ultima
Gold AB solution was added to supernatant and lysed cells. Light emission was
measured by Beckman LS 6500 scintillation counter(28).

3.2.3.13 Sequencing and genome comparison

DNA was prepared from the “UKN” and “ATCC” LUHMES SP by using the Gentra
Purgene Cell kit (Qiagen; Venly, Netherlands) s. After sequencing, the reads were
mapped against the NCBI Build 37.2 reference genome. The “UKN” SP was paired-
end sequenced with Complete Genomics (CG), Inc (Mountain View, CA), using their
proprietary sequencing-by-ligation technology (277) at a read-depth of 30x full ge-
nome coverage. CG performed primary data analysis as part of their Standard Se-
guencing Service pipeline (v 2.4.0.43) including image analysis, base calling, quality
control, mapping, and variant calling. The “ATCC” SP was paired-end sequenced
with the lllumina FastTrack Service (average 30 x full genome coverage), pipeline
version v4.0.2 using the Isaac Aligner (6.15.01) for mapping, Isaac Variant Caller
(2.1.4) for calling germline SNVs and small insertions and deletions (indels, max size
~50 bp), the Isaac Copy Number Variant Caller (1.1.0) for germline copy number var-
iant (CNV) calls (278), and Isaac Structural Variant (SV) caller (0.23.1)

3.2.3.14 Definitions of calls

The significant differences from the reference genome (=calls) were categorized as
follows: CNV were defined as parts of the genome larger than 1000 bp and with an
average ploidy of >2 or <2. SV were defined as rearrangements in the genome struc-
ture that affect a sequence length > 3Mb, such as large deletions, duplications and
inversions. SNV were defined as single nucleotide exchanges. While small insertions

and deletions are subsequently called indels (max size ~50 bp).

For CG, SNVs and indels were derived from the “var file”. CNV calls were taken from

cnvSegmentsNondiploidBeta-* file and high-confidence structural variation, SV
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events were taken from /highConfidenceSvEventsBeta-* file. For lllumina, SNVand
indels, CNV and SV were extracted from the different VCF files.

SNV from both platforms were combined into CG testvariant format and compared
using custom perl/python scripts. For CG data, coverage statistics were derived from
coverage and coverageRefScore files for each chromosome. Coverage at every base
was assessed directly from these files. For lllumina, coverage information was ex-
tracted directly from BAM (Binary Sequence Alignment format) files. ANNOVAR
(Wang et al. 2010) (v20150322) was used to annotate the SNV, SV and CNV with
RefSeq and Ensembl gene annotations and additional annotation data like allele fre-
guencies, regulatory elements, known variants that are downloadable from the
ANNOVAR web page. The genome data will be made publicly accessible after the
acceptance of the manuscript.

3.2.3.15 Genetic identity analysis of ATCC and UKN LUHMES genomes

To compare the genetic identity of both LUHMES SP, the PLINK software (279) was
used. PLINK is designed to identify kinship levels in genomes based on the compari-
son of chromosome stretches that show identity-by-descent (IBD). IBD DNA seg-
ments share a common ancestor, i.e. they are identical-by-state (IBS) and lack re-
combination events in the corresponding sequence. Two individuals can share 0,1, or
2 alleles referring then to IBD=0, IBD=1 and IBD=2, respectively. IBD was deter-
mined on the basis of common SNVs and small indels from the HapMap project
(downloaded from the Broad resource bundle as part of the GATK toolkit:

https://www.broadinstitute.org/gatk/quide/article.php?id=1213). The SNVs and indels

called in both genomes were used for IBD analysis. As measure of similarity, we
used the so called PI_HAT score, that ranges from 0 (no relationship) to 1 (identity
across the genome), and which is calculated from a weighted sum of probabilities for
a large number of genome segments to be IBD(PI_HAT= p(IBD=2)+0.5* p(IBD=1)).

3.2.3.16 Comparison of CNV and visualization on chromosomal level

For CNV detection the lllumina BAM files and complete genomics REF coverage files
were screened by the RCP pipeline (280), which compares a given BAM file or cov-
erage profile against Reference Coverage Profiles (RCPs) taken from a large set of
whole genome sequences. RCP performs coverage binning with a bin size of 1000
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bp, GC correction, normalization using reference coverage profiles and merging into
larger segments. Thereby it detects and reports changes in ploidy of the classified
fragments. Resulting CNVs were visualized on the chromosomal level using the open

source visualization tool (http://db.systemsbiology.net/cgi-pub/genomeMapBlocks.pl)

3.2.3.17 CNV.in protein coding regions

To identify candidate genes in protein coding regions that differ in copy number be-
tween the two SP. DGV was used to filter out CNVs (=250% overlap) that are common
in the general population (Database of genomic variants, (281)). The CNVs not anno-
tated in DGV (Database of Genomic Variants), but occuring in the ATCC or UKN ge-
nome are listed in Figure S3_2.

3.2.3.18 Comparison of SNVs, small indels and block substitutions across

genomes

To exclude variants arising from technological differences, the data was re-analyzed
using a already published filtering strategy (282) allowing better comparison between
the two platforms. This reduced the number of SNV and increased the overall con-
cordance between the two platforms. Post filtering, we substracted variants present
in either one of the above mentioned platforms and obtained rare events. We filtered
this reduced number of variants detected against variants found in one of the follow-
ing databases: dbSNP 138, 1000 Genome Project, Exome Sequencing Project 6500,
EXAC (Exome Aggregation Consortium) and avSNP 138 (by ANNOVAR). Variants
found in one of those databases were considered common or known variants and
only the variants, which were not present in any database (called “somatic”) were
considered further. In order to detect differences of potential phenotypic impact, the
somatic events were screened for variants potentially affecting splicing and amino
acid sequence using the ANNOVAR annotations from RefSeq and Ensembl. The
genes annotated to this amino acid changing mutations were sorted for specific oc-

currence in the “ATCC” or “UKN” genome.

3.2.3.19 Ingenuity pathway analysis

For Ingenuity pathway analysis all CNV, SV and SNV specific for each SP were used
to test for pathway overrepresentation.
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3.2.3.20 STR phenotyping

Identity of the used SP was confirmed by STR (Short Tandem Repeat) analysis as
described previously (283). Briefly, DNA samples from the SPs were prepared using
a commercial kit (Puregene Cell Kit, Qiagen). The kit GlobalFiler® PCR Amplification
Kit (Thermofisher) was then used to determine the cell-specific profile for 16 different
genomic loci using an Applied Biosystems GeneMapper Device. STR results showed
100% identity of the profiles of both SP.

3.2.3.21 Statistics and data mining

Cytotoxicity data (ATP, GSH, LDH, resazurin) and qPCR are presented as means of
at least three independent experiments, and statistical differences were tested by
ANOVA or students t-test with post-hoc tests as appropriate, using GraphPad Prism
5.0 (Graphpad Software, La Jolla, USA).
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3.2.4 Results

Similarities and differences in the response to toxicants:

The two subpopulations (SP) of LUHMES cells, “UKN” and “ATCC” were used for
comparative neurotoxicity experiments. As reported earlier, the established parkin-
sonian model toxicant MPP™ (170), at a concentration of 5 uM, triggered cell death in
“‘UKN” but no sign of degeneration in “ATCC” for up to 72 h (Fig 1_2A). This was con-
firmed in an alternative setup, in which “UKN” LUHMES died after 48 h, when ex-
posed to =5 yM MPP™ while the “ATCC” SP tolerated up to 100 uM (Fig. 1_2B). In
line with the observed difference in cell death, “ATCC” LUHMES maintained their
pool of the intracellular redox-buffer glutathione for 72 h, when exposed to MPP”,
while this was severely depleted in “UKN” (Fig. 1_2C). Essentially similar observa-
tions were made for ATP (Fig. 1_2D), an energy metabolite particularly sensitive to
MPP” toxicity.
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Figure 1_2: Similarities and differences in the reaction to different toxicants

LUHMES cells from two different sources (University of Konstanz (UKN); American Type Culture Collection (ATCC))
were cultured according to a standard protocol.

LUHMES cells were seeded at a density of 1.5*10° cells/cm? at d2. Medium was exchanged at d4 and exposed to MPP*
starting at d6. A: Viability was assessed at d9 by measuring resazurin reduction and LDH release after cells have been ex-
posed to MPP* [5 uM] for times as indicated. Data are means +SD of three independent experiments.***:p<0.001 B: “UKN”
and “ATCC” LUHMES were incubated with indicated concentrations of MPP*. After 48 h viability was assessed measuring
resazurin reduction and LDH release, Data are means £SD of three independent experiments. C: Intracellular levels of total
glutathione (GSH+GSSG) were measured in cells treated with MPP* [5 uM] for indicated time periods and represent means
+SD of three independent experiments. D: Intracellular levels of total ATP were measured in cells treated with MPP* [5 uM]
for indicated time periods. Data are means +SD of three independent experiments.***:p<0.001

Comparison of the genome structures of the two LUHMES SP:

Having observed this differences, we tested whether the “UKN” and “ATCC” SP were
really the same cell line. To exclude cross contamination, and to verify the same

origin of the SP we compared their STR-profiles. We found 100% conformity of
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“‘UKN” and “ATCC”(Fig. S1_2). Moreover, this profile agreed with the one provided by
ATCC (Fig. S1_2).

To obtain broader information on the genome status of the cells, whole genome se-
guencing was performed. The first use we made of WGS data was to establish the
kinship-level of the two SP. Using software originally developed for paternity testing
(PLINK, (279)) or profiling of tumor heterogeneity, the two genomes were mapped for
their “identity by descent” (IBD) and the corresponding PI_HAT score was calculated.
The result of 0.9959 is in the range usually found for monozygotic twins or for dupli-
cate tissue samples (284). This solidly confirmed the common ancestry of the two

SP, and indicated that there was no contamination.

In a next step, the genome data were compared to the human reference genome at a
=1 kbp resolution. Overall chromosomal structure and ploidy were normal for both SP
(Fig. 2_2A). Overall 221 structural variants (SV; typically between 1 kbp and 3 Mbp)
not reported in the common genome databases were identified (Fig S2_2A). Out of
these 15 SV were present in both SP, 3 were identified only for the “UKN” SP, and
the others (containing 179 inversions were detected in the “ATCC” LUHMES (Fig.
S2 2A). We then identified all genes in the proximity of SV(Fig. S2_2B). This list of
candidate factors for altered toxicant sensitivity were examined for reported functions,
and none of them offered a simple explanation for the difference of the two LUHMES
SP.. We therefore analyzed in a next step the copy number variations (CNV) as po-
tential candidates. A sizeable number (n=298) of CNV was identified, some of them
occurring only in the “UKN” SP and others only in the “ATCC” SP (Fig. 2_2A). After
filtering for overlap with protein coding regions, 16 CNV were found only in “UKN”
cells and 35 only in “ATCC” cells (Fig. S3_2). As expected, both SP shared some
(n=19) CNV, as they originate from the same ancestor. lllustrative examples for the
latter group are a 4 kbp deletion on chromosome 9, located within the Muscle Asso-
ciated Receptor Tyrosine Kinase (MUSK) gene, or a 100 kbp deletion on chromo-
some 13 located within the G Protein-Coupled Receptor Kinase 1 (GRK1) gene (Fig.
2_2A; Fig. S 4_2A+B).

Moreover, both cell lines had the same two transgene insertion sites (Fig. 2_2A),
which were mapped to the intronic regions of the cullin 1 (Cull) gene on chromo-

some 7 (Fig. 2_2B) and an intergenic region of chromosome 15 (Fig. 2_2C).
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Figure 2_2: Genome wide ploidity status

LUHMES cells from two different sources (University of Konstanz (UKN); American Type Culture Collection (ATCC))
were sequenced by either complete genomics (UKN) or ilumina (ATCC) sequencing platforms. A: Copy number variations
and transgene insertion sites were depicted on chromosome level. CNVs were visualized on the chromosomal level using the
open source visualization tool (http://db.systemsbiology.net/cgi-pub/genomeMapBlocks.pl). Black lines indicate losses and
red lines gain in CNV. Transgene insertion sites are marked in green. Examples chosen for detailed resolution are indicated
with red boxes and labeled 1 and 2. Detailed resolutions are depeicted in Fig. S4_2 B: Graphical scheme of transgene inser-
tion site on chromosome 7, which is located within an intron of the Cullin 1 gene. Coordinates are based on the NCBI Build
37.2 reference genome C: Graphical scheme of transgene insertion site on chromosome 15, which is located in the intergenic
region.

Single nucleotide variants (SNV) affecting protein amino acid sequence

Altogether about 4.5 million SNV (= small mutations) were called, when the LUHMES
genomes were compared to the reference genome (Fig. S5_2A). These were filtered
for known and common variants (Fig. S5_2A-C), and corrected for sequencing tech-

nology differences. This left 23,400 specific SNV (not occurring in the general popu-
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lation) in LUHMES genomes (Fig. S5_2B).Further selection for changes predicted to
change an amino acid in proteins (Fig. S5_2C) resulted in a final set of 29 protein
changes (Fig. 3_2A) that differed between “UKN” and “ATCC” LUHMES, and 33 rare
variants found in both LUHMES SP (Fig. S5_2C).

From the group of differential mutations, we selected promising candidates (Fig.
3_2A marked in red), that might be responsible for toxicological differences observed
between the SP. Western blotting was used to investigate altered expression levels
of NRXN3 (neural cell adhesion molecule), HSF1 (master controller of the heat shock
response), and SIRT6 (cell stress and progeria-associated protein deacetylase). For
these three candidate genes, we observed indeed different protein levels in neuronal-
ly differentiated LUHMES (Fig. 3_2B-F). NRXN3 is known for extensive alternative
splicing (285), and the ratio of its major bands differed strongly in “ATCC” vs. “UKN”
neurons (Fig. 3_2B+C). SIRT6, although expressed normally in proliferating
LUHMES (d0) was strongly down-regulated in d6 “ATCC”, compared to d6 “UKN”
(Fig. 3_2B,D). Also HSF1 was found at lower levels in “ATCC” compared to “UKN”
(Fig. 3E+F). To test for functional implication of this finding, cells were exposed to the
HSP90 inhibitor geldanamycin. As expected, HSF-1 was down-regulated in both SP.
At the same time, a counter-regulation of HSP70 was observed in both SP (Fig.
3_2F,G). This suggests that the mutation in HSF1 (“ATCC”) did not abolish the over-
all function of this transcription factor, but it affected its overall cellular expression
levels (Fig. 3_2E+F). This was also confirmed when cells were exposed to heat
stress. As described earlier (286) this leads to a rapid post-translational modification
(higher apparent MW) of HSF-1, and this biochemical feature was observed in both
SP (Fig. 3_2H). These findings provide proof of principle that genetic differences be-
tween the LUHMES SP, identified by sequencing lead to biochemically measurable
alterations. Some of the identified genes are involved in controlling cellular resilience
(e.g. HSF1) or aging/degeneration (SIRT6). To explore the functional implication of
many potential candidates with respect to MPP™ toxicity in LUHMES appeared to be
impossible within a reasonable time span. We performed therefore additional toxicity
experiments to narrow down the list of genes with matching biological properties. Ro-
tenone has the same cellular target as MPP* (287), colchicine is general inducer of
neuronal apoptosis (48), and antimycin A /DETA-NONOate trigger different types of
oxidative stress and mitochondrial inhibition. They all showed the same toxicity to

‘ATCC” and “UKN” LUHMES (Fig. S6_2). These findings suggests that genes in-
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volved in general cell death regulation do not account for the differences observed for

MPP* (Fig. 1_2).
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Figure 3_2: Amino acid changing SNVs

SNVs affecting proteins in LUHMES from two different sources (University of Konstanz (UKN); American Type Culture
Collection (ATCC) were filtered from the total SNVs called as described in the material and methods section in detail.

A: Common and “UKN” or “ATCC” specific predicted proteins, that are affected by an amino acid changing SNV. The ones
marked in red were further assessed on protein level for differences between the two SP. B: Undifferentiated (d0) and mature
(d6) LUHMES cells were lysed and analysed by Western blot analysis using anti- NRXN3, anti-SIRT6 and anti-GAPDH
antibodies. C+D: Densitometric quantification of band intensities of NRXN3 in d6 cells (C) and SIRT6 in d6 cells (D). E:
Densitometric quantification of band intensities of HSF1 in d6 cells. Intensities are depicted relative to the intensity in the
“UKN” SP. F: LUHMES (d6) cells of both SP were treated with indicated concentrations of Geldanamycin for 24h. After
incubation cells were lysed and analysed by Western blot using anti-HSF1, anti-HSP70 and anti-GAPDH antibodies. G:
Densitometric quantification of band intensities of HSP70 induction by Geldanamycin. Intensities are depicted relative to the
intensity in the untreated “UKN” SP. Band intensities of 5 and 50 nM Geldanamycin were combined. H: LUHMES (d6) cells
of both SP untreated (c) and with indicated time after start of heatshock (43° C/1 h). After incubation, cells were lysed and
analysed by Western blot using anti-HSF1 and anti-GAPDH antibodies.
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Detailed phenotypic characterization

The small genetic changes and the resultant biochemical modifications may subtly
affect the neuronal differentiation of cells, and therewith their toxicological response
to a specific neurotoxicant. Therefore, we undertook a detailed phenotypic character-
ization. The overall morphology of the two SP was assessed by immunocytochemis-
try (ICC), and expression of marker genes (evaluated for the initial characterization of
‘UKN” LUHMES (104) ) was quantified by gPCR. Undifferentiated (d0) SP were simi-
lar with respect to the patterns of nestin and (-lll-tubulin staining (Fig. 4_2A), and
also differentiated cells (d6) appeared to be morphologically similar, as indicated by
the distribution of microtubule associated protein-2 (MAP2), B-lll-tubulin and post-
synaptic density protein 95 (PSD95) (Fig. 4_2B; Fig. S7_2). We compared the
changes in gene expression for marker genes, (Fig. 4_2C). No differences between
the SP were observed for DRD2, GFRAL, TUBB3, SYP, SNAP25, GRIN1, HES5,
VMAT-2 and ACHE, and the down-regulation of the v-myc transgene, upon tetracy-
cline addition, was equally effective in both SP (Fig. 4_2C). Based on these data, the
two SP would be rated as being similar.
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Figure 4_2: Similarities in neuronal differentiation

LUHMES cells from two different sources (University of Konstanz (UKN); American Type Culture Collection (ATCC))
were cultured and differentiated according to the published standard protocol. A: Morphology and structural properties of
undifferentiated LUHMES (d0) cells (of both SP) were assessed by immunocytochemistry staining for 3-111 tubulin, Nestin
and H-33342. B: Morphology and structural properties of differentiated LUHMES (d6) cells (of both SP) seeded at a density
of 0.5%10° cells‘cm? were assessed by immunostaining for B-11I tubulin (red), MAP2 (green) and H-33342 (blue).
C:LUHMES cells were differentiated for the indicated time points (0; 2; 4; 6; 8 days) and mRNA samples were prepared
Changes in gene expression of the neurodevelopmental marker genes DRD2, GFRA1L, v-MYC, TUBB3; ACHE, SNAP25,
GRIN1, SYP, HES5 and VMAT-2 of LUHMES cells from both SP were monitored by qPCR. Values are expressed relative
to expression levels in undifferentiated LUHMES cells. Data are means +SEM for three different experiments.
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To unravel more subtle differences, we quantified neurite growth (Fig.5_2A) as func-
tional endpoint (49, 57). Both SP formed an intricate neurite network, but “ATCC”
LUHMES displayed a significantly higher neurite area per cell compared to “UKN”
LUHMES at day 3 and 6 of differentiation (Fig. 5_2B+C). This hints to subtle differ-
ences in differentiation control between the two SP, possibly linked to signaling fac-

tors or transgene activity.
Differences in the reversal of differentiation

To scrutinize the efficiency of the tet-off system more thoroughly, an experimental
setup was developed that triggered neuronal differentiation for 4 days, and then
probed, to which extent it could be reversed by re-addition of FGF and withdrawal of
GDNF/tetracycline (Fig. 5_2D). “Reversal” was measured as number of cells re-
entering the cell cycle (EdU incorporation). A higher percentage of EdU positive (re-
versal) cells was observed in “UKN” compared to “ATCC” (Fig. 5_2E). This was con-
firmed by other cell cycle markers, such as Ki67 and CycAl, and it fully agreed with a
stronger re-induction of cell cycle genes in “UKN” compared to “ATCC” LUHMES
(Fig. 5_2E-F; Fig. S8 _2A+B). These experiments hinted to a subtle difference in
transgene shutoff and differentiation speed between the two SP. As “ATCC” attained
the postmitotic neuronal phenotype faster than “UKN”, the differentiation efficiency
does not explain the reduced sensitivity to the neurotoxicant MPP™*. However, it may

have impact on other types of experiments LUHMES may be used for.

100



A D Terminal neuronal differentiation:
PM(FGF) l DM (Tetracycline, cAMP, GDNF)

R Medi do d4 d6
e- e Ium . . . .

Start diff.  plate change @I Differentiation medium (DM) I
- a»

d-1 do d2 d4 d6 Reversibility protocol:

‘ Analysis ‘ @ DM

PM: Proliferation medium (bFGF)

W

o E . F
™ — — c =
S e &) o = 551
15 S
E 6000 3-9' EE §w40 i i L
f= 2 |2 € 1307 3 ATcC
g3 = 10 I[] 5 =
2= 4000- 2 E=
S8 @ T = 204
o X o w £
5 & lli (=] .9 *
£ 2000 9 54 T »
5 = g e
) = 9 o
c E q>, s
" UkN ATeC & B o~ e
Protocols % < 2 9 @ § =
C Calcein-AM G m 5 5 g T ¥ @
UKN
© 150 l
©
b~
= 3
T’H
S —'100- T S
3 8 .
I
o X
© 2 50-
2
T
=
[
< o~
. ' <
UKN ATCC 9
?
-
Blll-tubulin

Figure 5_2: Comparison of neurite outgrowth and cell cycle exit

LUHMES cells from two different sources (University of Konstanz (UKN); American Type Culture Collection (ATCC))
were differentiated according to a published standard protocol. A: Cells were replated at d-1 and differentiation was started
by removal of proliferation medium (PM) and the addition of differentiation medium (DM) containing tetracycline, CAMP
and GDNF at d0. Cells were re-plated at a density of 1.5*10° cells/cm? at d2. Medium was exchanged at d4 and “mature
cells” were ready at d6, e.g. for measurement of the neurite network or toxicant exposure. B: Cells of both SP were stained on
d3 with calcein-AM and H-33342. The neurite area per field was assessed in live cultures by automated microscopy in com-
bination with an algorithm adapted for neurite area quantification (cellomics). In parallel, the number of cells per field was
quantified (H-33342 positive nuclei), so that the average area/cell could be calculated. C: “UKN” and “ATCC” SP were
differentiated until d6. These cells were fixed and neurites were assessed by immunocytochemistry staining for B-111 tubulin
and H-33342. The total neurite area per field (based on B-111-tubulin positive pixels) was measured by automated microscopy
in combination with an algorithm adapted for neurite area quantification (cellomics). In parallel, the number of cells per field
was quantified, so that the average area/cell could be calculated. D: LUHMES cells of both SP were cultured in two different
cultivation procedures. Therefore medium was exchanged at d4 to either 1) differentiation medium (DM) or 2) proliferation
medium (PM). E: Experiment was stopped at d6 and the EdU positive cells for both culture conditions were quantified using
fluorescence microscopy and automated counting. F: Changes in gene expression in cell cycle related genes of cells treated
with proliferation medium (2) relative to cells differentiated according to the standard protocol (1) were measured at d6 and
expressed as ratio of condition(2)/ condition(1). G: Cell cycle activity of LUHMES cells of both SP cultured according to 2)
was assessed by immunocytochemistry staining for cyclin Al and H-33342 . Data are means + SD for three independent cell
differentiations of different passages. ***: p <0.001 **:p <0.01 *: p<0.5

101



Differences in the dopaminergic phenotype

Another explanation of the sensitivity differences may be an effect on an upstream
regulatory circuit related to the dopaminergic properties of LUHMES. To probe this
hypothesis, we performed overrepresentation analysis of the identified mutations with
respect to known signaling and regulation pathways (Ingenuity IPA package).
Amongst the top 5 most over-represented pathways, we identified “cAMP signaling”,
“‘dopamine receptor signaling” and “tetrahydrobiopterin biosynthesis” in “UKN”
LUHMES and “protein kinase A signaling” in “ATCC” LUHMES as potential explana-
tions. These pathways affect the dopaminergic differentiation and the key enzyme
TH, and polygenic effects on these regulatory circuits could result in differences in

the dopaminergic phenotype (Fig.S9_2-11_2).

Considering the results of the pathway enrichment analysis, we wondered whether
differences in the dopaminergic phenotype might account for the observed differential
toxicity, even though none of the central genes (DAT, TH, VDAC2, AADC, GFRAZ2,
NURR1, LMX1, etc.) appeared to be directly mutated. LUHMES cells have been
used as a model for dopaminergic neurons in several studies, and MPP+-toxicity de-
pends on such properties (15, 34, 42, 275). We therefore compared the mRNA ex-
pression levels of dopaminergic markers during the differentiation. Interestingly, both
SP strongly up-regulated the dopamine transporter (DAT) and GDNF receptor
(GFRA2) at day 2 of differentiation, but the “ATCC” SP down-regulated these two
genes at day 4-8 of differentiation, while they stayed up-regulated in the “UKN”
LUHMES (Fig.6_2A). Furthermore, there were also significant differences in the regu-
lation of tyrosine hydroxylase (TH), the rate determining enzyme of dopamine syn-
thesis, and few other neuro-specific genes (DBH and SYN1) (Fig.6_2A). In line with
the lower TH levels, there was a difference in the intracellular dopamine levels, which
further confirmed a weaker dopaminergic phenotype of the “ATCC” subclone com-
pared to “UKN” (Fig.6_2B). Relative expressions at day 8 differed between the two
SP for DAT, GFRA2, DBH and TH (Fig.S12_2A). Accordingly, TH and DAT protein
was abundant in “UKN” LUHMES on d8 but not in the “ATCC” SP (Fig. S12_2B+C).
Moreover, the uptake of MPP" a substrate of the dopamine transporter was signifi-
cantly higher in “UKN” compared to “ATCC” LUHMES (Fig. 6_2C). Use of the specific
DAT-blocker GBR-129009 confirmed that all MPP™ uptake was mediated by the DAT
and that this functional difference would impact MPP™ toxicity (Fig. 6_2D).
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Figure 6_2: Significantly changed differentiation markers

LUHMES cells from two different sources (University of Konstanz (UKN); American Type Culture Collection (ATCC))
were cultured according to a standard protocol. A: LUHMES cells were differentiated for the indicated time points (0; 2; 4;
6; 8 days) and mRNA samples were prepared. Changes in gene expression of the neurodevelopmental marker genes DAT,
GFRAZ2, DBH, TH and SYN1 were monitored for both SP. Values are expressed relative to expression levels in undifferenti-
ated LUHMES cells and represent means + SEM from three independent experiments. ***: p<0.001 **: p<0.01 *: p<0.5 B:
Dopamine content of LUHMES (d6) cells of both SP was analyzed using a Dopamine ELISA Kit (Abnova). C: Uptake of
*H-MPP* in “UKN” and “ATCC” SP was assessed for incubation times as indicated. Therefore, 5uM MPP* containing
0.3125 pCi *H-MPP* were applied to the cultures and radioactivity in supernatant and cell lysates was measured using a
scintillation counter. Data are means +SD from three independent experiments ***: p<0.001 D: Uptake of *H-MPP* in
“UKN” and “ATCC” LUHMES was measured after 2 h incubation. Therefore, 5uM MPP* containing 0.3125 uCi *H-MPP*
in presence or absence of GBR-12909 [1 uM] were applied to the cultures. Radioactivity in supernatant and cell lysates was
measured using a scintillation counter. ***: p<0.001

3.2.5 Discussion

LUHMES are used as highly reproducible test system for neurotoxicity investigations
or to model aspects of neurodegenerative disease (42, 49, 57, 58, 63, 70, 104, 275,
288-291). Since the MPP" model for Parkinson’s disease is frequently used by us
and others (170, 287), the finding that the induction of cell death in LUHMES pur-
chased from ATCC required 16 times higher concentration of the neurotoxicant MPP”
(275), than found for the original cells (“UKN”) (35, 49, 63), raised concerns about the
definitions of cell line identity. Even though we found here SP of LUHMES from dif-
ferent sources to be highly similar on the genomic level (same STR-profile; HAT
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score =1), we identified clear phenotypic and toxicological differences using a target-
ed identity profiling. The attenuated dopaminergic phenotype identified in the “ATCC”
SP, explained the selectively increased resistance to the parkinsonian toxicant MPP™.
The results of this study thus provide compelling evidence that standard measures of
cell definition, ranging from phenotypic markers, over STR profiling and even WGS
data are not sufficient to define cell identity. Rather targeted testing, related to the

specific functional demands of cells in a given study, is required.

Here we successfully showed that the two LUHMES SP are indeed derived from the
same cells. Although, this may appear trivial, it is an important confirmation, as a lot
of commonly used cell lines are misidentified ( e.g. wrong tissue origin or wrong spe-
cies) or contaminated by other cells (e.g. HeLa)(148, 151, 274, 292-295). During the
last decades, as cross-contaminations and cellular misidentifications became appar-
ent, the importance of cell line identity gained increasing attention (150, 294, 296).
The rapid development in the field of genome sequencing allowed us now to address

guestions on genetic drift and stability at higher levels of resolution.

Since we observed very high genetic concordance and two identical transgene inser-
tion sites in each SP, our WGS data confirmed the common clonal origin of the two
SP. Nevertheless, we also detected differences on the genome level, which initially
appeared to be relatively high in number. This may be in part due to two different se-
guencing platforms used here to derive WGS data. However, after application of es-
tablished software tools and quality assurance, to correct for the noise generated by
the different sequencing platforms (282), the number reduced drastically and was in
the range of other reports (264, 269). In such other studies, genome profiling has
been used mainly to describe cellular differences, but even the most recent large-
scale approaches (297, 298) fail to make predictions from genome changes to cell
function (e.g. altered function or subtype of neoplastic disease). This is however, cir-
cumstantial evidence, that long-term culturing, genetic drift and altered functional
properties of cells are causally related. It has been shown that over-subculturing with
too many passages may affect cell line characteristics and thereby reproducibility.
For example Caco2 cells display different transport and toxicological properties with
increasing number of passages (148). Genetic heterogeneity of the parental line and
sub-selection during culturing is suspected to be the underlying mechanism leading

to genetic drift that might result in genetically different cell lines (149, 154, 266).
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When cell lines are used for protein production, stringent single cell cloning has been
suggested as favorable way to ensure cell identity and production quality. However,
this was recently doubted as a study showed that also single-cell-clone-derived cell
populations comprise variants of production efficiency and quality, up to the level of

changes in copy number of transgene within the population (299).

Even though, we confirmed some of the amino acid changing events (e.g. HSF1),
that distinguished the LUHMES SP, none of those explained the observed differ-
ences in the toxicological response. The similar sensitivity to largely diverse toxicants
suggests that fundamental apoptosis and stress pathways did not differ between the
SP.

Bioinformatic data-mining revealed that genetic alterations are particularly frequent
within pathways related to the dopaminergic phenotype. Intracellular dopamine has
been clearly identified as factor promoting neuronal cell death (300, 301). Therefore,
the capacity of LUHMES to produce dopamine results in a selective pressure to ac-
cumulate mutations affecting their dopaminergic phenotype. Both SP seemed to
have taken a different path to decrease potential dopamine toxicity. For “ATCC”, the
down-regulation of tyrosine-hydroxylase (TH) is the most obviously reducing dopa-
mine stress. Interestingly, this did not occur by inactivation of the TH gene, but rather
by some upstream regulation. In the same vein, dopamine tansporter (DAT) was af-

fected indirectly, and in a way that was not obviously predicted by genome data.

Direct phenotypic characterization helped to identify differences in the dopaminergic
phenotype of the SP. Especially, the lower expression and activity levels of the DAT
provides a conclusive and sufficient explanation for the observed differences in the
toxicological response to MPP™, as the toxicant requires this transporter (28, 170,
287) to enter the cells. The toxicity we observed at higher concentrations of MPP™ (2
100 uM) in the “ATCC” SP might be mediated by low abundance of the DAT (down-
regulated, but not totally deficient) or by other transporters, such as the organic cati-
on transporter-3 (28, 170, 302). The fact that both SP reacted similarly to rotenone, a
toxicant with the same target as MPP™ (mitochondrial complex ), suggests that toxi-
cokinetic (i.e. transport) factors were mainly responsible for the observed sensitivity
difference with MPP".
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In summary, the data presented here provide an important example for gaps in the
commonly used cell identification approaches, and for the need to reconsider good
practices in the field (274, 295, 303, 304). In order to ensure proper cell functionality,
we suggest to include a “fit-for-purpose” phenotypic testing strategy in cell authenti-
cation procedures, and to define performance standards for desired cell functions.
Adoption of such standards would improve reproducibility of in vitro data and compa-
rability across studies. Therefore, an important issue concerning a perceived repro-
ducibility crisis of science (146, 150, 296) would be addressed. Future refinements
can be envisaged already now, e.g. addressing heterogeneity and genetic mosaicism
within given SP, for example by single cell sequencing (272) or functional testing af-

ter subcloning.
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3.2.6 Supplementary information

Source This study ATCC
website

STR UKN ATCC ATCC
marker LUHMES LUHMES LUHMES
Amelogenin X X X
CSF1PO 13,14 13,14 13,14
D55818 11,13 11,13 11,13
D13S317 9,11 9,11 9,11
D7S820 11,13 11,13 11,13
D16S539 11,12 11,12 11,12
VWA 14,17 14,17 14,17
THO1 7,93 7,93 793
TPOX 8 8 8
Penta D 12,13 12,13
D8S1179 12,13 12,13
FGA 19,21 19,21
D351358 17,18 17,18
D21S11 30,31 30,31
D18S51 12 12
Penta E 11,13 11,13

Fig. S1_2: Short tandem repeat (STR) profiles of LUHMES SP

Identity of both SP “UKN” and “ATCC” was confirmed by STR (Short Tandem Repeat) analysis. DNA samples from the
SPs were prepared using a commercial kit (Puregene Cell Kit, Qiagen). The kit GlobalFiler® PCR Amplification Kit (Ther-
mofisher) was then used to determine the cell-specific profile for 16 different genomic loci (left column). Results from SP
used in this study are listed in the two centre columns. STR-profile provided by the ATCC website
(https://www.lgcstandards-atcc.org/Products/All/CRL-2927 .aspx#specifications) is listed in the left column.
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