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Summary 
 

The cytokine receptor like factor 3 (CRLF3) evolved together with the eumetazoan nervous system and 

is present in all major groups of Animalia. Based on sequence similarities, CRLF3 was assigned to the 

family of class 1 cytokine receptors which also includes the classical erythropoietin receptor (EpoR). 

CRLF3 misregulation has been associated with several human diseases, but neither its ligand nor a 

particular function have been reported. 

Erythropoietin (Epo) is a vertebrate-specific helical cytokine that regulates erythropoiesis and activates 

cytoprotective pathways in various tissues including the nervous system. Neuroprotective functions of 

Epo are partially mediated by EpoR but also by additional, partly unidentified receptors.  

In insects, CRLF3 was identified to respond to human recombinant Epo and the naturally occurring Epo 

splice variant EV-3. Activation of CRLF3 in insects stimulates anti-apoptotic processes via JAK/STAT 

intracellular signalling. Even though many efforts were made in order to characterize CRLF3-mediated 

responses, downstream effectors beyond JAK/STAT remained elusive.  

 

My thesis combines studies on CRLF3-mediated anti-apoptotic mechanisms in insects and the 

functional characterisation of human CRLF3 in iPSC (induced pluripotent stem cell) -derived neurons. 

 

Studies on Locusta migratoria and Tribolium castaneum revealed a pro-apoptotic role of 

acetylcholinesterase (AChE coded by ace) that was previously reported for vertebrates. Similar to those 

studies, reduction of AChE levels and inhibition of AChE activity prevented apoptotic death in hypoxia-

exposed primary neuron cultures. Moreover, apoptogenic stimuli increased ace expression supporting 

the association of AChE with increased apoptosis under challenging conditions. Experiments in 

T. castaneum indicated that both types of AChE (AChE-1 transcribed from ace-1 and AChE-2 

transcribed from ace-2) promote apoptosis and are upregulated by apoptogenic stimuli. However, stress-

induced upregulation of AChE-1 was prevented by neuroprotective concentrations of Epo. This 

indicated that Epo/CRLF3-stimulated neuroprotection is mediated through suppression of pro-apoptotic 

ace-1 expression. Whether this Epo-stimulated protective mechanism is specific to insects or also 

present in other species remains to be studied. 

In order to determine the endogenous ligand of insect CRLF3 (insects do not possess Epo) I used locust 

hemolymph as potential source for its identification. I first demonstrated that locust hemolymph protects 

both L. migratoria and T. castaneum primary neurons from hypoxia-induced apoptosis. The protective 

effect was absent after RNAi-mediated knockdown of CRLF3 expression. Thus, locust hemolymph 

contains a ligand that is sufficiently conserved to activate CRLF3 in different insect species. 

Fractionation of locust hemolymph by size exclusion chromatography generated two (out of >11) 

fractions with particular neuroprotective potency. These hemolymph fractions will be used to separate 

and identify the CRLF3 ligand. 

 

In order to determine the function of human CRLF3, I generated CRLF3-knockout lines from two 

fibroblast-derived human iPSC lines by CRISPR/Cas9 gene editing. CRLF3 KO lines, along with wild 

type and isogenic controls, were differentiated into neuronal-like cells expressing cell type-specific 

markes and presenting characteristic morphology. After differentiation, neuronal-like cells were 

exposed to rotenone, an inhibitor of respiratory chain complex I, which induced apoptosis in all cell 

lines. The addition of the Epo splice variant EV-3 prevented rotenone-induced cell death in wild type 

and isogenic controls but not in CRLF3 KO neurons. This demonstrates that human CRLF3 is a 

neuroprotective receptor similar to its previously determined function in insects. Moreover, CRLF3 is 

identified as the first known receptor for EV-3 and vice versa, human CRLF3 is deorphanized by 

identifying EV-3 as one of its endogenous ligands. 

 

Taken together, my work has identifyed CRLF3 as a new player in neuroprotection that may account 

for various previously described Epo-mediated cytoprotective functions in the nervous system and other 

tissues. Specific activation of CRLF3-mediated beneficial pathways may interfere with degenerative 

processes without coactivation of EpoR and its associated adverse side effects.
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List of Abbreviations 
 

aApt Anti-Apoptotic 

ace AChE Gene  

AChE Acetylcholinesterase 

AChE-E Acetylcholinesterase-Erythrocytic 

AChE-R Acetylcholinesterase-Readthrough 

AChE-S Acetylcholinesterase-Synaptic 

ACS Anticoagulation Solution 

Ampho/B Amphotericin B 

Apaf-1 Apoptotic Protease-Activating Factor 1 

BDNF Brain-Derived Neurotrophic Factor 

BF  Brightfield 

bFGF Basic Fibroblast Growth Factor 

BSA Bovine Serum Albumin 

CAD Caspase-Activated Deoxyribonuclease 

cAMP Cyclic Adenosine Monophosphate 

cDNA Complementary DNA 

ConA Concanavalin A 

CRISPR Clustered Regularly Interspaced Short Palindrome Repeats 

CRLF3 Cytokine Receptor-Like Factor 3 

Ctrl Control 

DABCO 1,4-Diazabicyclo[2.2.2]Octane 

DAPI 4′,6-Diamidin-2-Phenylindol 

ddH2O Double Distilled Water  

gDNA Genomic DNA 

dHL Denatured Hemolymph 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethyl Sulfoxide 

dsRNA Double Stranded RNA 

EB Embryoid Bodies 

EGF Epidermal Growth Factor 

ELC Epo-Like Cytokine 

Epo Erythropoietin 

EpoR “classical” Epo Receptor 

EtOH Ethanol 

F1/F2 Fragment 1 / 2 

F10-F22 Fraction 10-22 

FACS Fluorescence Assisted Cell Sorting 

FBS Fetal Bovine Serum 

FBSG Fetal Bovine Serum Gold 

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase 

GFP Green Fluorescent Protein 

GNBP3 Gram-Negative Bacteria-Binding Protein 3 

GOI Gene Of Interest 

gRNA Guide RNA 

H Hypoxia 

HKG Housekeeping Gene 

HL Hemolymph 

HL Str Hemolymph Stressed 
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Hyp Hypoxia 

Ig-Ctrl Isogenic Control 

INDEL Insertion Or Deletion  

iPSC Induced Pluripotent Stem Cells 

JAK Janus Kinase 

KLF2 Krüppel-Like-Factor 3 

KO Knock Out   

KOS Knock Out Serum 

L15 Leibowitz 15 Medium 

L-AA L-Ascorbic Acid 

Lm Locusta migratoria 

MMC Mitomycin C 

MOMP Mitochondrial Outer Membrane Porte 

MWCO Molecular Weight Cut Off 

N Normoxia 

NEAA Non-Essential-Amino-Acids 

NF200 Neurofilament 200 

NFB Nuclear Factor 'Kappa-Light-Chain-Enhancer' Of Activated B-Cells 

NSB Neostigmine Bromide 

NT-3 Neurotrophin 3 

OCT4 Octamer Binding Transcription Factor 4 

P/S Penicillin/Streptomycin 

PBS Phosphate-Buffered Saline 

PBST Phosphate-Buffered Saline/ 0,1% Triton-X-100 

PCR Polymerase Chain Reaction 

PFA Paraformaldehyde 

PI3K Phosphoinositide 3-Kinase 

PSC Pluripotent Stem Cells 

qRT-PCR/qPCR Quantitative RT-PCR 

rhEpo Recombinant Human Epo 

RNAi RNA Interference 

Rot Rotenone 

RPS Ribosomal Protein S 

rRNA Ribosomal RNA 

RT Room Temperature 

RT-PCR Reverse Transcription PCR 

SDS-PAGE Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis 

SEC Size Exclusion Chromatogram 

SOB Super Optimal Broth 

SOX2 Sex Determining Region Y-Box 2 

ßcR ß-Common-Receptor 

STAT Signal Transducers And Activators Of Transcription 

Stdv Standard Deviation 

Tc Tribolium castaneum 

TF Transcription Factor 

TMB Tris-Maleic-Buffer 

TRB Territrem B 

TUNEL Tdt-Mediated dUTP-Biotin Nick End Labeling 

UPPS Universal Primate Pluripotent Stem Cell 

WT Wild type 
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General Introduction 
 

Cells permanently monitor general conditions (pH, ion concentrations, etc.) and specific signals 

(transmitters, hormones, cell-to-cell contacts, etc.) to adjust their physiology in order to maintain their 

designated functions within tissues. Special or extreme conditions may cause cell death, which in the 

case of apoptosis involves evolutionarily conserved mechanisms to eliminate particular cells without 

generating additional stress for their neighbours. Cell survival and apoptotic death are regulated by a 

balance of pro-apoptotic and anti-apoptotic molecules whose expression depends on the activation of 

intrinsic sensors, cell membrane-located receptor molecules and transduction pathways activated by 

these. My doctoral thesis investigates two mechanisms involved in the regulation of apoptosis, (1) the 

pro-apoptotic function of acetylcholinesterase and (2) the anti-apoptotic neuroprotective mechanisms of 

the cytokine receptor CRLF3. After a brief general introduction, studies on specific aspects of the pro- 

and anti-apoptotic functions of acetylcholinesterase and CRLF3 will be presented and discussed 

regarding their implications for the evolution of apoptotic mechanisms, cytokine signalling systems and 

potential applications in medical treatment against degenerative cell loss. Some of the chapters are 

identical to existing publications or manuscripts submitted for review. 

 

Apoptosis 

Apoptosis describes a highly regulated cell suicide mechanism. Best described for developmental 

processes, apoptosis maintains tissue integrity by abolishing damaged or superfluous cells. In contrast 

to necrosis, the highly regulated apoptotic digestion of cellular compartments does not affect 

surrounding tissue.  

In healthy vertebrate cells a fine balance between pro- and anti-apoptotic BCL-2 proteins allows cellular 

integrity. Physiological stressors (e.g. hypoxia) will induce upregulation of pro-apoptotic Bax and Bak, 

which in return mediate mitochondrial outer membrane pore (MOMP) formation (Sendoel and 

Hengartner, 2014). Opening of MOMP will lead to cytochrome c release into the cytosol, allowing 

interaction with the apoptotic protease activating factor 1 (Apaf-1). Apaf-1, in return, oligomerizes and 

recruits procaspase 9. The resulting multiprotein complex, termed the apoptosome, further facilitates 

caspase 9 dimerization, leading to caspase 3 activation (Riedl and Salvesen, 2007). Generally, 

apoptosome formation is considered as “the point of no return” in the apoptotic machinery, given the 

resulting activation of autocatalytic executioner caspase 3. Subsequently, DNA- and mitochondrial 

fragmentation, membrane blebbing and apoptotic body formation will destroy the cell within membrane-

enclosed compartments. 

In contrast to vertebrates, invertebrate and particularly insect apoptosis remains widely elusive. The 

nematode C.elegans has excessively been studied with regards to developmental apoptosis. Here, the 

Apaf-1 homologue CED-4 is actively inhibited in intact cells by binding to the BCL-2 protein CED-9 

(anti-apoptotic). Apoptosis is initiated on upregulation of EGL-1, releasing CED-4, which in return 

forms a tetrameric apoptosome. The CED-4 apoptosome activates CED-3 (Caspase 3 homolog), leading 

to autocatalytic caspase activation. Interestingly no MOMP could be detected in C.elegans apoptosis 

(Bender et al., 2012). This finding goes together with earlier studies, suggesting C.elegans apoptosis to 

be cytochrome c independent (Arnoult, 2007). 

Even though a Drosophila apoptosome has been demonstrated, apoptosis in nearly all cells of the fly is 

also described to be cytochrome c independent (Pang et al., 2015). Here, the Apaf-1 homolog Dark 

recruits the initiator caspase Dronc for activation. However, in contrast to C.elegans CED-3, Dronc stays 

associated with Dark, resulting in a holoenzyme with catalytic activity, leading to Drice (effector 

caspase) activation (Bender et al., 2012). Given that the two main invertebrate model organisms, 

C.elegans and D. melanogaster show no evidence of mitochondrial involvement in apoptosis, it was 

widely accepted that the apoptotic machinery gained in complexity during evolution.  

 

Acetylcholinesterase functions in apoptosis 

The enzyme acetylcholinesterase (AChE) is commonly known for its functions in synaptic transmission. 

In recent years, non-canonical functions of AChE in vertebrates have been reported. AChE plays a 

crucial role in multiple disease phenotypes and furthermore is implied to contribute to the vertebrate 

apoptotic machinery (Zhang et al., 2002; Park, Kim and Yoo, 2004; Gilboa-geffen et al., 2007; Park et 

al., 2008; Härtel, Gleinich and Zimmermann, 2011; Zhang and Greenberg, 2012; Du et al., 2015; Abdel-

Aal et al., 2021; Walczak-Nowicka and Herbet, 2021). Concerning apoptosis, vertebrate AChE is 
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crucially involved in apoptosome formation by facilitating cytochrome c and Apaf-1 interaction (Park 

et al., 2008; Park, Kim, & Yoo, 2004). Knock-down or inhibition of AChE in vertebrate cells 

significantly increases cell survival (Park, Kim and Yoo, 2004; Park et al., 2008; Zhang and Greenberg, 

2012). Du and coworkers (Du et al., 2015) further demonstrated that AChE translocates to the nucleus 

during apoptosis and acts as a DNase similar to the designated DNAses CAD and Endonuclease G. 

While vertebrates express three distinct splice variants from a single gene locus, invertebrate species 

generally possess two distinct genes expressing two AChE enzymes (ace-1 / AChE-1 and ace-2 / AChE-

2) (Hall and Spierer, 1986; Grisaru et al., 1999; Ye et al., 2010; Hicks et al., 2011; Lu, Park, et al., 2012; 

Zhang and Greenberg, 2012; Kim and Lee, 2013). Typically either AChE-1 or AChE-2 (which one may 

vary between insect species) elicits canonical synaptic functions while the functions of the second 

enzyme are largely unknown (Revuelta et al., 2009; Zhou and Xia, 2009; Lu, Pang, et al., 2012; Lu, 

Park, et al., 2012; Kim and Lee, 2013). 

 

Erythropoietin-mediated neuroprotection and its potential for clinical application 

Erythropoietin (Epo) is a helical glycoprotein commonly known for its functions in vertebrate 

erythropoiesis, mediated by the classical Epo receptor (EpoR). In addition to kidney-derived hormonal 

Epo, local production of Epo has been reported for the brain, liver, lung and testis (Marti et al., 1996; 

Bernaudin et al., 2000; Jelkmann, 2011). Furthermore, EpoR expression has been observed in many 

non-hematopoietic tissues (Yamaji et al., 1996; Vittori et al., 2021). These observations led to the 

hypothesis that Epo might have functions beyond regulation of erythropoiesis. Indeed, many studies 

were able to describe cytoprotective actions of Epo in the heart, liver and brain, amongst others (Yilmaz 

et al., 2004; Sepodes et al., 2006 and reviewed in (Chateauvieux et al., 2011).  

Beneficial effects of Epo on cell survival after disturbance of the allostatic balance have been 

demonstrated in vitro (Yilmaz et al., 2004; Brines and Cerami, 2005; Sepodes et al., 2006; Noguchi et 

al., 2007; Arcasoy, 2008; Ghezzi and Conklin, 2013). Additionally, clinical studies focused on Epo 

administration to treat neurodegenerative diseases (reviewed in (Vittori et al., 2021)). However, the 

results of these studies are contradictory. While many clinical trials reported beneficial effects of Epo 

on patients treated for Parkinsons disease or multiple sclerosis (Ehrenreich et al., 2007; Jang et al., 

2014), others had to be stopped prematurely due to severe side effects connected to Epo-initiated 

erythrocyte production (Ehrenreich et al., 2009; Pedroso et al., 2012). In light of these side effects, Epo 

cannot be safely administered within treatments outside of the hematopoietic system. Focusing on the 

beneficial effects of Epo, researchers began to synthesize and study effects of Epo-like molecules. Some 

of these Epo mimetics were able to separately activate the cytoprotective but not the erythropoietic 

functions of Epo (Brines et al., 2008; Ueba et al., 2010; Wu et al., 2013; Bonnas et al., 2017). Among 

the tissue-specific ligands was the naturally occurring Epo splice variant EV-3 (detected in mice and 

humans) that cannot activate classical homodimeric EpoR (Bonnas et al., 2017). Studies covering the 

effects of Epo mimetics have demonstrated neuro- and cytoprotective effects following direct 

administration in vitro (Brines et al., 2008; Ueba et al., 2010; Wu et al., 2013; Bonnas et al., 2017). 

These effects were independent of homodimeric and heteromeric (with ß-common chain receptor) EpoR 

activation, highlighting the presence of additional receptors for Epo (and Epo-mimetics) that mediate 

cytoprotective functions in various non-hematopoietic tissues (Brines et al., 2004; Chamorro et al., 

2013; Miller et al., 2015; Bonnas et al., 2017; Ding et al., 2017; Wakhloo et al., 2020). 

 

The orphan cytokine receptor-like factor 3 and its functions in Epo-mediated neuroprotection 

EpoR belongs to class 1 of cytokine receptors (Liongue and Ward, 2007) together with the cytokine 

receptor-like factor 3 (CRLF3), the thrombopoietin receptor, prolactin receptor and growth hormone 

receptor (Liongue and Ward, 2007). CRLF3 is widely uncharacterized, however, it contains the classical 

properties of cytokine receptors, including the conserved WSXWS motif and constitutive JAK binding 

site (Boulay, O’Shea and Paul, 2003; Liongue and Ward, 2007). CRLF3 is phylogenetically conserved 

and present in most vertebrate and invertebrate species (Wyder et al., 2007). Nonetheless, CRLF3 is 

termed as an orphan receptor since, presently, no endogenous ligand is known in any species and its 

functions are largely unknown. 

Invertebrates do not express Epo and also lack any so far recognized Epo receptors. However, presence 

of the Epo/EpoR system in all vertebrates, including fish, hinted towards the emergence of precursors 

prior to the vertebrate lineage (Brines and Cerami, 2005; Chu et al., 2008; Buchmann, 2014). Our own 

studies demonstrated that treatment of insect neuronal cell cultures with recombinant human Epo 

(rhEpo) elicits neuroprotective effects (Ostrowski, Ehrenreich and Heinrich, 2011; Miljus et al., 2014; 
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Hahn et al., 2017). However, neuroprotective effects were detected in orthopteran and coleopteran 

species but not in Drosophila melanogaster. While studying the underlying mechanisms of insect Epo-

mediated neuroprotection, it was demonstrated that, similar to the vertebrate system, JAK/STAT 

signalling is involved (Miljus et al., 2014). In light of these findings we aimed to identify receptors 

present in both insects and vertebrates, but not the fruit fly, which could potentially function as Epo-

responsive receptors. In the course of this search, we identified CRLF3 as a potential candidate receptor. 

RNAi mediated knock down of the receptor in primary neuron cultures of the migratory locust 

Locusta migratoria and the red flour beetle Tribolium castaneum completely prevented Epo-mediated 

neuroprotective effects (Hahn et al., 2017; Hahn et al., 2019). Furthermore, we were able to show that 

CRLF3 is highly conserved throughout evolution and emerged together with the nervous system in 

cnidarians and is still present in humans (Hahn et al., 2019). This data highlights the importance of 

CRLF3 in invertebrate neuroprotection and suggests a similarly crucial role in mammalian, including 

human, Epo-mediated cytoprotection. Albeit the first evidence of CRLF3 mediated neuroprotection in 

insects being published in 2017 (Hahn et al., 2017), no studies in mammalian or any vertebrate species 

have been reported.  

 

Understanding the anti-apoptotic functions of CRLF3  

As mentioned above, CRLF3 is a widely uncharacterized cytokine receptor. CRLF3 expression has been 

confirmed in all major groups of eumetazoan animals (Boulay, O’Shea and Paul, 2003) and it is 

evolutionarily highly conserved (Hahn, et al., 2019). Even though altered expression of CRLF3 has been 

associated with various human diseases, studies covering its activation and mechanisms in 

neuroprotection are limited to locusts and beetles. To the present, there is no identified ligand activating 

CRLF3 endogenously in any species. Nonetheless, it is likely that endogenous CRLF3 ligands are helical 

cytokines, which are known to adapt cellular functions to unfavorable conditions elicited by hypoxia, 

infection, nutritional deprivation and challenges.  

 

  Cytokines 

Cytokines form a group of humoral factors which can act in paracrine, autocrine and endocrine fashion. 

Various invertebrate cytokines have been identified and many of them are involved in invertebrate innate 

immune responses (Beschin et al., 2001; Ottaviani, Malagoli and Franchini, 2004; H. S. Wang et al., 

2007; Altincicek, Knorr and Vilcinskas, 2008; Duressa et al., 2015; Kodrík et al., 2015; Shears and 

Hayakawa, 2019; Watari et al., 2019). Accordingly, it is believed that cytokine signalling evolved early 

and has become more complex during the course of evolution (Beschin et al., 1999, 2001; Huising, 

Kruiswijk and Flik, 2006; Shears and Hayakawa, 2019). In connection with cytokine receptors, a single 

cytokine may activate various receptors, resulting in different cellular functions. Conversely, a single 

cytokine receptor can be activated by multiple cytokine ligands (Huising, Kruiswijk and Flik, 2006). 

These promiscuous cytokine ligand-receptor interactions typically mediate pleiotropic cellular 

responses, which may interfere with identification and mechanistic characterisation of cellular 

responses. Functions attributed to cytokine signalling primarily cover immune responses but also cell 

activation, proliferation, maturation and differentiation (Shields et al., 1995; Beschin et al., 1999, 2001; 

Oda et al., 2010). While most cytokine receptors contain four conserved cysteines in their N-terminal 

regions and a tryptophan-serine doublet near the C-terminal end, they generally share little structural 

relatedness with each other (Boulay, O’Shea and Paul, 2003). Additionally, albeit considered a 

monophyletic group, cytokines and their receptors share little sequence similarities between different 

organisms, making the study of ancestral relations of cytokines challenging (Huising, Kruiswijk and 

Flik, 2006; Liongue and Ward, 2007). Based on this evidence, purely bioinformatic approaches 

concerning CRLF3 ligand identification pose limitations. 

 

Induced pluripotent stem cells and their implications in biomedical research 

The study of human tissue and its physiology under normal and pathological conditions is the main part 

of translational research. When thinking about the establishment of potential treatments for any disease, 

in vitro studies build the basis for in vivo experiments and clinical trials. However, experiments with 

mammalian organisms are connected to high workload concerning ethics approval and laboratory 

security measures. In order to have a well-founded approximation of drug treatment effects, experiments 

in non-human primates, primates or humans have to be performed. Here again, ethical concerns must be 

taken into regard. 
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The discovery of induced pluripotency by Yamanaka and Takahashi in 2006 has been a milestone in 

modern science. By transfection of defined pluripotency factors, namely OCT4, SOX2, KLF2 and c-

Myc, differentiated somatic cells can now be reprogrammed to reassume a fully pluripotent state 

(Takahashi and Yamanaka, 2006). Termed induced pluripotent stem cells (iPSC), these cells can be 

maintained in their newly acquired pluripotent state, characterized by the capacity to differentiate into 

close to any somatic cell and constant self-renewal (Rodriguez-Polo et al., 2019; Stauske et al., 2020; 

Doss and Sachinidis, 2019; Wiegand and Banerjee, 2019). The constant proliferation opens possibilities 

for genetic manipulation and the establishment of transgenic cell lines. These cells, upon differentiation 

to a specific cell type, allow functional studies related to the induced mutation in specific tissues. Taken 

together, iPSC form an important and highly valuable tool for loss-of/gain-of-function studies in close 

to any tissue.  

 

Epo/CRLF3: A possibility to tackle neurodegeneration? 

The cytokine Epo and its anti-apoptotic effects harbour great potential for the treatment of degenerative 

diseases, however, its functions in the erythropoietic system limit its application in the clinics. The 

evidence that receptor-selective Epo-mimetics activate neuroprotective mechanisms without stimulating 

erythropoiesis has boosted Epo-related research. However, the application herewith is limited without 

identifying and fully characterizing the receptors activated by Epo-mimetics.  

To this point, we know that Epo-stimulated neuroprotection in insects is mediated by the orphan CRLF3, 

which is conserved throughout evolution. This evidence raises the hypothesis that CRLF3 might also 

act as an Epo-responsive cell-protective receptor in mammalian species. However, data verifying or 

falsifying this hypothesis was lacking to the present. In this thesis, I introduce CRLF3 as a human 

neuroprotective receptor which responds to EV-3 treatment in human iPSC-derived neurons. 

Even though we know that insect CRLF3 is activated by rhEpo and that activated transduction pathways 

include JAK/STAT, we are still lacking a full understanding of how Epo rescues cells from apoptosis 

and promotes neuronal regeneration. In light of potential clinical applications, it is highly relevant to 

complete our understanding of the mechanisms underlying these beneficial effects.  

After identifying AChE as a pro-apoptotic factor in insects, I demonstrated its regulation through 

Epo/CRLF3 signalling. Furthermore, I started the identification of the endogenous CRLF3 ligand from 

insect hemolymph. Initial studies demonstrated that locust hemolymph contains a Epo-like cytokine, 

which activates CRLF3-mediated neuroprotection in different insect species. 
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Aims of Thesis 

 

During my Ph.D. I aimed to study Epo/CRLF3-mediated neuroprotective effects in insect and human 

neurons. In order to characterize CRLF3-initiated anti-apoptotic mechanisms, I studied the pro-apoptotic 

function of insect AChE and a possible convergence of pro- and anti-apoptotic pathways involving these 

two molecules. Furthermore, I tried to identify and characterize the insect endogenous CRLF3 ligands.  

 

The main aims are as follows:  

 

(1) Analysis of acetylcholinesterase as a pro-apoptotic factor and target of CRLF3-mediated 

neuroprotection in insects.  

 

(2) Identification of the endogenous CRLF3 ligand in insects. 

 

(3) Evaluation of human CRLF3 as an Epo-responsive receptor in human induced pluripotent stem 

cell-derived neurons. 

 

(1) Pro-apoptotic functions of AChE were previously reported in vertebrates but not in insects. This was 

connected to the belief that invertebrates contain a rather simple apoptotic system (e.g., without 

contribution of cytochrome c) which evolved to higher complexity in vertebrates, including mammals. 

The studies presented in Chapters 1 and 2 prove a pro-apoptotic function of AChE in locust and beetle 

neurons. I also demonstrate, that AChE expression is negatively regulated by Epo/CRLF3-stimulated 

transduction processes. While the locust genome is widely unannotated, T. castaneum sequences for 

both ace-1 and ace-2 are available. I report, that both AChE enzymes contribute to apoptosis in beetle 

neurons. However, predominantly ace-1 expression was negatively regulated by Epo administration, 

demonstrating, that Epo/CRLF3 inhibit apoptosis by reduction of pro-apoptotic AChE-1 activity. 

 

(2) Since insects (and other invertebrates) lack Epo I tried to identify their endogenous ligand for 

CRLF3. Chapters 3 and 3.1 describe the efforts made and the results obtained from studying 

neuroprotective properties of insect hemolymph. I demonstrate that locust cell-free hemolymph protects 

both locust and beetle neurons from hypoxia-induced apoptosis. Importantly, these protective effects 

were mediated by activation of CRLF3, indicating that the endogenous CRLF3 ligand is contained in 

the hemolymph fluid. Together with Dr. Sonja Pribicevic (Max-Plank-Institute for Biophysical 

Chemistry) I performed size exclusion chromatography in order to separate proteins contained in the 

hemolymph by their size and complexity. In vitro application of the different fractions on hypoxia-

exposed insect neurons highlighted two fractions with pronounced neuroprotective effects. 

Identification of the neuroprotective CRLF3 ligand has not yet been completed. The results gathered so 

far suggest an intermediate-sized protein whose expression is stimulated under physiologically harmful 

conditions such as hypoxia.  

 

(3) In order to identify the function of human CRLF3 I studied its potential involvement in the protection 

of human iPSC-derived neurons. As described in Chapter 4, I generated CRLF3 knockouts (KO) in 

two independent human iPSC lines and investigated the beneficial effects of the human Epo splice 

variant EV-3 in iPSC-derived neurons with (wild type cells) or without (KO) CRLF3. EV-3 protected 

wild type neurons from chemical hypoxia-induced apoptosis but had no protective effect on CRLF3 KO 

cells. Expression analysis of pro- and anti-apoptotic factors in wild type and CRLF3 KO cells under 

normal conditions, apoptogenic conditions and EV-3 application provided hints about the apoptosis 

regulating mechanisms. This data represents the first report of CRLF3-mediated neuroprotective effects 

in human cells and identifies both an endogenous ligand for human CRLF3 and a neuroprotective 

receptor for EV-3.  
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Abstract
Apoptosis plays a major role in development, tissue renewal and the progression of degenerative diseases. Studies on vari-
ous types of mammalian cells reported a pro-apoptotic function of acetylcholinesterase (AChE), particularly in the forma-
tion of the apoptosome and the degradation of nuclear DNA. While three AChE splice variants are present in mammals, 
invertebrates typically express two ache genes that code for a synaptically located protein and a protein with non-synaptic 
functions respectively. In order to investigate a potential contribution of AChE to apoptosis in insects, we selected the 
migratory locust Locusta migratoria. We established primary neuronal cultures of locust brains and characterized apoptosis 
progression in vitro. Dying neurons displayed typical characteristics of apoptosis, including caspase-activation, nuclear 
condensation and DNA fragmentation visualized by TUNEL staining. Addition of the AChE inhibitors neostigmine and 
territrem B reduced apoptotic cell death under normal culture conditions. Moreover, both inhibitors completely suppressed 
hypoxia-induced neuronal cell death. Exposure of live animals to severe hypoxia moderately increased the expression of 
ace-1 in locust brains in vivo. Our results indicate a previously unreported role of AChE in insect apoptosis that parallels 
the pro-apoptotic role in mammalian cells. This similarity adds to the list of apoptotic mechanisms shared by mammals 
and insects, supporting the hypothesized existence of an ancient, complex apoptosis regulatory network present in common 
ancestors of vertebrates and insects.

Keywords  Acetylcholinesterase · Non-synaptic · Apoptosis · Hypoxia · Insect · Ace-1

Introduction

Apoptosis describes highly regulated processes that lead to 
death and elimination of individual cells with little or no 
negative impact on the surrounding tissue. It contributes 
to the development of structured organs, to the renewal of 
adult tissue by regular turnover of cells and to the removal 
of compromised or malfunctioning cells (Reviewed: [1–4]). 
Morphologically, apoptosis is characterized by loss of cellu-
lar volume, condensation of nuclear chromatin due to DNA 
fragmentation, plasma membrane blebbing and formation 
of apoptotic bodies. While these morphological features 

are partly shared by other types of programmed cell death 
within and outside the animal phylum, apoptosis in its strict 
sense is executed by metazoan-specific cysteine proteases 
termed caspases [5–7]. Recent studies indicated that most 
components of the vertebrate-typical apoptosis regulatory 
network were already present in an early ancestor of all 
metazoans (Reviewed [5, 8]). Consequently, the well inves-
tigated comparatively simple apoptotic networks of Cae-
norhabditis elegans and Drosophila melanogaster resulted 
from a secondary reduction of ancient complexity. Whether 
this simplification is specific for theses model organisms 
or whether it is a general feature of nematodes, insects and 
their last common ecdysozoan ancestors is not clear at the 
present state.

Caspases that mediate the final stages of apoptosis 
cleave various selected substrates, either to destabilize or 
degrade structural elements of the cell or to activate execu-
tors of downstream apoptotic processes [9, 10] (Fig. 1). 
This may imply sequential activation of initiator caspases 
and executioner caspases (caspase-9 and caspase-3 in ver-
tebrates; dronc and drice in D. melanogaster) or direct 
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activation of executioner caspases (CED-3 in C.elegans). 
Caspases also perform various non-apoptotic functions 
[11] and are typically produced as enzymatically inac-
tive zymogens [9]. Activation of caspases is mediated 
by non-caspase proteases (e.g. granzyme B in virally 
induced apoptosis) or weak intrinsic catalytic activity of 
procaspases (mammalian procaspase-8 with death-recep-
tors; CED-4 oligomerization leading to CED-3 caspase 
activation in C. elegans). Formation of the apoptosome, 
a protein complex that associates in the cytosol as part 
of the intrinsic or mitochondrial apoptotic pathway, can 
also cause caspase activation (Reviewed in: [2, 12]). The 

vertebrate mitochondrial apoptotic pathway can be initi-
ated by physiological stressors (hypoxia, toxins and others) 
that shift the balance of anti- and pro-apoptotic Bcl-2 pro-
teins to the pro-apoptotic side by enhanced expression of 
BAX and BAD (Reviewed by [13]). This initiates the for-
mation of mitochondrial outer membrane pores (MOMP) 
allowing cytochrome c (and other factors) release from the 
mitochondrial intermembrane space into the cytosol [14]. 
Cytochrome c associates with apoptotic protease activat-
ing factor-1 (Apaf-1) and procaspase 9. The resulting 
multi-protein complex, termed the apoptosome facilitates 
caspase 9 dimerization to release its function as initiator 

Fig. 1   Apoptotic pathways in mammals, nematodes (C. elegans) and 
insects (D. melanogaster and lepidopteran species S. frugiperda and 
B. mori). Same colours depict similar functions mediated by ortholo-
gous or paralogous proteins. Top half of the circle depicts mitochon-
dria-dependent apoptosis, bottom part illustrates mitochondria and 
cytochrome c independent apoptosis. Outer circle shows presence of 
ache/ace genes and their general functions in respective taxa. Mito-
chondria-dependent apoptosis is initiated by upregulation of pro-
apoptotic proteins (BAD/BAX and IBM/Grimm-1; orange circles), 
release of cytochrome c into the cytosol, apoptosome formation (star-
like structures) and activation of effector caspase (Cas-3 and SF-Cas 
1) activation. AChE contributes to apoptosome formation in mamma-

lia. Mitochondria- independent apoptosis is executed by upregulation/
activation of pro-apoptotic agents (EGL-1/CED-4; Reaper/Grimm/
Hid) that counteract anti-apoptotic factors (CED-9; DIAP-1 green 
circles). The apoptosome is formed either by accumulation of pro-
apoptotic proteins (nematode; CED-4) or activation of an APAF-like 
protein (fly; Dark). The apoptosome will eventually lead to effector 
caspase activation (CED-3; Dronc). Both mitochondria dependent 
and independent pathways will result in DNA fragmentation, mem-
brane blebbing and apoptotic body formation. AChE acetylcholinest-
erase, APAF apoptotic protease activating factor; Cas caspase; Cyt c 
cytochrome c, IAP inhibitor of apoptosis
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caspase that activates effector caspase-3 [15, 16]. While 
apoptosome formation in C. elegans and most cell types 
of D. melanogaster is independent from mitochondria-
derived factors [17] (Fig. 1), contribution of cytochrome 
c has been described in lepidopteran species [18, 19] and 
two cell types (interommatidial retina cells and sperm 
cells) of D. melanogaster [20, 21].

Promotion of apoptosis by acetylcholinesterase (AChE) 
has been demonstrated in several studies on various mamma-
lian cell types, suggesting that AChE is commonly involved 
in apoptosis regulation (Review: [22]). Generally, AChE 
is known to terminate synaptic transmission at cholinergic 
synapses by hydrolytic cleavage of the transmitter acetyl-
choline. However, other non-canonical functions of AChE 
in cell growth, cellular differentiation, cell adhesion and 
amyloid fiber assembly (amongst others) have been reported 
[22–24]. Vertebrates express a single AChE gene by different 
cell types in various tissues either constitutively or stimulus-
induced. Alternative splicing leads to three major variants 
with identical esterase domains and distinct carboxy-ter-
minal domains that seem to determine specific biological 
and pathological functions [22, 25–27]. Expression of the 
synaptic form of AChE is increased in response to apoptotic 
stimuli [27–29]. The presence of AChE per se is not suffi-
cient to induce apoptosis. However, overexpression of AChE 
has been demonstrated to sensitize cells towards apoptosis 
induction [30] while suppressing AChE expression or phar-
macological inhibition of its activity can rescue cells from 
apoptotic death [23, 28, 29, 31–33]. Both cytosolic appear-
ance and translocation into the nucleus have been associated 
with the execution of apoptosis (see below). Nevertheless, 
all isoforms of AChE are translated in the endoplasmic 
reticulum and are designated to become intramembraneous, 
membrane attached or secreted proteins. To our knowledge, 
the mechanisms by which AChE can accumulate in the cyto-
sol remain unresolved (see [34] for a general discussion). In 
the cytosol, AChE interacts with components of the apop-
tosome including Apaf-1 and cytochrome c [35] and sup-
pression of AChE expression inhibits apoptosome formation 
[31]. A detailed study on rat PC12 cells [36] demonstrated 
an increased AChE expression following apoptosis induc-
tion. Additionally, a caspase-mediated cleavage of cytosol-
located AChE at its N-terminus and a subsequent transloca-
tion of cleaved and full-length AChE into the nucleus were 
observed. Prevention of AChE cleavage by caspase inhibi-
tors or stimulation of Akt signalling interfered with apop-
totic cell death [36]. Accumulation of AChE in the nucleus 
of apoptotic cells has been described in several studies on 
different cell types [28, 30, 37]. AChE has been shown to 
cleave DNA in nuclei of apoptotic cells independent of other 
nucleases [32]. Hence, AChE seems to promote apoptosis in 
mammalian cells by contributing to cytochrome c-triggered 
apoptosome formation and degradation of nuclear DNA.

Involvement of AChE in regulation of apoptosis has not 
been described for invertebrate species. Insects, with the 
exception of cyclorrhaphan flies including Drosophila mela-
nogaster, express two AChE genes, ace-1 and ace-2 [38–41]. 
Depending on the species, either ace-1 or ace-2 is expressed 
at higher levels and serves as the major enzyme that hydro-
lyzes synaptically released acetylcholine. The other AChE 
has frequently been described to perform non-synaptic func-
tions involved in the regulation of growth, reproduction and 
development [often described as “non-cholinergic functions” 
[38, 41–43]]. Since acetylcholine is a major transmitter of 
sensory neurons and excitatory central nervous system syn-
apses in insects, a large number of pharmacological agents 
used for pest control target AChE activity [43, 44]. Though 
AChE expression in non-neuronal cells has been reported 
[45], non-synaptic functions of insect AChE have not been 
resolved in detail.

In this study we challenged primary brain cell cultures 
from the migratory locust Locusta migratoria by exposure 
to hypoxic conditions. Hypoxia-induced cell death was 
accompanied with the characteristic phenotypic alterations 
attributed to apoptosis. We demonstrate increased ace-1 
expression in vivo during hypoxia exposure and significant 
reduction of hypoxia-induced cell death in the presence of 
two different AChE inhibitors in vitro. These results indicate 
that AChE promotes apoptosis in locusts, as it has previ-
ously been described for mammalian cells. This similarity 
provides another piece of evidence for the presence of a 
complex “mammalian-like” apoptosis regulatory system in 
the evolutionary ancestors of mammals and insects.

Methods

Studies were performed with fifth instar nymphs of Locusta 
migratoria. Animals were purchased from a commercial 
breeder (HW-Terra; Herzogenaurach, Germany) and main-
tained at 24 °C; 55% humidity with a 12/12 h day/night 
cycle.

Locust primary neuron culture

Primary neuron cultures were prepared as described pre-
viously [46–48]. In brief, two juvenile locust brains were 
dissected per primary culture. All brains of the same exper-
iment were pooled and washed three times in Leibowitz 
15 medium (L15; Gibco, Life Technologies, Darmstadt, 
Germany) supplemented with 1% Penicillin/Streptomycin 
(P/S; 10,000 units/ml penicillin and 10 mg/ml streptomy-
cin, Sigma-Aldrich, Munich, Germany) and Amphotericin 
B (Ampho; Gibco, 250 µg/ml, ThermoFisher Scientific, Ger-
many). Pooled brains were treated with Collagenase/Dispase 
(2 mg/ml; Sigma-Aldrich, Munich, Germany) for 30 min at 

10



	 Apoptosis

1 3

27 °C. Enzymatic digestion was stopped by three washes 
in Hanks balanced salt solution (Gibco, Life Technologies, 
Darmstadt, Germany). Brain cells were mechanically dis-
sociated in 1 ml L15 by repeated pipetting. The dissociated 
neurons were briefly spun down with a table top centrifuge 
and the supernatant was discarded. The cell pellet was resus-
pended in 100 µl medium per cell culture. The cell suspen-
sion was equally distributed onto Concanavalin A-coated 
coverslips (ConA; Sigma-Aldrich, Munich, Germany). The 
coverslips (Ø 1 cm; Hartenstein, Würzburg, Germany) were 
coated for 1 h at room temperature, subsequently washed 
three times in PBS and placed into the centre of a culture 
dish (Ø 3 cm; Corning, New York, USA). Cells were let 
to settle down and attach to the coverslip for 2 h at room 
temperature before filling the dish with 1.9 ml L15 medium. 
Culture medium was further supplemented with 5% fetal 
bovine serum gold (FBSG; PAA Laboratories GmbH, Pasch-
ing, Austria) for the first four days. Cultures were maintained 
in humidified normal atmosphere at 27 °C if not stated other-
wise. Culture medium was exchanged every other day.

AChE inhibition and hypoxia treatment

To evaluate the effect of AChE inhibition on cell survival in 
normal culture conditions, cell culture medium was supple-
mented with either 10 µM neostigmine bromide (NSB; dis-
solved in H2O; Sigma-Aldrich, Munich, Germany) or 10 µM 
and 1 µM territrem B (TRB, initially dissolved in methanol 
and further diluted in cell culture medium [MeOH final con-
centration < 0,001%]; Abcam, Cambridge, United Kingdom) 
for four days beginning at culture establishment. In order to 
evaluate the impact of AChE-inhibition on stressed neurons, 
cell cultures were exposed to hypoxic conditions for 36 h 
(0.3% O2; Hypoxia Incubator Chamber, STEMCELL™, 
Cologne, Germany). Cultures with and without supple-
mented AChE inhibitor were initially maintained for 5 days. 
On in vitro day 5, two cultures (AChE inhibitor-treated and 
untreated) were exposed to hypoxia, while one equivalent 
culture remained in normoxic conditions at the same tem-
perature as the hypoxia-exposed cultures. Hypoxia-exposed 
cultures were reoxygenated for 12 h and all cultures were 
subsequently fixed in 4% paraformaldehyde (PFA).

Cell viability assessment

Cell survival was assessed by DAPI nuclear staining. This 
method to distinguish physiologically intact from dead or 
dying neurons was validated by comparison with testing 
membrane integrity with the trypan blue exclusion assay 
[49] and TUNEL staining [this study]. Fixed cells were 
washed three times in PBS before washing twice with 
PBS/0.1% Triton-X-100 (PBST). Cultures were incubated 
for 30 min in DAPI (Sigma-Aldrich; Munich, Germany; 

1:1000 in PBST) in the dark. Subsequently, coverslips 
were washed five times in PBS and once in DABCO (Roth, 
Kalsruhe, Germany) before mounting in DABCO. Experi-
mental groups were evaluated with an epifluorescence 
microscope (Zeiss Axioskop; 40 × objective, Oberkochen, 
Germany) equipped with a Spot CCD camera (Invisitron, 
Puchheim, Germany). Two rows of non-overlapping photo-
graphs (~ 80 on average) covering the entire extension of the 
coverslips were taken from each cell culture for subsequent 
analysis. Live/Dead assessment was performed by manual 
counting of DAPI stained nuclei by an observer who was 
blinded with respect to the culture treatment. Cell counting 
was supported by using ImageJ Cell counter plug-in (Fiji 
ImageJ by NIH) as described elsewhere [46–48].

Statistical analysis

Data of individual experiments were normalized to untreated 
control cultures with neurons derived from the same pool of 
locust brains, to evaluate the relative portion of surviving 
cells per culture. Data was analysed using RStudio (Version 
1.2.1335 [50, 51]) employing pairwise permutation test 
(included in packages “coin” and “rcompanion” [52–54]). 
Data are represented in box plots including the median, 
upper and lower quartile. Whiskers represent 1.5 × interquar-
tile range. Circles show single data points. Benjamini–Hoch-
berg correction was performed to avoid false positives result-
ing from multiple comparisons.

Anti‑cleaved caspase‑3 immunostaining

Locust primary neuron cultures were stained for the pres-
ence of cleaved caspase-3, the activated form of caspase-3. 
Cultures were established and stressed by hypoxia as 
described above. For comparison of morphological altera-
tions, apoptosis was additionally induced by exposing cul-
tured locust neurons to UV light (10 h; TL-D 25 W G13, 
Philips Health Systems, Hamburg, Germany) or Mitomycin 
C (60 µg/ml, Sigma-Aldrich, Munich, Germany). After fixa-
tion in 4% PFA, cells were washed in PBS and subsequently 
permeabilized in PBST (0.1%). Coverslips where blocked in 
blocking solution (PBS/0.1% Triton; 5% normal goat serum; 
0.25% bovine serum albumin) for 1 h before incubation with 
α-rabbit cleaved caspase-3 antibody (1:300 in blocking solu-
tion; Calbiochem, Merck, Darmstadt, Germany) at 4 °C 
over night. Subsequently, coverslips were washed in PBS 
before applying the secondary antibody (Cy2 goat- α-rabbit; 
1:200 in blocking solution; Dianova, Hamburg, Germany) 
and DAPI (1:1000) for 2 h at room temperature. Cells were 
washed with PBS before mounting with PBS/Glycerin (1:1). 
Images of cleaved caspase-3 associated immunofluorescence 
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were taken with Leica TCS SP8 (40 × magnification; Leica 
Microsystems, Wetzlar, Germany).

Terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL) staining

Locust primary neuronal cell cultures were prepared and 
stressed as described above. TUNEL stainings were per-
formed using the Abcam In situ Direct DNA Fragmentation 
(TUNEL) Assay Kit (Abcam, Cambridge, United Kingdom) 
according to manufacturer’s instructions. However, all stain-
ing steps were performed on cells attached to coverslips and 
volumes were adjusted to well sizes. Analysis of propidium 
iodide nuclear staining (488/623 wavelength) and fluores-
cein-labelled DNA fragments (488/520 wavelength) was 
performed with a Leica SP8 confocal microscope (Leica 
Microsystems, Wetzlar, Germany).

Acetylcholinesterase‑activity stainings in locust 
brain slices

NSB- and TRB-mediated interference with AChE activity 
was demonstrated on fixed brain sections of L. migratoria 
as originally described by Karnovsky and Roots [55] and 
modified for insect brain sections by Hoffmann and col-
leagues [56]. Briefly, dissected brains were fixed for 2 h in 
a mixture of 2.5% glutharaldehyde and 4% paraformalde-
hyde diluted in phosphate buffer, embedded in 5% agarose 
and sectioned horizontally (with respect to neuraxis) with 
a vibrating blade microtome (40 µm; VT 1000 S, Leica, 
Wetzlar, Germany). Brain slices were permeabilized with 
detergent, washed in Tris-Maleic buffer (TMB, pH 6) and 
one portion was incubated in NSB or TRB (10 µM, 1 µM 
and 0,1 µM respectively) diluted in TMB for 30 min. Control 
sections were incubated in TMB during that time. Subse-
quently, all but some sections, separated as negative control 
(no staining expected), were incubated for 45 min in freshly 
prepared AChE activity staining solution containing 10 mg 
acetylthiocholine iodide, 29.4 mg 0.1 M sodium citrate, 
7.5 mg 30 mM CuSO4, and 1.6 mg 5 mM K3(Fe(CN)6) dis-
solved in 7.5 ml Tris-maleate buffer, with or without AChE 
inhibitor. After repeated washing in TMB brain sections 
were mounted on microscopy slides in DABCO and ana-
lysed by light microscopy.

DNA isolation and DNA ladder

Locust primary neuronal cell cultures were prepared and 
stressed as described above. DNA was isolated following the 
protocol of Kasibathla and colleagues [57]. 1.5% Agarose 
gels were run at 50 V for 2 h. DNA was visualized by Roti®-
GelStain (Roth, Karlsruhe, Germany) and documented with 

an iBright CL1500 Imaging System (Thermo Fisher Scien-
tific, Osterode am Harz, Germany).

qRT‑PCR analysis of in vivo ace‑1 expression

Intact juvenile locusts were exposed to hypoxic conditions 
(0.3% O2) for either 6.5 or 24 h while control animals 
were maintained in normoxic conditions for identical 
periods. For transcript expression analysis, brains were 
dissected either immediately after the end of the hypoxic 
period or after 1 h reoxygenation in normal atmosphere. 
Typically, five brains per treatment were pooled and RNA 
was extracted using Trizol (Sigma-Aldrich, Munich, Ger-
many). Brain tissue was lysed in Trizol by TissueLyser 
LT (Qiagen, Hilden, Germany) aided by a 3 mm stain-
less steel bead. 200 µl chloroform (Labsolute, Th. Greyer, 
Renningen, Germany) were added and the samples were 
vigorously shaken for 15 s. Subsequently, lysed tissue sam-
ples were placed on ice for 15 min before centrifuging 
for 15 min at 12.000 × g at 4 °C. The RNA-containing 
translucent phase was carefully transferred to a fresh tube 
and precipitated with ice-cold 75% ethanol. Samples were 
incubated for at least 30 min at − 20 °C before centrifuging 
for 10 min at 10.000 × g at 4 °C. The resulting RNA-con-
taining pellet was washed three times in cold 75% ethanol 
before drying and elution in 30 µl ddH2O. RNA concentra-
tion was measured with NanoDrop™ (Thermo Scientific, 
Schwerte, Germany). Prior to cDNA synthesis RNA was 
subjected to DNase treatment using DNA-free™ DNA 
Removal Kit (Invitrogen, Schwerte, Germany; #AM1906) 
according to manufacturer’s instructions. The same pro-
tocol was used to extract RNA from control animals that 
were continuously maintained in normoxic conditions.

cDNA was synthetized using LunaScript™ RT SuperMix 
Kit (New England BioLabs, Ipswich, MA, USA) according 
to the manufacturer’s instructions. All reverse transcriptions 
were performed with 1 µg RNA as template.

qRT-PCR primers specific for locust 18 s rRNA and 
gapdh were designed according to the corresponding 
sequences (18 s rRNA AF370793; gapdh JF915526). Lm-
ace sequence of 560 bp was identified by aligning Locusta 
migratoria manilensis sequence (EU231603) and Tribolium 
castaneum (ace-1 HQ260968; ace-2 HQ260969) sequences 
against locust genome available on i5k platform (https​://i5k.
nal.usda.gov/locus​ta-migra​toria​). Alignments were per-
formed using blastn with default settings, implemented on 
i5k platform. Sequence similarities were computed using 
Geneious Prime® (Version 2019.2.3) and ClustalW align-
ment tool (default settings applied). Computed Lm-ace-1 
sequence, alignments of reference sequences and sequence 
similarities are shown in Appendix Fig. 6, Table 3 and 4.

Prior to experimental data collection, all primers were 
tested for efficiency and housekeeping genes (HKG) were 
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further tested for stable expression in hypoxic samples (See 
Appendix Fig. 7 and Table 5). Primers used for qRT-PCR 
are summarized in Table 1.

qRT-PCRs were run using the MyiQ™ Single-ColorReal-
Time PCRDetection System (Bio-Rad, Munich, Germany) 
in a 96-well plate with final PCR reaction volumes of 5 µl 
Luna® Universal qRT-PCR Master Mix (New England Bio-
Labs, Ipswitch, MA, USA), 0.1 µM forward and reverse primer 
and 10 ng cDNA (10 µl final reaction volume). Samples were 
run as triplicates and ( −) RT controls were added for all meas-
urements. Table 2 shows the program for cDNA amplifica-
tion. Data was analysed using the Pfaffl method [58] and the 
geometric means of both Lm-18S and Lm-gapdh normalized 
values was calculated and plotted as bar plots in RStudio.

Results

Characterization of locust neuronal apoptosis

In order to characterize hypoxia-induced death of locust 
neurons as apoptotic, primary neuron cultures were sub-
jected to cleaved-caspase-3 immunostaining, DNA label-
ling with DAPI and TUNEL stainings. First, we aimed 
to identify different stages of chromatin condensation in 
stressed neurons. Figure 2a displays a timeline (from left 
to right) of neuronal DNA condensation during apopto-
sis. Healthy cells display characteristic DAPI staining 
of intact euchromatin structures. During apoptosis, vol-
umes of nuclei shrink and chromatin gets increasingly 
condensed until uniform DAPI labelling extends over the 
entire nucleus. In most cases, condensed nuclei persisted 
after cytomembranes disintegrated and the cytosol with 
all organelles was released into the culture medium. Only 
exceptionally nucleolysis and the generation of apoptotic 
bodies were observed (Fig. 2a, right). Additionally, we 
performed immunofluorescent stainings of cleaved-cas-
pase-3 in hypoxia exposed neurons. Figure 2b shows repre-
sentative stainings of an intact and a dead cell. The intact 
cell, recognizable by the typical patchy DAPI labelling 
pattern of its nucleus, lacks any cleaved-caspase-3 related 
immunoreactivity. Caspase-3 activity can be observed 
along parts of the nuclear envelope of the dead cell. Fur-
thermore, nuclei which were in the process of apoptotic 
body formation displayed immunoreactivity in all nuclear 
fragments (Fig. 2c).

TUNEL stainings were conducted in order to visual-
ize DNA double-strand breaks that typically appear dur-
ing apoptotic DNA degradation. Figure 2d shows TUNEL 
positive staining in dead cells with highly compacted DAPI-
labelled chromatin structure, while all intact cells with 
patchy DAPI-related fluorescence lacked the TUNEL related 
signal. Generally, neuron cultures not exposed to hypoxia 
displayed fewer cells with TUNEL positive nuclear staining 
in comparison with stressed cells (data not shown). DNA 
ladder formation as a sign for extensive internucleosomal 
DNA cleavage was not detected, when isolated DNA from 
stressed in vitro samples was separated by electrophoresis 
(Fig. 2e).

Besides hypoxia, primary cultured locust neurons were 
exposed to two additional stressors, that induced apoptosis in 
other studies. Locust neurons were either exposed to 10 h of 
UV light or to 60 µg/ml Mitomycin C (MMC) for 24 h. UV 
light was shown to induce DNA breaks followed by apop-
totic death in a cell line derived from lepidopteran ovaries 
[59]. MMC is generally used in mouse embryonic fibroblast 
cultivation in order to disrupt DNA replication. Studies have 

Table 1   qRT-PCR oligonucleotides used in this study

Gapdh primers were previously published in [48]

Gene Sequence from 5′-3’ Accession no

Lm-18S fwd CAT​GTC​TCA​GTA​CAA​GCC​
GC

AF370793

Lm-18S rev TCG​GGA​CTC​TGT​TTG​CAT​
GT

Lm-gapdh fwd GTC​TGA​TGA​CAA​CAG​TGC​
AT

JF915526

Lm-gapdh rev GTC​CAT​CAC​GCC​ACA​ACT​
TTC​

Lm-ace fwd TTT​GAA​ATG​GCG​GTG​GTA​
GC

Computed sequence

Lm-ace rev GTC​GGA​GGA​CTG​CCT​
GTA​C

Table 2   qRT-PCR program for amplification of ace-1, 18  s rRNA 
and gapdh in locust brain cDNA samples

Step Time [s] Temperature 
[°C]

Initial denaturation 180 95
PCR reaction
 Denaturation 10 95 40×
 Annealing 30 60
 Elongation 30 72

Melting curve
 Denaturation 60 95
 Annealing 60 55
 Melting curve 10 55 0.5 °C per 

cycle up to 
95 °C
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shown that high concentrations of MMC can damage DNA 
and cause apoptosis in post-mitotic cells [60].

Both stressors induced equal cellular changes as hypoxia, 
including caspase-3 activation, nuclear condensation and 
DNA fragmentation in dying and dead cells’ nuclei visual-
ized in TUNEL stainings (summarized in Suppl. Fig. S8). 
Also similar to hypoxia-induced apoptosis, DNA fragmenta-
tion leading to DNA ladder formation was not detectable.

Increased expression of ace‑1 in hypoxia‑exposed 
locust brains

A sequence with high (99.5%) similarity to L. migrato-
ria manilensis ace-1 was detected by blastn search in 
the poorly annotated genome of L. migratoria migrato-
ria (Suppl. Fig. S6). Comparison of the identified L. m. 
migratoria consensus sequence with reported sequences 

from T. castaneum revealed a higher similarity with Tc-
ace-1 (60.3% coverage) than with Tc-ace-2 (46.7% cover-
age). Blast search using Tc-ace-1 revealed high sequence 
similarity in the L. m. migratoria genome (73% coverage) 
in the same region that corresponded to the L. m. manilen-
sis sequence. Tc-ace-2 blast identified a corresponding 
sequence in the L. m. migratoria genome in a different 
region (76% coverage). These results suggest that the L. 
migratoria ace sequence we have been targeting is ace-1. 
Sequence similarities are summarized in Tables 3 and 4.

Juvenile locusts were exposed to either 6.5 or 24  h 
hypoxia (0.3% O2) before RNA isolation from dissected 
brains. qRT-PCR analysis, using both Lm-18S rRNA and 
Lm-gapdh as reference genes revealed a minor increase of 
average ache expression in animals exposed for 6.5 h to 
1.19 (± 0.36 STDV) fold of expression in untreated controls 
(Fig. 3a). Average ace-1 expression levels increased to 1.66 

Fig. 2   Characterization of locust neuronal apoptosis. a DAPI nuclear 
staining illustrates the process of DNA condensation in dying locust 
neurons. From left to right: Nucleus of intact cell. Condensation of 
chromatin structure, distinguishable by more tightly packed nuclear 
organization. Fully condensed DNA in two nuclei. Nucleolysis leads 
to formation of apoptotic bodies. Scale bars 5  µm. b Nuclei of one 
intact (*) and one dead (#) neuron with DAPI labelling, α-cleaved 
caspase-3 immunofluorescence and merged signals. Cleaved cas-
pase-3 activity is visible as a halo on the nuclear envelope of the 
dead cell. Scale bars 10  µm. c DAPI labelling of a nucleus with 

beginning nucleolysis. α-cleaved caspase-3 immunofluorescence and 
merged signals that almost completely coincide. Scale bars 10 µm. d 
DNA fragmentation of neurons visualized by TUNEL assay. Nuclei 
of intact (*) and dead (#) neurons labelled with propidium iodide, 
TUNEL staining of DNA double strand breaks and merged signals. 
Only cells with condensed chromatin contain TUNEL staining. Scale 
bars 10 µm. e After separation of DNA from hypoxia-exposed locust 
neurons on 1.5% agarose gel no DNA fragmentation (“DNA ladder”) 
is detectable. N = Normoxic sample, H = 36 h hypoxia sample. 1 kb 
DNA ladder used as reference
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(± 0.38 STDV) fold of control levels after 24 h exposure to 
hypoxia (significantly different with p = 0.02). To identify 
if ace-1 transcription was hampered due to insufficient ATP 
as a result of hypoxic conditions, animals were exposed to 
both 6.5 and 24 h hypoxia followed by a 1 h reoxygenation 
period before RNA extraction. During the reoxygenation 
period locusts exposed to 6.5 h hypoxia reassumed upright 

position and moved spontaneously. Animals exposed to 
24 h hypoxia only performed twitches with their legs but 
did not reassume upright position. As shown in Fig. 3b, 
average ace-1 expression levels remained unchanged after 
6.5 h hypoxia plus reoxygenation (1.001 ± 0.1 STDV) and 
were slightly elevated after 24 h hypoxia plus reoxygenation 
(1.53 ± 0.39 STDV) compared to untreated control animals 
and 6.5 h exposed animals (both significantly different with 
p = 0.01). Therefore, the average of ace-1 transcript was 
slightly reduced during the 1 h reoxygenation period (com-
pare Figs. 3a and 3b).

AChE inhibition increases the survival of insect 
neurons in vitro

As a first step, we confirmed that neostigmine bromide (NSB) 
and territrem B (TRB) inhibit the hydrolysing activity of locust 
AChE. Fixed brain sections were incubated with acetylthiocho-
line (as part of a staining solution developed by Karnovsky 
and Roots [55]), which is converted into a dark precipitate 
by AChE. As shown in Fig. 4b, AChE-associated precipitate 
accumulated in various brain neuropils known to receive cho-
linergic innervation, including antennal lobes, central complex 
and mushroom body calyces. In contrast, brain sections that 
were not exposed to the staining solution remained entirely 
unlabelled (Fig. 4a). Similarly, AChE-generated precipitate 
was largely absent in brain sections that were co-exposed to 
staining solution and 10 µM NSB (Fig. 4c1) or 10 µM and 
1 µM TRB (Fig. 4d1, 2). Little precipitate was detected in 
antennal lobes, central complex and most other protocerebral 
neuropils, while slightly enhanced staining developed in the 
mushroom body calyces, which are known to receive profound 
cholinergic innervation. Nevertheless, largely reduced staining 
indicated that 10 µM NSB and 1 µM and 10 µM TRB success-
fully suppressed most of the AChE-mediated conversion of the 
substrate. Stronger staining developed in the presence of 1 µM 
and 0.1 µM NSB (Fig. 4c2, 3) and 0.1 µM TRB (Fig. 4d3) 
indicating weak or absent AChE inhibition at these concentra-
tions. At 10 µM and 1 µM concentration TRB inhibited AChE 
activity more potently than NSB.

Initial experiments assessed the principal survival of pri-
mary neuron cultures from locust brains in the presence of 
the AChE inhibitor NSB. Primary neurons were cultured in 
full medium (with serum) supplemented with 10 µM NSB 
(concentration was chosen according to histological experi-
ments described above), starting immediately after culture 
establishment. After four days in vitro, cell survival was 
quantified on the basis of DAPI nuclear morphology and 
normalized to the respective untreated control cultures, 
which derived from the same pool of locust brains as the 
NSB-treated cultures. Comparison of non-treated con-
trol cultures with NSB-treated cultures revealed increased 
survival in the presence of the AChE inhibitor in all seven 

Fig. 3   In vivo expression of Lm-ace-1 transcript in hypoxia-exposed 
juvenile locusts. a Juvenile locusts were exposed to either 6.5 or 24 h 
hypoxia followed by immediate RNA isolation from dissected brains. 
qRT-PCR analysis shows minor insignificant changes after 6.5  h 
(1.19 ± 0.36 STDV) and significant (p = 0.02) moderate upregulation 
after 24  h (1.66 ± 0.38 STDV). b Juvenile locusts were exposed to 
either 6.5 or 24 h hypoxia followed by 1 h reoxygenation in normal 
atmosphere before RNA isolation from dissected brains. Average lev-
els of ace-1 transcript are unchanged (1.001 ± 0.1 STDV) after 6.5 h 
plus reoxygenation and moderately elevated (1.54 ± 0.39 STDV) after 
24 h hypoxia plus reoxygenation in comparison with normoxic con-
trols and 6.5 h exposed animals (both p = 0.01). a, b 18 s rRNA and 
gapdh were used as internal controls. Geometric mean from n = 6 
(except n = 3 for 6.5 h hypoxia plus reoxygenation in 3B) experiments 
was calculated and data plotted with RStudio. Statistics calculated 
with pairwise permutation test and Benjamini–Hochberg correction
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experiments (Fig. 5a; 12 – 63% increase of surviving neu-
rons; significantly different with p = 0,02). These results 
indicate that NSB supports the survival of locust primary 
neurons under normal culture conditions.

In order to evaluate whether inhibition of AChE alters 
neuronal survival under challenging physiological condi-
tions, locust primary neuron cultures were subjected to 
hypoxia (O2 < 0,3%) for 36 h. Data was normalized to the 

respective control culture maintained in normoxic condi-
tions, that derived from the same pool of locust brains as the 
respective experimental cultures. Hypoxia exposure reduced 
neuronal survival to 40 – 90% of survival in normoxic con-
trols in all 12 experiments leading to a highly significant 
(p = 0.0005) loss of intact cells (Fig. 5b). Locust neurons that 
were maintained in medium supplemented with 10 µM NSB 
were significantly less sensitive to hypoxia-induced apopto-
sis (p = 0.003). Within each experiment, relative survival in 
hypoxic NSB-treated cultures was higher than in the hypoxia-
exposed cultures, derived from the same locust brains. In 
seven out of 12 experiments, survival in NSB-treated hypoxic 
cultures was even higher than in respective normoxic control 
cultures, although overall neuronal survival was not signifi-
cantly different between these groups. These results indicate 
that the AChE inhibitor NSB interferes with hypoxia-induced 
apoptosis of locust primary brain neurons.

In order to confirm that the observed antiapoptotic effects 
of NSB resulted from its interaction with AChE, we exposed 
cultured locust neurons to another AChE inhibitor, TRB, 
with a different molecular structure and mode of AChE inhi-
bition. Since 10 µM and 1 µM TRB inhibited AChE activity 
in locust brain sections, we used both concentrations in these 
experiments. TRB increased the survival of locust neurons 
under normal culture conditions (Fig. 5c). Compared to con-
trol cultures in normal medium, 1 µM TRB increased cellu-
lar survival (p = 0.03) in five out of seven experiments (range 
of relative survival in all experiments: 98 – 130%, average: 
111%). TRB in the concentration of 10 µM increased cel-
lular survival in all seven experiments (106 – 127%; average: 
115%, p = 0.004). TRB also protected locust neurons from 
hypoxia-induced cell death (Fig. 5d). Compared to normoxic 
control cultures, hypoxia significantly reduced the average 
cell survival to 68% (p = 0,001). Treatment with 1 µM and 
10 µM TRB increased the mean cell survival in hypoxia 
close to the level of survival in normoxic control cultures 
(105% and 99% respectively relative survival). Compared 
to hypoxia-exposed cultures, significantly more neurons sur-
vived in the presence of both concentrations of TRB (1 µM: 
p = 0.004, 10 µM: p = 0.007), indicating that TRB interferes 
with hypoxia-induced death of primary locust brain neurons.

Discussion

Apoptosis is involved in development, disease- and patho-
gen-induced cell death and tissue responses to challenging 
situations in most if not all animals. Prominent invertebrate 
model species C. elegans and D. melanogaster contain rather 
simple regulatory networks for apoptosis compared to mam-
malian species (Fig. 1). This lead to the initial believe that 
the complexity of apoptotic mechanisms increased linearly 
from “simple” to “more complex” organisms. However, 

Fig. 4   Acetylcholinesterase activity staining in locust brain slices. a 
Negative control incubated without substrate solution. Letters indi-
cate position of neuropils that appear stained in B, C and D (AL 
antennal lobes, CC central complex, MBC mushroom body caly-
ces). b Positive control incubated in substrate solution without AChE 
inhibitor. Strong AChE reaction product accumulates in various brain 
neuropils. C, D: Brain slices incubated for 45 min in substrate with 
different concentrations of NSB (C) and TRB (D). C1, D1: 10 µM. 
C2, D2: 1 µM. C3, D3: 0.1 µM. Stainings indicate a concentration-
dependent inhibition of AChE activity-generated staining by both 
AChE inhibitors. Scale bar 250 µm valid for all photographs
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apoptotic mechanisms in insects and other invertebrates 
that parallel the complex system of mammals have been 
identified. This suggests that the complex apoptotic sys-
tem represents the ancient condition established in early 
metazoans and was subsequently simplified in some spe-
cies including C. elegans and D. melanogaster [5, 8, 61]. 
In this respect, pro-apoptotic release of cytochrome c from 

mitochondria as part of the endogenous apoptotic pathway 
has been demonstrated in mammals, sea urchins, planarians 
and insects, including the lepidopteran species S. frugiperda 
and M. sexta [18, 62–64] and few special cell types in Dros-
ophila [20, 21]. Here, we describe another parallel between 
mammalian and insect apoptosis, namely the pro-apoptotic 
contribution of AChE to apoptosis of locust neurons. This 

Fig. 5   AChE inhibition increases neuronal survival in vitro. a Rela-
tive survival of locust neurons after 4  days in  vitro. Inhibition of 
AChE with 10 µM NSB significantly increased neuronal survival in 
normoxic control conditions. n = 7; 31.029 cells evaluated. b Rela-
tive survival of locust neurons after exposure to hypoxia (O2 < 0.3%) 
for 36  h. Hypoxia-exposure reduced the median relative survival to 
70% compared to control cultures that derived from the same pool 
of locust brains. Presence of 10  µM NSB increased the survival of 
hypoxia-exposed neurons in each experiment. In some experiments, 
relative survival was even higher than in normoxic control cultures 
resulting in a median relative survival of 1.2 (compared to the con-
trols in normoxic culture conditions). Cells were maintained in cul-

ture for five days before exposure to hypoxia. n = 12; 66.802 cells 
evaluated. c Effect of 1 µM and 10 µM TRB on locust neuronal sur-
vival in normoxic conditions. Treatment with either TRB concentra-
tion significantly increased cell survival in comparison to control. 
n = 7; 56.099 cells evaluated. d Relative survival of locust neurons 
exposed to 36  h hypoxia (O2 < 0,3%). Hypoxia reduced the median 
cell survival to 60% in comparison to the control. Pretreatment with 
both 1 µM and 10 µM TRB rescued cells from hypoxia-induced apop-
tosis. n = 9; 95.907 cells evaluated. All statistics calculated with pair-
wise permutation test and Benjamini–Hochberg correction. * p < 0.5, 
** p < 0.01, *** p < 0.001
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finding provides further support for the existence of a com-
plex “mammalian-like” apoptotic regulatory network in the 
last common ancestors of invertebrates and vertebrates.

Studies on various cell types indicated that the pro-apop-
totic function of AChE is a common phenomenon in mam-
malian species (review: [22]). Expression of AChE increases 
after apoptosis induction [36] and AChE enables the assem-
bly and activity of the apoptosome. Cytosol-located AChE 
has been shown to associate with cytochrome c following its 
release from mitochondria. This interaction is required for 
Apaf-1 and caspase-9 recruitment, completing apoptosome 
formation and initiating caspase-3 activation [31, 35]. In addi-
tion, apoptotic cells accumulate AChE in their nuclei [28, 
30, 35, 36] where it acts as a nuclear DNase with similar 
properties as caspase-activated deoxyribonuclease (CAD) and 
endonuclease G [32]. Although choline-hydrolyzing activity 
and non-enzymatic functions of AChE may be mediated by 
different domains of the AChE protein (the catalytic site and 
a peripheral anionic region [23]) both the reduction of AChE 
presence and pharmacological inhibition of its catalytical 
function interfered with apoptotic cell death in various cell 
types [23, 28, 29, 31–33]. The present study may suggest 
that the catalytical activity of AChE promotes apoptosis in 
locust neurons, since hypoxia-induced cell death was pre-
vented by NSB and TRB, two AChE inhibitors with different 
molecular structure, both of which have been demonstrated to 
inhibit insect AChE activity ( [65–68] and see below for more 
details). This suggests that functionality of AChE’s catalyti-
cal site is required for its pro-apoptotic role in locusts. None-
theless, it cannot be fully excluded, that simultaneous non-
catalytical interactions of locust AChE with other molecules 
might be altered in the presence of NSB and TRB as well.

As has been described for different cell types of vari-
ous insect species, locust brain neurons also display typi-
cal characteristics of apoptotic cell death. Previous studies 
induced apoptosis in locust primary brain neurons by serum 
deprivation, H7 and hypoxia [46, 47]. Typical morphologi-
cal hallmarks of apoptosis were detected in dying neurons. 
Most obviously and easy to quantify on the basis of fluo-
rescent DNA labelling with DAPI [49], large and discon-
tinuously labelled nuclei of intact cells became increasingly 
condensed and uniformly labelled. Chromatin condensation 
results from the loss of structural proteins in the nuclear 
matrix and represents an early event in apoptosis [69]. It 
typically takes place prior to DNA fragmentation by nucle-
ases, which often leads to formation of apoptotic bodies 
[70, 71]. However, formation of apoptotic bodies by nucle-
olysis in final phases of apoptosis was only exceptionally 
observed in primary locust brain neurons. Instead, con-
densed nuclei persisted after cell membrane disintegration 
and loss of cytoplasm. Persistence of condensed nuclei fol-
lowing apoptotic cell death has previously been described 
in primary brain neurons of the beetle Tribolium castaneum 

[72], Schneider cells and BG2 neuronal cells from Dros-
ophila melanogaster (unpublished own observations) and 
developmental apoptosis of Manduca sexta labial glands and 
intersegmental muscles [73]. We have previously reported 
the accumulation of activated caspase-3 in the cytosol of 
dying locust brain neurons [46]. In the present study we 
also observed cleaved caspase-3 immunoreactivity in nuclei 
that were in the process of apoptotic condensation, suggest-
ing that activated caspase-3 translocates to the nucleus of 
apoptotic cells. Involvement of caspase-3 in chromatin con-
densation of apoptotic HeLa, Sy5y and MCF-7 cells (neu-
roblastoma and breast cancer respectively) has previously 
been described [69, 74]. Additionally, recent publications 
suggest that caspase-3 translocation into the nucleus may 
be required for chromatin condensation [75, 76]. Though 
TUNEL stainings successfully marked DNA double-strand 
breaks in nuclei of dead locust neurons, visualization of 
extensive DNA fragmentation (described as “DNA lad-
der”) in agarose gels could not be detected, despite apoptosis 
induction by different stressors (hypoxia, MMC, UV light). 
This characteristic appearance of multimers of 180–200 bp 
DNA fragments results from internucleosomal DNA cleav-
age. Conventional methods of visualizing DNA fragments 
failed to demonstrate internucleosomal DNA fragmentation 
in a variety of cell types from both mammals [77–80] and 
insects [73, 81, 82]. In some of these studies, more sensi-
tive methods based on end-labeling were sufficiently sensi-
tive to detect DNA breakdown fragments [68, 71]. Several 
mechanisms that may prevent the detection of DNA ladder 
pattern have been suggested, including involvement of dif-
ferent types of nucleases, contribution of caspases and AChE 
to DNA degradation and persistent association of histone H1 
with the internucleosomal linker. Failure to detect internu-
cleosomal DNA fragmentation may also result from insuf-
ficient sensitivity of direct DNA fragment labelling, which 
could be improved by selective PCR amplification of blunt 5′ 
phosphorylated ends [83]. TUNEL-positive staining (labels 
3′ blunt ends of DNA fragments) in the nuclei of dying and 
dead locust primary neurons may indicate the presence of 5′ 
blunt ends that could be amplified by this method.

The present study investigated a potential role of AChE 
in apoptotic cell death of locust neurons that parallels the 
pro-apoptotic function of AChE in vertebrates. While 
vertebrates contain a single ache gene, that is differently 
spliced into three variants, most insects express two ace 
genes (ace-1 and ace-2) that code for proteins with respec-
tive ACh-hydrolysing synaptic function and non-synaptic 
roles related to growth, reproduction and development [38, 
41–43]. Ace-1 has been identified in the European locust 
L. migratoria by sequence similarity with Oriental locust 
ace-1 (L. migratoria manilensis). The sequence and result-
ing protein from Oriental locust ace-1 showed acetylcho-
line hydrolysing properties and was sensitive to insecticides 

18



	 Apoptosis

1 3

containing AChE inhibitors [43]. The sequence was more 
similar to ace-1 from T. castaneum, which has been shown 
to mediate synaptic functions, while non-synaptic functions 
in this beetle were associated with ace-2 [41]. A sequence 
with similarity to Tc-ace-2 was identified at a different loca-
tion in the locust genome, suggesting that locusts, as other 
insects, possess a second gene for AChE. Typically, ace-2 
is associated with non-synaptic functions in insects. While 
ace-2 has not been studied for a potential function in insect 
apoptosis, ace-1 seems to be critically involved in hypoxia-
induced apoptosis of locust neurons. In order to assess, 
whether AChE expression changes with apoptosis-inducing 
stressful conditions, juvenile locusts were exposed to 6.5 
or 24 h hypoxia. Our qRT-PCR data show that Lm-ace-1 
transcript increases moderately with prolonged hypoxia 
exposure. Since transcriptional activity might have been 
suppressed by the lack of ATP resulting from oxygen deple-
tion, experiments were repeated with a reoxygenation period 
of 1 h in normal atmosphere between the end of hypoxia 
and the time of RNA isolation from brain tissues. Brains 
of reoxygenated animals contained slightly lower levels of 
Lm-ace-1 transcript than animals that were not reoxygen-
ated before RNA analysis. Nonetheless, our data indicate a 
hypoxia-dependent increase of ace-1 expression. With reox-
ygenation, ATP production most probably increased, allow-
ing the neurons to either undergo full apoptosis or recover 
if still possible. In the mammalian system, suppression of 
the presence or activity of AChE reduced, but did not fully 
prevent apoptosis [29, 30, 32, 35, 82]. Likewise, it seems 
unlikely that increased production of AChE is required for 
apoptosis in locust neurons, since apoptotic cells were also 
detected (though less frequently) in cultures supplemented 
with AChE inhibitors. However, promotion of apoptosome 
formation requires accumulation of AChE in the cytosol [31, 
35] of mammalian cells. AChE is translated at the rough 
endoplasmic reticulum and should be targeted for export 
and/or association with the cell surface under normal con-
ditions. It is currently unknown, whether a small portion of 
translated AChE is accidentally mislocated to the cytosol or 
whether a dedicated mechanism that redirects AChE to the 
cytosol [34] is at work here. Whether accidental misloca-
tion or redirection to the cytosol increases with elevation 
of AChE transcript levels also remains to be demonstrated.

In this study we used two different AChE inhibitors, NSB 
and TRB, with different molecular structures, different bind-
ing sites and modes of interaction with AChE [84–86]. NSB is 
a carbamate inhibitor that covalently binds to a serine residue 
in the catalytic region of AChE. It has been employed in stud-
ies with several insects including cockroaches [68] and locusts 
[66]. A recent study demonstrated, that 100 µM, 10 µM and 
1 µM NSB inhibited ~ 95%, ~ 75% and ~ 50% of AChE activ-
ity in homogenates of larval lepidoptera respectively [67]. 
TRB, on the other hand, is a fungal mycotoxin whose AChE 

inhibitory function was first characterized in a lepidopteran 
insect [65]. TRB establishes a very stable noncovalent binding 
with a larger portion of the AChE (including active site and 
entry of the gorge providing access to it) leading to profound 
conformational changes in AChE structure [84, 86]. Since 
10 µM NSB and 10 µM and 1 µM TRB effectively reduced 
AChE activity-related staining in brain sections of L. migra-
toria (Fig. 4), we selected these concentrations, to inhibit a 
large portion of AChE activity in our in vitro studies with 
primary cultured locust brain neurons. Even though some 
AChE inhibitors have been demonstrated to interact with 
other cellular targets (e.g. other esterases and neurotransmitter 
receptors; reviewed in [87]), the similar effects of two differ-
ent molecules on apoptotic cell death of locust brain neurons 
demonstrated here are likely to emerge from their common 
function, the inhibition of AChE’s enzymatic activity.

In order to assess a potential role of AChE in apoptotic cell 
death, an established in vitro approach [46, 88] with primary 
cultured locust brain neurons was adapted. The assay directly 
compares cellular survival between control and experimen-
tally treated neuron cultures that derived from the same 
locust brains, minimizing variability between the treatment 
groups. The AChE inhibitors NSB and TRB increased the 
percentage of intact locust brain neurons during their cultiva-
tion for four days in normal culture conditions from 40–20% 
to 60–41%. Apart from the difference in the ratio of intact to 
dead neurons, no morphological changes between control and 
NSB- or TRB-treated cultures were observed. This suggested 
a rather specific interference of pharmacologically mediated 
AChE inhibition with ongoing apoptotic death in primary 
locust neuron cultures. In order to confirm this idea, apop-
totic death was additionally stimulated by exposure of pri-
mary neuron cultures to hypoxia. Hypoxia exposure for 36 h 
reduced the median relative neuronal survival (compared 
to normoxic control cultures derived from the same locust 
brains) to approximately 70% (average), reproducing the effi-
cient induction of apoptotic cell death seen in previous stud-
ies. Presence of NSB and TRB in hypoxia-treated cultures 
interfered with hypoxia-induced apoptosis and significantly 
increased neuron survival compared to hypoxia without 
inhibitor treatment. In fact, AChE inhibitor-treated hypoxia-
exposed cultures reached the same level of neuron survival 
as the normoxic control cultures that derived from the same 
pool of brain cells. These results indicate that (in the absence 
of pharmacological inhibition) AChE promotes apoptosis in 
locust brain neurons. Whether the pro-apoptotic function of 
AChE is mediated through its esterase activity or other inter-
actions with components of the apoptotic machinery cannot 
be decided at present state. Even though we demonstrated on 
brain sections that NSB and TRB are functional inhibitors of 
locust AChE enzymatic cleavage of choline –type substrates, 
locust AChE may contain other domains with distinct func-
tions, similar to the peripheral site of vertebrate AChE. Since 
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cytochrome c release from mitochondria has been shown to 
promote apoptosis in insects [19, 63] an apoptotic role for 
AChE in the formation and functionality of the apoptosome 
(similar to vertebrates) seems quite possible. Alternatively, 
locust AChE may promote apoptosis through cleavage of 
nuclear DNA (as described above for mammalian cells). 
Several studies reported increased expression and translo-
cation of AChE from cytosol into the nucleus. Nonetheless 
(as already mentioned above), it is currently unknown why 
AChE appears in the cytosol, although it is translated at the 
endoplasmic reticulum and designated for incorporation into 
the cytomembrane or export from the cell.

The migratory locust has been subject to various studies on 
pesticide resistance and hypoxia tolerance [43, 89]. Various 
pesticides target AChE in order to disrupt synaptic signalling 
by acetylcholine, a major transmitter in insect sensory systems 
and central nervous neuropils. The data presented in this study 
indicate, that in addition to its synaptic role, locust AChE 
mediates an important step in neuronal apoptosis. Contribu-
tion of AChE to apoptosis regulation is another, previously 
undescribed mechanism shared by mammalian and insect spe-
cies. Together with other functional similarities mediated by 
homologous molecules (see Fig. 1) in mammals, insects and 
other invertebrates, this provides compelling evidence for the 
presence of a complex regulatory network already present at 
the basis of metazoa [8, 62, 90]. This finding enables compar-
ative studies that exploit specific advances of certain species 
to unravel apoptotic mechanisms common to many animals 
including humans. Our knowledge on apoptosis essentially 
results from studies on classical model organisms C. elegans 
and D. melanogaster. However, regulation of apoptosis seems 
to be less complex here than typically seen in other insects 
and vertebrates. It becomes apparent, that the genetic reper-
toire of C. elegans and D. melanogaster diverged more pro-
foundly from their last common ancestor with vertebrates than 
that of most other invertebrates and vertebrates [91]. Since 
cytochrome c release from mitochondria is not required for 
apoptosis in most D. melanogaster cell types a potential con-
tribution of AChE to the formation of the apoptosome (as 
described for mammalian cells) cannot be extrapolated from 
locust neurons but requires experiments with this species. In 
any case, other insects like orthopteran (locusts and crickets) 
and lepidopteran (silkmoths and others) species used in pre-
vious studies, may be better suited for comparative studies 
on the functions of AChE in apoptosis. Many degenerative 
diseases ultimately involve apoptotic cell death while cancer 
is promoted by inactivation of apoptosis. Knockdown or inac-
tivation of AChE in normal cells decreased while induction 
of AChE in certain cancer cells increased their sensitivity to 
apoptotic stimuli [22, 24, 92]. Complete understanding of the 
apoptosis regulatory network will unravel new possibilities 
to interfere with dysregulated or disease-activated pathways. 
Some natural compounds [33] and synthetic molecules [23] 

that interfere with AChE functions have already been demon-
strated to prevent apoptotic cell death. Potential use of cell-
protective drugs in degenerative diseases could be explored 
also with support of knowledge gained from insects and other 
invertebrate species. We believe, that the data presented here 
will not only be beneficial for the understanding of apoptosis, 
but will also open new possibilities in the field of neuroprotec-
tion and regeneration.
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Appendix

Lm‑ace1 Sequence (560 bp)

TGC​CCA​TTCG CAG​TTT​GATG TCA​TAC​ATTC TGT​GAA​
TATG AAA​TAA​TAAC AAC​TGC​AGG​ATC​AGA​AGT​GA 
TGT​CTG​TTAT TTC​GGA​ATAG ACG​CCA​CATG TGT​ATA​
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TTCT TTA​CTC​CTC​CTT​TTG​AAA​TG GCG​GTG​GTAG 
CGC​TAG​GGCT GAA​CGG​CCGT CCT​GCC​CGGC AGG​
TGT​TCG​GCG​ACT​TCC​CG GGC​TCG​GTGA TCT​GGA​
ACCC GAA​CAC​GCAG CTG​TCG​GAGG ACT​GCC​TGT​
ACA​TCA​ACG​TG GTG​GCG​CCCA AGC​CGC​GGCC GCG​
CAA​CGCC GCC​GTC​ATGG TGT​GGA​TCT​TCG​GCG​GCG​
GC TTC​TAC​TCGG GCA​CGG​CGAC GCT​CGA​CGTG 

TAC​GAC​CACA AGA​CGC​TGG​TGT​CCG​AGG​AG AAC​
GTG​ATCC TGG​TGT​CGAT GCA​GTA​CCGC GTC​GCC​
TCGC TCG​GCT​TCC​TCT​TCT​TCG​AC ACG​AGC​GACG 
TGC​CGG​GCAA CGC​GGG​GCTC TTC​GAC​CAGC TGA​
TGG​CGC​TGC​AGT​GGG​TG CAC​GAC​AACA TCC​ACT​
ACTT CGG​CGG​AAAC CCG​CAC​AACG TGA​CGC​TGT​
TCG​GCG​AGT​CG GCG​GGC​GCCG.

Table 3   Blast hits of L. migra-
toria manilensis ace-1 and T. 
castaneum ace sequences on 
L. migratoria genome

 Blast was run on i5k platform

L. migratoria 
manilensis
(EU231603)

T. castaneum ace-1 
(HQ260968)

T. castaneum ace-2 
(HQ260969)

Scaffold Hit 28,704 28,704 142,838
Coverage 99.50% 73% 75.70%
Sequence length 620 bp 386 bp 342 bp
Mismatches 3 104 67
Start (Sequence) 251.798 251.566 344.928
End (Sequence) 251.179 251.206 345.254
E Value 0 4E-56 1E-56

Table 4   Coverage [%] of 
reference sequences to predicted 
L. migratoria ace sequence

L. migratoria 
manilensis ace-1

L.migratoria ace Con-
sensus sequence

T. castaneum 
ace-1

T. cas-
taneum 
ace-2

L. migratoria manilensis ace-1 99.5 59.1 45.5
L.migratoria ace 99.5 60.3 46.7
T. castaneum ace-1 59.1 60.3 45.5
T. castaneum ace-2 45.5 46.7 45.5

Table 5   Ct values of locust 
housekeeping genes in 
normoxic and hypoxic 
conditions

Expression of Lm-gapdh and Lm-18 s rRNA as housekeeping genes in hypoxic conditions

Biological 
Replicates

Normoxia Lm-18 s 
rRNA 

Hypoxia Lm-18 s 
rRNA

Normoxia gapdh Hypoxia gapdh

Average Ct ∆Ct Average Ct ∆Ct Average Ct ∆Ct Average Ct ∆Ct

1 9.08 0 9.07 0.02 18.95 0 19.51 −0.57
2 7.58 0 6.95 0.63 18.95 0 19.51 −0.57
3 7.30 0 7.39 −0.09 21.07 0 21.08 −0.01
4 6.41 0 7.10 −0.69 20.20 0 20.71 −0.51
5 6.78 0 6.77 0.01 20.18 0 20.16 0.03
6 6.78 0 6.77 0.01 19.67 0 19.95 −0.28
7 8.55 0 7.70 0.86 19.67 0 19.95 −0.28
8 6.76 0 6.59 0.16 20.69 0 20.06 0.63
9 6.97 0 6.99 −0.01 20.69 0 20.06 0.63
10 6.42 0 6.77 -0.35 20.20 0 20.20 0.00
11 6.99 0 6.79 0.20 19.67 0 20.42 −0.75
12 6.91 0 6.29 0.62 19.68 0 19.61 0.07
Average 7.21 0 7.10 0.12 19.97 0 20.10 −0.13
STDV  ± 0.82  ± 0  ± 0.72  ± 0.43  ± 7.28  ± 0  ± 7.31  ± 0.43
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Abstract  

Cytokine receptor-like factor 3 (CRLF3) is a eumetazoan highly conserved but largely uncharacterized 

orphan cytokine receptor that shares structural similarity with vertebrate classical erythropoietin 

receptor (EpoR). CRLF3-mediated neuroprotection in insects can be stimulated with human 

erythropoietin and involves partly similar anti-apoptotic mechanisms as erythropoietin-mediated 

neuroprotection in mammals. To identify potential mechanisms of CRLF3-mediated neuroprotection we 

studied the expression and function of acetylcholinesterase which promotes apoptosis in different cell 

types, including mammalian neurons. We exposed primary brain neurons from the locust Locusta 

migratoria and the beetle Tribolium castaneum to apoptogenic stimuli and/or dsRNA to interfere with 

acetylcholinesterase gene expression and compared survival and/or acetylcholinesterase expression in 

the presence or absence of the CRLF3 ligand erythropoietin. Apoptogenic stimuli (hypoxia) increase 

the expression of both acetylcholinesterase-coding genes ace-1 and ace-2 associated with increased 

apoptotic cell death. Both ace genes give rise to single transcripts and hence single types of AChE-1 and 

AChE-2 in both normal and apoptogenic conditions. In contrast to elevated ace gene expression, 

pharmacological inhibition of acetylcholinesterases (completely) and RNAi-mediated knockdown of 

either ace-1 or ace-2 expression (partially) prevent hypoxia-induced apoptosis of primary brain neurons. 

Activation of CRLF3 with protective concentrations of Epo mediates neuroprotection by preventing the 

increased expression of pro-apoptotic acetylcholinesterase with larger impact on ace-1 than on ace-2. 

Additionally, high concentrations of rhEpo that commonly (and seemingly paradoxically) cause death 

of insect and mammalian neurons induced ace-1 expression and hence promoted apoptosis in locust and 

beetle neurons. Our study confirms the cell-intrinsic role of acetylcholinesterase as a major regulator of 

apoptotic death, that was previously described in mammalian neurons only. Moreover, we identify a 

mechanism (prevention of upregulation of pro-apoptotic acetylcholinesterase), by which CRLF3 

activation mediates neuroprotection under apoptogenic conditions. Since both apoptosis and CRLF3 are 

conserved throughout the animal kingdom, the direct link between cytokine/CRLF3 activation and 

suppression of increased acetylcholinesterase expression underlying neuroprotection in insects may also 

be present in other cell types and other non-insect species. 
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Neuroprotection, CRLF3, erythropoietin, cytokine, acetylcholinesterase, AChE 
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Introduction 

Acetylcholinesterase (AChE) hydrolyses acetylcholine and terminates synaptic transmission at 

cholinergic synapses in vertebrates and invertebrates (Zhang et al., 2002). AChE is expressed in tissues 

with and without cholinergic innervation and contributes to multiple processes including cellular 

adhesion, cell growth, cell differentiation, amyloid fiber assembly and apoptosis (Small, Michaelson 

and Sberna, 1996; Karczmar, 2010; Zhang and Greenberg, 2012; Rotundo, 2017). Altered presence and 

functions of AChE are associated with various degenerative diseases including Alzheimer’s disease, 

Parkinson’s disease and cancer in various tissues (Perry et al., 2002; Hu, Gray and Brimijoin, 2003; 

Toiber et al., 2008; Walczak-Nowicka and Herbet, 2021). Mammalian species express three major 

AChE splice variants from a single gene locus, that differ in their carboxy-terminal domains which 

determine localisation and interactions with other proteins (Grisaru et al., 1999; Ye et al., 2010; Hicks 

et al., 2011; Zhang and Greenberg, 2012). Splice variants include the synaptic AChE (AChE-S), 

erythrocytic AChE (AChE-E) and the soluble read-through variant (AChE-R). Apoptogenic 

physiological stress enhances intracellular AChE levels in various mammalian tissues (including brain, 

retina, kidney, endothelial cells, bone, myoblasts) and cell lines (including PC12, neuroblastoma, HeLa 

cells) (reviewed by (Zhang and Greenberg, 2012; Campoy et al., 2016). Increased levels of AChE 

sensitize cells to induce apoptosis upon exposure to pathogenic or physiologically challenging 

conditions (Jin et al., 2004). Absence or catalytic inactivation of AChE have been correlated with 

reduced sensitivity to apoptogenic stimuli and reduced cell death in various cell types including neurons 

(Toiber et al., 2008; Zhang et al., 2013). (Toiber et al., 2008; Zhang et al., 2013). In mammalian 

organisms AChE expression is elevated under apoptogenic conditions and cytoplasm-located AChE 

interacts with caveolin-1, APAF-1 and cytochrome c in order to facilitate apoptosome formation (Park, 

Kim and Yoo, 2004; Park et al., 2008; Zhang and Greenberg, 2012). Silencing of AChE inhibited 

apoptosome formation and increased cell survival (Zhang et al., 2002a; Park, Kim and Yoo, 2004). 

Additionally, AChE can act as a DNase following nuclear translocation during apoptosis (Du et al., 

2015). However, overexpression of the enzyme is not invariantly coupled with initiation of apoptosis, 

but rather sensitizes cells towards apoptotic stimuli (Jin et al., 2004). 

 In contrast to mammals, most insects possess two distinct genes (ace-1 and ace-2) coding for different 

AChE proteins (Hall and Spierer, 1986; Lu, Park, et al., 2012; Kim and Lee, 2013). Depending on the 

species, either AChE-1 or AChE-2 mediates the canonical, synaptic functions of the enzyme (Revuelta 

et al., 2009; Zhou and Xia, 2009; Lu, Park, et al., 2012; Kim and Lee, 2013), while functions of the 

other protein remain largely uncharacterised (Revuelta et al., 2009; He, Sun and Li, 2012; Lu, Pang, et 

al., 2012; Lu, Park, et al., 2012; Kim and Lee, 2013). Our previous studies identified a pro-apoptotic 

function of AChE in neurons of the migratory locust Locusta migratoria (Knorr et al., 2020) that 

parallels the role of AChE mammalian apoptosis. We demonstrated that Lm-ace-1 transcript levels 

increased under hypoxic conditions in vivo and that pharmacological inhibition of AChE prevented 

hypoxia-induced apoptotic death of locust primary neurons. This indicates a link between AChE-1 

presence/activity and apoptotic cell death in insects (Knorr et al., 2020). Since genetic information in 

locusts is scarce, sequence information is only available for Lm-ace-1 but not for Lm-ace-2. This 

prevents the investigation of differential functions of ace-1 and ace-2 in apoptosis and other processes 

in locust species. The red flour beetle Tribolium castaneum expresses different ace transcripts and AChE 

proteins from two genes, with cholinergic functions accounted to Tc-ace-1 and other, incompletely 

identified functions in developmental processes of Tc-ace-2 (Lu, Pang, et al., 2012; Lu, Park, et al., 

2012). Given that sequences for both Tc-ace-1 and Tc-ace-2 are available and protocols for in vitro 

studies with primary neurons were previously established, we decided to analyse the differential 

involvement of the two ace genes and AChE proteins in T. castaneum apoptosis. 
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Erythropoietin (Epo) is a helical cytokine generally known for its functions in vertebrate erythropoiesis, 

where it  protects erythrocyte progenitor cells from apoptosis (Ma et al., 2014; Samson et al., 2020; 

Thompson et al., 2020). Local production and cytoprotective functions of Epo have been discovered in 

arious vertebrate tissues (Yilmaz et al., 2004; Brines and Cerami, 2005; Sepodes et al., 2006; Arcasoy, 

2008; Noguchi, 2008; Ghezzi and Conklin, 2013).  Epo-mediated cell protection typically relies on  

upregulation of anti-apoptotic proteins following phosphorylation of JAK associated with Epo receptors 

(reviewed in (Vittori et al., 2021)). Nonetheless, a clear picture of Epo-mediated anti-apoptotic effects 

remains elusive. Both L. migratoria and T. castaneum express the phylogenetically conserved orphan 

cytokine receptor CRLF3 (cytokine receptor-like factor 3). CRLF3 belongs to group 1 of the prototypic 

class one cytokine receptors which also includes the classical erythropoietin receptor EpoR (Boulay, 

O’Shea and Paul, 2003; Liongue and Ward, 2007). Both receptors are expressed in various mammalian 

tissues including the nervous system. Erythropoietin signalling initiates neuroprotective processes in the 

mammalian nervous system (Sirén and Ehrenreich, 2001; Genc, Koroglu and Genc, 2004; Brines and 

Cerami, 2005; Ghezzi and Conklin, 2013) by activating homodimeric EpoR and/or alternative Epo 

receptors (Brines et al., 2004; Leist et al., 2004; Ostrowski and Heinrich, 2018). EPO and EPOR are 

widely but exclusively expressed in vertebrate species and therefor are absent in insects. Nonetheless, 

recombinant human Epo (rhEpo) protects locust and beetle neurons from toxin- and hypoxia-induced 

apoptosis by activating partially identical intracellular transduction pathways as in mammalian cells 

(Miljus et al., 2014; Hahn et al., 2017; Heinrich, Günther and Miljus, 2017a). CRLF3 was identified as 

the insect neuroprotective receptor for rhEpo and EV-3, a splice variant of human Epo with 

neuroprotective properties that cannot activate homodimeric EpoR (Bonnas et al., 2017; Hahn et al., 

2017; Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, et al., 2019). Signalling via 

an unknown Epo-like cytokine and CRLF3 seems to represent an ancient cell-protective system that 

secures neuron and other cells’ survival and maintenance of tissue functionality under unfavourable 

physiological conditions. 

 

Cell-protective concentrations of Epo vary between cell types, species and types of insult (Sinor and 

Greenberg, 2000; Ruscher et al., 2002; Weber et al., 2005; Heinrich, Günther and Miljus, 2017a). 

Optimum-type concentration-responses have been reported for mammalian and insect neurons, in which 

high Epo concentrations not only lack the protective effects but rather exert cytotoxic effects leading to 

increased cell death compared with untreated control cells (Siren et al., 2001; Chong, Kang and Maiese, 

2003; Weishaupt et al., 2004; Ostrowski, Ehrenreich and Heinrich, 2011; Miller et al., 2015; Hahn et 

al., 2017). Reduced protective effects with Epo concentrations above the optimum have been explained 

by desensitization or downregulation of EpoR (Verdier et al., 2000; Cohen et al., 2004) and prevention 

of EpoR homo-dimerisation due to saturation of high-affinity binding sites of EpoR monomers (Kim et 

al., 2017). An explanation for toxic effects of very high concentrations of Epo is currently lacking for 

EpoR, CRLF3 or other potential alternative Epo receptors.  

In the present study on primary neuron cultures from L. migratoria and T. castaneum and whole T. 

castaneum pupae, we explore the differential expression of Tc-ace-1 and Tc-ace-2 under apoptogenic 

conditions (hypoxia) and their contribution to the progress of apoptosis. We link the previously reported 

neuroprotective effect of rhEpo-mediated CRLF3 activation in both insect species to reduced expression 

of pro-apoptotic AChE. While neuroprotective concentrations of rhEpo prevented overexpression of 

ace-1 under apoptogenic conditions, toxic concentrations of rhEpo increased ace-1 expression. Given 

the known pro-apoptotic functions of AChE in mammalian neurons (and other cells), Epo-mediated 

neuroprotection via EpoR and/or alternative Epo receptors may also rely on negative regulation of 

ACHE expression.
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Methods 

 

Experiments were performed with Tribolium castaneum late pupae (San Bernadino wild type strain) 

kindly provided by the lab of Prof. Dr. Gregor Bucher and Locusta migratoria fifth instar nymphs 

obtained from a commercial breeder (HW-Terra, Herzogenaurach, Germany). Beetles were reared in 

plastic boxes filled with whole grain flour and yeast at 27°C, 40% humidity and 12/12 h day/night cycle. 

Locusts were kept at 24°C, 55% at 12/12 h day/night cycle.  

 

Insect primary brain cell culture 

Primary neuron cultures were established as previously described (Miljus et al., 2014; Hahn et al., 2017; 

Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, et al., 2019; Knorr et al., 2020, 

2021a). In brief, 20 tribolium or 2 locust brains per culture were dissected and collected in Leibowitz 

15 medium (Gibco; Life Technologies, Darmstadt, Germany) supplemented with 1% 

penicillin/streptomycin and 1% amphotericin B (both Sigma-Aldrich, Munich, Germany) (from now 

referred to as L15 medium). Subsequently, brains were enzymatically digested in collagenase/dispase 

(2mg/ml, Sigma-Aldrich, Munich, Germany) for 45 min (T. castaneum) or 30 min (L. migratoria) at 

27°C. Enzymatic reaction was stopped by repeated washing in Hanks’ balanced salt solution and brains 

were mechanically dissociated by repeated pipetting in L15. The suspension of dissociated brain cells 

was seeded on Concanavalin A (Sigma-Aldrich, Munich, Germany) coated coverslips and let to rest for 

2 h. Afterwards, culture dishes were filled with L15 supplemented with 5% fetal bovine serum gold 

(FBSG, PAA Laboratories GmbH, Pasching, Austria). Medium was replaced by L15 plus FBSG on day 

two and by L15 without serum on day four in vitro. Primary cell cultures were maintained at 27°C 

without CO2 buffering. 

 

Pharmacological treatment and hypoxia exposure of primary cell cultures 

Cell cultures were treated with 10 µM neostigmine bromide (NSB; Sigma-Aldrich, Munich, Germany), 

10 µM territrem B (TRB; initially dissolved in methanol, further diluted in L15; Abcam, Cambridge, 

United Kingdom) or recombinant human Epo (33,3 ng/ml or 333 ng/ml for locust cultures and 0,8 ng/ml 

or 8 ng/ml for beetle neurons; NeoRecormon; Roche, Welwyn Garden City, United Kingdom). AChE 

inhibitors NSB and TRB were applied throughout the entire culturing period and replaced with each 

medium change. rhEpo was added to the medium on day 5 in vitro. 12 h after the onset of rhEpo 

treatment, cultures were exposed to hypoxia (<0,3% O2, Hypoxia Chamber; Stemcell, Cologne, 

Germany) for 36 h. Untreated control culture were maintained at normoxic conditions. Subsequently 

cell cultures were fixed and stained as described below. To compare effects of protective and deleterious 

concentrations of rhEpo, cultures were exposed to different concentrations of rhEpo for 48 h starting on 

day five in vitro.  

 

RNA interference with ace-1 and ace-2 expression in T.castaneum neurons 

Double-stranded (ds) RNA fragments targeting Tc-ace-1 or Tc-ace-2 were designed and prepared as 

stated below. To reduce expression of respective protein, 10 ng/ml dsRNA targeting either Tc-ace-1 or 

Tc-ace-2 was added from the beginning of the experiment and renewed with each medium change. 
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Successful interference with protein expression by “soaking RNAi” was previously demonstrated in 

primary cultured T. castaneum neurons (Hahn et al., 2017; Knorr et al., 2021). Cells were exposed to 

hypoxia on day 5 for 36 h (O2 < 0,3%) before being fixed and analyzed for cell survival.  

 

Dapi staining and analysis of cell survival 

After treatments, cells were fixed in 4% paraformaldehyde (PFA) for 30 min. Cells were washed 3 times 

in phosphate-buffered saline (PBS) and twice in PBS/0,1% Triton-X-100 (PBST) for each 5 min. 

Subsequently nuclei were stained with Dapi (Sigma-Aldrich, Munich, Germany 1:1000 in PBST) for 30 

min before being washed 5 times in PBS. Coverslips were transferred to microscopy slides, enclosed in 

DABCO (Roth, Karlsruhe, Germany) and sealed around the edges with nail polish.  

Images of Dapi-stained nuclei were taken using an epifluorescence microscope (Zeiss Axioskop, 

Oberkochen, Germany) equipped with a spot CCD camera (Invisitron, Puchheim, Germany). From each 

cell culture, two rows of non-overlapping photographs were taken (for locust cultures ~80 images using 

40x magnification; for tribolium cultures ~120 images using 63x magnification). Cell survival was 

assessed by the Dapi stained chromatin structure as described previously (Miljus et al., 2014; Hahn et 

al., 2017; Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, et al., 2019; Knorr et 

al., 2020, 2021a). Intact and dead/dying neurons were identified and counted automatically by an object 

recognition AI based on the Faster R-CNN (Ren et al., 2015) net with Inception V2 (Ioffe and Szegedy, 

2015). We re-trained a neuronal net that was previously trained and configured for the Oxford-III Pets 

dataset (Visual Geometry Group - University of Oxford, no date) and is available as part of the tensor-

flow model collection 

(https://github.com/tensorflow/models/blob/master/research/object_detection/samples/configs/faster_r

cnn_inception_v2_pets.config, no date). Experts categorized living and dead cells for Locusta (3480 

cells in 92 images) and Tribolium (3469 cells in 75 images). All routines for the AI cell counting routines 

were written in Python 3.5 (GDrake, 2009) utilizing numpy (Harris et al., 2020), pandas (McKinney, 

2011), and tensor flow (Abadi et al., 2016) amongst others. 

Cell survival in different treatment groups within one experiment was subsequently normalized towards 

the corresponding untreated control, set to 1.  

 

dsRNA cloning and preparation 

Two non-overlapping fragments targeting either Tc-ace-1 (HQ260968) or Tc-ace-2 (HQ260969) were 

designed and cloned into the pCRII vector by TA cloning (TA cloning Kit, Invitrogen, Life 

Technologies, Darmstadt, Germany) (Fragment sequences are listed in Supplements). Vectors were 

transformed into XL-1 blue competent cells and grown on ampicillin-supplemented agar plates. Multiple 

clones were analyzed by colony PCR and sequencing for the proper insertion of the target fragments. 

Clones with the appropriate vector were grown and DNA was extracted using NucleoSpin Plasmid Kit 

(Macherey-Nagel, Düren, Germany). 

For dsRNA preparation, plasmids were amplified by PCR using M13 fwd and M13 rev primers with a 

T7 RNA promoter sequence attached to the reverse primer. The PCR program and primer sequences are 

listed in tables 1 and 2. PCR products were separated on a 1% agarose gel and purified using the 

Macherey–Nagel NucleoSpin Gel and PCR Clean-up Kit (Macherey–Nagel, Düren, Germany) 

according to the manufacturer’s recommendations.  
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Purified DNA was subsequently in vitro transcribed by usage of the MEGAScript T7 transcription kit 

(Life Technologies, Darmstadt, Germany) following the manufacturer’s instructions. The single-

stranded RNA was washed three times in 70% EtOH before resuspension in injection buffer (1.4 mM 

NaCl, 0.07 mM Na2HPO4, 0.03 mM KH2PO4, 4 mM KCl). Single-stranded RNA was annealed to double 

strands (dsRNA) at 94°C for 5 min and cooled down to 20°C at a rate of 0,1°C per second. dsRNA 

concentrations were measured with a spectrophotometer (Nanodrop 1000, Thermo Fisher Scientific, 

Schwerte, Germany). dsRNA quality was assessed by agarose gel electrophoresis.  

Table 1: Oligonucleotides used in this study. Primers for M13, M13-T7, Lm ace-1, 18srRNA and gapdh were previously 

used (Hahn et al., 2017; Knorr et al., 2020). Lm= L. migratoria; Tc= T. castaneum. Oligonucleotides used for splice variant 

analysis of Tc-ace-2 may potentially generate two amplicons. 

 
Sequence 5'-3' Amplicon [bp] 

M13 fwd GTAAAACGACGGCCAGT 300 

M13-T7 rev TAATACGACTCATAGGCAGGAAACAGCTATGAC 

Tc ace-2-E1-E3 fwd GCCAGAGACTTTCACAGCGA 1177 / 359 

Tc ace-2-E1-E3 rev CATCACGTTCCAACCGACTC 

Tc ace-2-E2-E4 fwd CGGCTTCCTCTACTTGAGCA 731 / 588 

Tc ace-2-E2-E4 rev TCTGGTTCAAGTAGCCGTCG 

Tc ace-2-E3-E5 fwd GAGTCGGTTGGAACGTGATG 345 / 192 

Tc ace-2-E3-E5 rev GCTGCAAATCTGGCAAAGGC 

Tc ace-2-E4-E6 fwd CGACGGCTACTTGAACCAGA 424 / 266 

Tc ace-2-E4-E6 rev ATCGTTCCAAAACGCGCACG 

Tc ace-2-E4-E7 rev TGCTCAAGTAGAGGAAGCCG 534 / 376 

Tc ace-1 fwd AACTTCAGCAGCAAACGAGC 120 

Tc ace-1 rev CTGTCGACACCATCAGGAGG 

Tc ace-2 fwd ACAGCTGAGGTTCAGGAAGC 116 

Tc ace-2 rev GGGAAGTACTCGTAGCGCTC 

Tc rps3 fwd GGCGCTAAAGGGTGTGAAGT 150 

Tc rps3 rev TGTCTTAGCAAGACGTGGCG 

Tc rps18 fwd CCTCAACAGGCAGAAGGACA 130 

Tc rps18 rev CCTGTGGGCCCTGATTTTCT 

Lm ace-1 fwd TTTGAAATGGCGGTGGTAGC 120 

Lm ace-1 rev GTCGGAGGACTGCCTGTAC 

Lm 18s rRna fwd CATGTCTCAGTACAAGCCGC 106 

Lm 18s rRna rev TCGGGACTCTGTTTGCATGT 

Lm gapdh fwd GTCTGATGACAACAGTGCAT 110 

Lm gapdh rev GTCCATCACGCCACAACTTTC 

 

Table 2: PCR program for dsRNA template amplification 

Step Temperature [°C] Time [s] Cycle 

Initial 

denaturation 

98 180 
 

Denaturation 98 30 x30 

Annealing  60 30 

Elongation 72 30 

Final elongation 72 300 
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RNA isolation and cDNA synthesis 

RNA of cell cultures and brains was isolated using Trizole (Thermo Fisher Scientific, Schwerte, 

Germany) as described previously (Knorr et al., 2020, 2021a). For tissue specimen 15 brains of late T. 

castaneum pupae were extracted and collected in RNALater (Sigma-Aldrich, Munich, Germany). In the 

case of cell culture specimen, 5 cultures of each treatment group were prepared as described above. Cells 

were scraped in medium and cell suspension was centrifuged at 21.000 x g for 5 min. Medium was 

discarded and the cell pellet was washed in PBS once before RNA isolation. 

In brief, 1 ml Trizole was added per sample and samples were homogenized using a tissue lyser (Qiagen, 

Hilden, Germany) at 50 Hz for 3 min (stainless steel beads were used in case of tissue samples). 

Subsequently 200 µl chloroform (Labsolute, Th. Geyer, Renningen, Germany) was added and the 

mixture was returned into the tissue lyser for 20 s. Samples were centrifuged at 12.000 x g for 15 min 

at 4°C and the translucent, RNA-containing phase was carefully transferred to a fresh Eppendorf tube 

and mixed with 1 ml ice cold 70% EtOH. Tissue samples were incubated for at least 30 min at -20°C. 

Cell culture samples were incubated overnight. The precipitated RNA was centrifuged at 10.000 x g for 

15 min at 4°C and the RNA pellet was washed three times in ice cold 70% EtOH. RNA pellets were air 

dried and resuspended in 6 – 30 µl ddH2O. RNA concentrations were measured with a 

spectrophotometer (Nanodrop 1000, Thermo Fisher Scientific, Schwerte, Germany). 

Complementary DNA (cDNA) was synthesized using the NEB LunaScript RT SuperMix Kit (New 

England BioLabs, Ipswich, MA, USA) according to the manufacturer’s instructions. 

 

Ace splice variant analysis 

In order to identify if Tribolium performed alternative splicing on ace-2, exon spanning primers, 

skipping one exon, were designed (see table 1). Primers were set into the middle of each exon and 

reverse transcription PCR (RT-PCR) from brain cDNA was run. RNA and cDNA were prepared as 

described above. RT-PCR Program can be seen in table 3. RT-PCRs were performed using GoTaq Green 

Master Mix (Promega, Madison, USA) according to the manufacturer’s instructions. Expected amplicon 

sizes in case of alternative splicing can be seen in table 1.  

 

Table 3: RT-PCR program for Tc ace-2 splice variant analysis. 

Step Temperature [°C] Time [s] Cycle 

Initial 

denaturation 

98 180 
 

Denaturation 98 30 x30 

Annealing  61 30 

Elongation 72 30 

Final elongation 72 300 
 

 

qPCR analysis for Tc-ace-1 and Tc-ace-2 expression in vitro and in vivo 

In order to evaluate if either Tc-ace-1 or Tc-ace-2 are differentially expressed in neurons of T. castaneum 

pupae during physiological stress qPCR analyses were performed.  
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T. castaneum pupae were exposed to hypoxia for either 24 or 36 h. Control animals remained in 

normoxic conditions. 15 brains were extracted and collected in RNALater. RNA isolation and cDNA 

synthesis were performed as described above. For cell culture experiments cells of different treatment 

conditions (normoxia, hypoxia, rhEpo) were collected and prepared as described above. 

qPCR analysis was run using primers for amplification of T. castaneum ace-1 and ace-2 and L. 

migratoria ace-1 (EU231603). Rps18 and rps3 (TC014405 and TC008261) were run as controls for 

beetle neurons, while 18s rRna and gapdh (AF370793 and JF915526) were used for qPCR analysis of 

locust neurons. Prior to experimental qPCR runs, all primers for housekeeping genes were tested for 

efficiency and stability in hypoxic conditions. Primer sequences are listed in table 1. 

qPCRs were run using the MyiQ™ Single-ColorReal-Time PCR Detection System (Bio-Rad, Munich, 

Germany) in a sealed 96-well plate. Final PCR reactions contained 5 µl Luna Universal qRT-PCR 

Master Mix (New England Bio- Labs, Ipswitch, MA, USA), 0,1 µM forward and reverse primers and 

10 ng cDNA resulting in a final reaction volume of 10 µl. All samples were run as triplicates and (-) RT 

and water controls were always included. The PCR amplification protocol is displayed in table 4. 

 

Table 4: qPCR program employed for gene expression studies. 

 
Step Temperature [°C] Time [s] 

 

 
Initial 

denaturation 

95 180 
 

P
C

R
 

re
a
ct

io
n

 

Denaturation 95 10 x40 

Annealing  61 30 

Elongation 72 30 

M
el

ti
n

g
 

cu
rv

e Denaturation 95 60 
 

Annealing  55 60 
 

Melting curve 55 10 0.5 °C per 

cycle up to 

95 °C 

    

    

 

Data was analyzed using the Pfaffl method (Pfaffl, 2001) and geometric means of both housekeeping 

genes were calculated and normalized towards the control group for both species.  

 

Statistical analysis and data plotting 

All statistical calculations were performed with RStudio (Version 1.2.1335). Pairwise permutation tests 

contained in the R packages “coin” and “rcompanion” were employed and combined with Benjamini-

Hochberg corrections for multiple comparisons (Zeileis et al., 2008; Mangiafico, 2019). Normalized 

relative survival data are plotted as box plots, depicting the median cell survival, upper and lower 

quartile and whiskers representing 1,5x interquartile ranges. Dots represent data points from individual 

experiments. qPCR results are shown as bar plots of geometric mean calculations of single experimental 

data. Standard deviations were calculated with Excel (Microsoft).  
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Results 

Involvement of ace in T.castaneum apoptosis 

Before studying the role of AChE in the neuronal apoptosis of T. castaneum we explored the possibility 

of multiple splice variants from the two ace genes. While ace-1 includes only two exons making 

alternative transcripts rather unlikely, ace-2 consists of seven exons carrying the potential for multiple 

different splice variants (Fig. 1A). We designed primers spanning central regions of various pairs of 

ace-2 exons (indicated in Fig. 1A) in order to detect potential splice variants in the present transcripts. 

Transcripts were analysed in brains of untreated pupae and brains of pupae after 24 h exposure to 

hypoxia (<0,3% O2). RT-PCR analysis revealed no alternative splicing products of ace-2, neither in 

normoxic control nor in hypoxia-treated pupae (Fig 1B). All detected PCR products included the exon 

that was interspersed between the two exons targeted by the primers. Hence, all PCR products were 

clearly larger than expected if the sandwiched exon was spliced out (size of potential PCR product from 

alternate transcript indicated by yellow boxes in Fig. 1B). The results are in line with the existence of 

only one transcript that includes all seven exons in normal and hypoxia-challenged T. castaneum brains.  

 

Fig 1 AChE/ace in Tribolium castaneum neurons. A: Schematic representation of T. castaneum Tc-ace-1 and Tc-ace-2 genes. 

Exons are represented as boxes with sizes corresponding to exon length. Introns are represented as lines that do not depict 

intron length. For splice variant identification exon spanning primers were designed depicted by dashed lines. B: RT-PCR 

analysis for splice variant identification in brains of untreated pupae (N=normoxia) and pupae after 24 h hypoxia-exposure 

(<0,3% O2) (H=hypoxia). Yellow boxes show the expected band size if the sandwiched exon was spliced out. Letters above 

panels correspond to primer pairs depicted in A. C: Survival of T. castaneum primary neurons exposed to hypoxia (<0,3% O2; 

36 h) and AChE inhibitors NSB or TRB (10 µM). Hypoxia significantly reduces cell survival. Inhibition of AChE with either 

NSB or TRB completely prevent hypoxia-induced apoptosis. n=7, 73.118 cells analyzed. Statistics with pairwise permutation 

test and Benjamini-Hochberg correction. Significant differences (p<0,05) are depicted by differing letters. D: qPCR analysis 

of Tc-ace-1 and Tc-ace-2 transcript expression in T. castaneum brains after hypoxia-exposure. 24 h hypoxia significantly 

increases transcript levels of both Tc-ace-1 and Tc-ace-2. After 36 h hypoxia only Tc-ace-1 transcript levels remain 

significantly elevated compared to normoxic control animals. n=3, rps3 and rps18 were used as housekeeping genes. Statistics 

with pairwise permutation test and Benjamini-Hochberg correction for multiple comparison. Significant differences (p<0,05) 

are depicted by differing letters 
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We previously demonstrated that pharmacological inhibition of AChE rescues primary cultured locust 

neurons from hypoxia-induced apoptosis (Knorr et al., 2020). Following a similar protocol, primary 

neuron cultures from T. castaneum were exposed to hypoxic conditions (<0,3% O2) for 36 h. Hypoxia-

exposure reduced the median relative survival of cultured neurons (0,8) in comparison to normoxic 

control cultures (normalized to 1.0; Fig. 1C). Hypoxia-induced cell death was completely prevented in 

the presence of 10 µM of the two AChE inhibitors neostigmine bromide (NSB; median relative survival 

0,98) and territrem B (TRB; median relative survival 1,1). Neuron survival in hypoxia was significantly 

increased by both AChE inhibitors compared to untreated hypoxic cultures reaching the same level as 

the normoxic control cultures.  

Expression of Tc-ace-1 and Tc-ace-2 under apoptogenic conditions was studied by qPCR in brains of T. 

castaneum following hypoxia-exposure (<0,3% oxygen) of pupae for 24 and 36 hours. 24 h hypoxia 

significantly increases transcript levels of both Tc-ace-1 (2,36 fold ± 0,8 Stdv) and ace-2 (1,47 fold ± 

0,6 Stdv) compared to brains of control animals in normoxic atmosphere (Fig. 1D). Prolonging the 

hypoxic period to 36 h reduced high expression levels detected after 24 h. While Tc-ace-1 expression 

remained significantly elevated (1,37 fold ± 0,3 Stdv), Tc-ace-2 transcript levels were no longer different 

from controls kept under normoxic conditions (1,02 fold ± 0,4 Stdv). The results presented in figures 

1C and 1D indicate a pro-apoptotic involvement of both T. castaneum ace genes in hypoxia-induced 

neuronal apoptosis. 

 

In order to assess the individual contributions of Tc-ace-1 and Tc-ace-2 to hypoxia-induced apoptosis 

in T. castaneum we inhibited the production of the respective AChE proteins by RNA interference in 

primary cultured brain neurons before subjecting them to hypoxia (<0,3% O2; 36 h). Neuron survival 

was compared between normoxic control cultures, hypoxia-exposed cultures and hypoxia-exposed 

Fig 2 Survival of hypoxia-exposed T. castaneum primary 

neurons after RNAi-mediated knock down of ace-1 and 

ace-2 expression. Primary cell cultures were maintained for 

5 days in vitro with addition of dsRNA before being 

exposed to hypoxia (<0,3% O2) for 36 h. A, B: Hypoxia 

significantly decreased neuron survival in comparison to 

untreated control cultures. A: Knockdown of ace-1 using 

fragment 1 significantly increased relative survival of 

hypoxia-exposed primary neurons. Cell survival is yet 

significantly lower in comparison to normoxic controls. n= 

8, 156.006 cells analyzed. B: Knockdown of ace-2 with 

fragment 1 partially rescues neurons from hypoxia-induced 

apoptosis. However, relative cell survival is still 

significantly lower in comparison to normoxic control 

cultures. n= 12, 145.894 cells analyzed. Statistics with 

pairwise permutation test and Benjamini-Hochberg 

correction for multiple comparisons. Significant differences 

(p<0,05) are indicated by different letters 
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cultures after dsRNA-mediated knockdown of either Tc-ace-1 or Tc-ace-2 expression. For each ace gene 

two dsRNA fragments that target non-overlapping regions of the respective transcript, were designed 

and knockdown was induced by soaking RNAi as described previously (Hahn et al., 2017; Knorr et al., 

2020). Figure 2 depicts data from experiments with the respective fragment 1 to knock down Tc-ace-1 

and Tc-ace-2 expression (Data from experiments with fragment 2 are provided in the supplement (Fig. 

5 supporting information).  

Hypoxia significantly reduced relative neuron survival compared with normoxic control cultures in both 

experimental series (Fig. 2A: median relative survival 0,80; Fig. 2B: median relative survival 0,78). 

Knock down of Tc-ace-1 with fragment 1 significantly increased relative neuron survival in hypoxia-

exposed cultures (median relative survival 0.97), however without reaching survival levels in normoxic 

control cultures (Fig. 2A). Knock down of Tc-ace-1 expression with fragment 2 elevated median relative 

neuron survival in hypoxia-exposed cultures from 0,77 to 0,82 (not significant, Fig. 5 A supporting 

information). RNAi-mediated suppression of Tc-ace-2 expression with fragment 1 significantly 

increased neuron survival in hypoxia-exposed cultures (median relative survival 0.89) (Fig 2B). Similar 

results were obtained after knock down of Tc-ace-2 expression with fragment 2 which increased median 

neuron survival in hypoxia from 0,84 to 0,94 (Fig. 5 B; supporting information). However, interference 

with Tc-ace-2 expression with either fragment was not sufficient to increase cell survival in hypoxia to 

the levels of normoxic cultures. In summary, dsRNA-mediated interference with Tc-ace-1 and Tc-ace-

2 expression for five days prior to hypoxia-exposure partially rescues T. castaneum primary neurons 

from hypoxia-induced apoptosis. 

 

rhEpo prevents hypoxia-induced apoptosis and elevated ace expression 

Previous studies reported anti-apoptotic effects of rhEpo on locust and beetle neurons (Miljus et al., 

2014; Hahn et al., 2017) whereas AChE was associated with pro-apoptotic activity ((Knorr et al., 2020); 

this study). In order to evaluate a potential convergence of these pro- and anti-apoptotic pathways we 

combined rhEpo and AChE-inhibitor treatment of hypoxia-exposed neurons and studied potential 

regulatory effects of rhEpo on ace expression in both L. migratoria and T. castaneum primary neuron 

cultures.  

Hypoxia-induced apoptosis of locust neurons was completely prevented by 33,3 ng/ml rhEpo, 10 µM 

NSB and combined treatment with rhEpo and NSB (Fig. 3A). Relative neuron survival was statistically 

similar in rhEpo-, NSB- and rhEpo/NSB-treated cultures indicating no additive effects of the beneficial 

compounds following combined application. The same hypoxic treatment (<0,3% O2; 36 h) that caused 

apoptotic death of primary cultured locust neurons elevated the expression of ace-1 transcript (1,47 fold 

± 0,3 Stdv) compared to normoxic control cultures (Fig. 3B). Lm-ace-1 expression was normalized to 

18s rRNA and gapdh which were not affected by hypoxia-exposure. Elevated ace-1 expression was 

prevented by neuroprotective concentration of rhEpo, indicating a link of Epo-mediated neuroprotection 

with the suppression of pro-apoptotic AChE expression during apoptogenic stress (Fig. 3B). Since 

sequence information about L. migratoria ace-2 is not available, expression of Lm-ace-2 could not be 

analysed.  
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Fig 3 rhEpo-mediated regulation of neuron survival and ace expression in hypoxia-exposed primary cultures. A,B: Experiments 

with L. migratoria primary neuron cultures. Cultures were exposed to hypoxic conditions (<0,3% O2 for 36 h) and treated with 

10 µM NSB (entire in vitro period) or/and 33,3 ng/ml rhEpo (starting 12 h before start of hypoxic period). A: Relative survival 

of primary neurons normalized to untreated normoxic controls. Hypoxia significantly decreased neuron survival. rhEpo, NSB 

and rhEpo/NSB prevent hypoxia-induced cell death and increase survival at least to the level of normoxic controls. n=7, 56.845 

cells analyzed. B: qPCR analysis of Lm-ace-1 expression in primary neuron cultures. Hypoxia increases ace-1 expression (1,47 

± 0,3 Stdv). Hypoxia-induced increase of Lm-ace-1 transcript levels is prevented by rhEpo (0,96 ± 0,1 Stdv). n=4. C,D: 

Experiments with T. castaneum primary neuron cultures. Cultures were exposed to hypoxic conditions (<0,3% O2 for 36 h) 

and treated with 10 µM NSB (entire in vitro period) or/and 0,8 ng/ml rhEpo (starting 12 h before start of hypoxic period). C: 

Relative survival of primary neurons normalized to untreated normoxic controls. Hypoxia significantly decreased neuron 

survival. rhEpo and NSB prevent hypoxia-induced cell death and increase survival to the level of normoxic controls. Combined 

treatment with rhEpo/NSB increases neuron survival in hypoxia-exposed cultures without reaching significance level. n=7, 

112.114 cells analyzed. D: qPCR analysis of Tc-ace-1 and Tc-ace-2 expression in T. castaneum primary neuron cultures. 

Hypoxia increases expression of both Tc-ace-1 (1,2 ± 0,2 Stdv) and Tc-ace-2 (1,33 ± 0,3 Stdv). rhEpo inhibited the hypoxia-

induced overexpression of Tc-ace-1 (1,05 ± 0,2 Stdv) but not of Tc-ace-2 (1,2 ± 0,1 Stdv). n=3. Statistics with pairwise 

permutation test and Benjamini-Hochberg correction. Significances are indicated by letters, with different letters depicting 

significant differences (p<0,05) 

 

In primary neuron cultures of T. castaneum hypoxia-induced apoptosis was prevented by 0,8 ng/ml 

rhEpo and by 10 µM NSB (Fig. 3C). Combined treatment with the same concentrations of rhEpo and 

NSB also increased relative neuron survival in hypoxia-exposed cultures (from 0,81 to 0,96 median 

relative survival) to the level of normoxic control cultures, but this increase did not reach significance 

level. Hypoxia (<0,3% O2; 36 h) increased the expression of Tc-ace-1 (1,2 fold ± 0,2 Stdv) and ace-2 

(1,33 fold ± 0,3 Stdv) transcripts in T. castaneum neurons (Fig. 3D). Tc-ace gene expression was 

normalized to rps3 and rps18 whose abundance remained stable during the hypoxic period. Treatment 
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of hypoxia-exposed cultures with neuroprotective concentration of rhEpo prevented the increase of Tc-

ace-1 expression (1,05 fold ± 0,2 Stdv compared with normoxic control cultures) but not the increase of 

Tc-ace-2 expression (1,2 ± 0,1 Stdv) (Fig. 3D). Thus, while hypoxia induces apoptosis and elevated 

expression of Tc-ace-1 and Tc-ace-2 in T. castaneum neurons, Epo-mediated neuroprotection correlates 

with suppressed ace-1 expression, suggesting that elevated Tc-ace-2 transcript levels alone are not 

sufficient to drive apoptosis. 

 

Fig 4 rhEpo-mediated regulation of ace expression in L. migratoria and T. castaneum neurons. Primary neuron cultures were 

depleted of serum on day 3 in vitro and exposed to protective and toxic concentrations of rhEpo for 48 h starting on day 5 in 

vitro. A: L. migratoria: 33,3 ng/ml Epo (= protective concentration) has no impact on Lm-ace-1 transcript levels. 333 ng/ml 

rhEpo (= toxic concentration) significantly increases ace-1 expression to 2,3 fold (± 0,8 Stdv) compared with untreated controls. 

n=4. B: T. castaneum: 0,8 ng/ml rhEpo (= protective concentration) decrease Tc-ace-1 and Tc-ace-2 transcript levels to 0,71 

fold (± 0,1 Stdv) and 0,69 fold (± 0,1 Stdv) respectively. 8 ng/m- rhEpo (= toxic concentration) increased Tc-ace-1 transcript 

levels (1,33 fold ±0,3 Stdv) but reduced Tc-ace-2 transcript levels (0,71 fold ±0,2 Stdv) in comparison to untreated controls. 

n=3. Statistics with pairwise permutation test and Benjamini-Hochberg correction. Significant differences (p<0,05) are 

indicated by differing letters 

 

Previous studies reported optimum-type dose-response curves for Epo-mediated protection of 

mammalian and insect neurons (Siren et al., 2001; Weishaupt et al., 2004; Ostrowski, Ehrenreich and 

Heinrich, 2011; Miller et al., 2015; Hahn et al., 2017). So far, no mechanistic explanation for toxic 

effects of high Epo concentrations mediated via homodimeric EpoR or alternative Epo receptors has 

been provided. In this context, we compared ace expression in L. migratoria and T. castaneum primary 

neuron cultures following exposure to previously established neuroprotective and toxic concentrations 

of rhEpo. Serum was removed from culture media after three days in vitro as a mild apoptogenic 

stimulus before neurons were stimulated with rhEpo for 48 h starting on day five in vitro. Stimulation 
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of locust neurons with neuroprotective concentrations of rhEpo (33,3 ng/ml) had no impact on Lm-ace-

1 expression while toxic concentrations of rhEpo (333 ng/ml) significantly increased ace-1 transcript 

levels (2,3 fold ± 0,8 Stdv) compared to untreated controls (Fig. 4A). Lm-ace-1 expression was 

normalized to 18s rRNA and gapdh that were not affected by rhEpo. In T. castaneum neurons 

neuroprotective concentrations of rhEpo (0,8 ng/ml) reduced the expression of both Tc-ace-1 (0,72 fold 

± 0,1 Stdv) and Tc-ace-2 (0,69 fold ± 0,1 Stdv) compared with untreated control cultures (Fig. 4B). 

Toxic concentrations of rhEpo (8 ng/ml) affected the expression of the two ace genes differentially, 

leading to increased Tc-ace-1 (1,33 fold ±0,3 Stdv) and decreased Tc-ace-2 (0,71 fold ±0,2 Stdv) 

transcript levels compared with untreated controls (Fig. 4B). Tc-ace gene expression was normalized to 

rps3 and rps18 whose abundance was not altered by rhEpo stimulation. Thus, toxic concentrations of 

rhEpo elevate the expression of pro-apoptotic ace-1 in both locust and beetle neurons. 
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Discussion 

AChE is an important regulator and executor of apoptosis in mammalian cells and altered presence of 

AChE is associated with various degenerative diseases and cancer (Perry et al., 2002; Hu, Gray and 

Brimijoin, 2003; Gilboa-geffen et al., 2007; Toiber et al., 2008; Abdel-Aal et al., 2021). A pro-apoptotic 

function of AChE, that parallels its role in mammals, was recently reported in the migratory locust L. 

migratoria (Knorr et al., 2020). Due to incomplete genomic information in this species only one (ace-

1) of typically two genes coding for AChE in insects has so far been identified. Hence, we extended our 

studies to the beetle T. castaneum in which expression and function of both Tc-ace-1 and Tc-ace-2 could 

be differentially studied. Previous studies suggested that Tc-AChE-1 is predominantly responsible for 

ACh hydrolysis at cholinergic synapses while Tc-ace-2 is involved in developmental processes (Lu, 

Park, et al., 2012).  

In regard to AChE isoforms by alternative splicing and alternative promotor selection in vertebrates 

(Meshorer et al., 2004; Rotundo, 2017) and reports about multiple and partly stress-induced AChE-2 

splice variants in Drosophila melanogaster (Kim and Lee, 2013; Kim et al., 2014) we explored the 

possibility of alternatively spliced T. castaneum ace-1 and ace-2. Tc-ace-1 includes two exons. Since 

exon 2 contains no start codon, only one gene product is expected from this locus. Tc-ace-2 contains 

seven exons providing the possibility for multiple alternatively spliced transcripts. qPCR-based analysis 

of pupal brains with various pairs of exon-spanning primers detected single transcripts of respective 

sizes that were expected in the absence of splicing. Detected transcripts were identical in brains of 

untreated pupae and pupae that were exposed to hypoxia for 24 h. These results suggest a single 

transcript from the Tc-ace-2 locus under both normal and physiologically challenging conditions. Since 

cyclorrhaphan flies possess only one gene for AChE (a paralogue to ace-2 of other insects) the 

previously reported alternative splicing of ace-2 in D. melanogaster may be required to generate 

different types of AChE that perform both synaptic and extrasynaptic functions (Kim and Lee, 2013).  

Survival of unchallenged and hypoxia-exposed primary neurons from L. migratoria increased with 

pharmacological inhibition of AChE (Knorr et al., 2020). This indicated a pro-apoptotic role for AChE 

in this species that parallels AChE functions in vertebrates. Hypoxia-challenged neurons of T. 

castaneum were also rescued from apoptotic cell death by AChE inhibition (this study), suggesting the 

general presence of AChE-mediated pro-apoptotic functions in insect neurons and probably other cell 

types. In contrast to unselective pharmacological inhibition of both AChE-1 and AChE-2 by two 

different inhibitors (NSB and TRB), which completely prevented hypoxia-induced cell death, RNAi-

mediated knockdown of either Tc-ace-1 or Tc-ace-2 expression rescued hypoxia-exposed neurons only 

partially (Fig. 2; Fig. 5 supporting information). Incapability of full rescue may be related to incomplete 

clearance of AChE proteins, partial functional compensation by the other AChE type or direct 

contribution of AChE types to some but not all apoptotic mechanisms. Double knockdown of both Tc-

ace-1 and Tc-ace-2 expression had no apparent effect on the survival of primary brain neurons in normal 

cultures and (unexpectedly) did not rescue neurons from hypoxia-induced apoptosis (see Fig. 6 

supporting information). Both AChE types contain conserved sequence motifs for functional esterase 

catalytic domains but Tc-AChE-2 may be catalytically less efficient than Tc-AChE-1 because of a 

narrowed entry region to the esterase region (Lu, Pang, et al., 2012). Nevertheless, reduced levels of 

either Tc-AChE-1 or Tc-AChE-2 significantly interfered with hypoxia-induced cell death, indicating 

their involvement in cellular mechanisms that promote apoptosis.  

Previous studies detected enhanced expression of Lm-ace-1 transcript in brains of hypoxia-exposed 

locusts (Knorr et al., 2020) and in vitro experiments with primary brain neurons (this study) confirmed 

upregulation of Lm-ace-1 transcripts under apoptogenic conditions. In contrast to L. migratoria, 

sequences of both ace genes are available for T. castaneum, allowing studies of the differential 
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expression of Tc-ace-1 and Tc-ace-2 in this species. Transcript levels of both ace genes were elevated 

in the brains of hypoxia-exposed T. castaneum pupae, with more pronounced and more persistently 

enhanced expression of Tc-ace-1 compared to Tc-ace-2 (Fig.1D). Similarly, enhanced expression of 

both Tc-ace-1 and Tc-ace-2 was also detected in primary brain neurons exposed to 36 h of hypoxia, 

representing a strong apoptogenic stimulus (Fig. 3C, D). Upregulation of ACHE expression under 

apoptogenic conditions has frequently been reported in mammalian cells and tissues. Here, AChE-S, 

predominantly involved in synaptic ACh hydrolysis, was typically involved (Toiber et al., 2008; Xie et 

al., 2011; Du et al., 2015). Tc-ace-1 is the predominant AChE associated with synaptic functions in T. 

castaneum while Tc-ace-2 participates in rather diffusely characterized developmental processes (Lu, 

Pang, et al., 2012; Lu, Park, et al., 2012). Our results suggest that synaptic Tc-ace-1 seems to play a 

more important role for the induction and execution of apoptosis than Tc-ace-2, since its expression is 

induced by hypoxia and toxic concentrations of rhEpo (discussed below). Locust and beetle brains and 

primary brain neurons express basal levels of AChE that may largely differ between cholinergic neurons 

and neurons that signal via the release of other transmitters. While the presence of these basal AChE 

levels does not invariantly induce apoptosis, increased ACHE expression stimulated by hypoxia or some 

other apoptogenic stimuli increases the vulnerability of the cells towards physiological insults. Similar 

to mammalian cells (Jin et al., 2004), above-normal levels of AChE seem to determine the sensitivity 

of an insect neuron to initiate apoptosis under unfavourable conditions. 

Having demonstrated an important regulatory function of AChE in apoptosis of locust and beetle 

neurons ((Knorr et al., 2020); this study) we explored the possibility that CRLF3-mediated 

neuroprotection relies on interference with pro-apoptotic functions of AChE. CRLF3 is a 

phylogenetically (from Cnidaria to humans) conserved cytokine receptor, whose endogenous ligand 

could not be identified in any species. Based on sequence comparison, CRLF3 is a class I cytokine 

receptor that shares similarities (e.g. initiates transduction via Janus kinase and STAT signalling) with 

vertebrate receptors for prolactin, growth hormone, thrombopoietin, and Epo (Boulay, O’Shea and Paul, 

2003; Liongue and Ward, 2007). Epo/CRLF3 interaction initiates antiapoptotic mechanisms in locust 

and beetle neurons (Hahn et al., 2017; Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. 

Geurten, et al., 2019) that share a number of similar characteristics with Epo-mediated protection of 

mammalian neurons and other non-hematopoietic cell types (reviews: (Genc, Koroglu and Genc, 2004; 

Leist et al., 2004). Remarkably, insect CRLF3 is activated by both rhEpo and Epo-like ligands that elicit 

protection of mammalian neurons without activation of EpoR. One of these ligands is the human Epo 

splice variant EV-3, that neither activates homodimeric EpoR nor the heteromeric EpoR/-common 

receptor, which have been implicated in mammalian cell protection (Bonnas et al., 2017; Miljus et al., 

2017). Since insects do not express Epo, EV-3, EpoR,  common receptor or any other identified 

mammalian Epo receptor, we can apply rhEpo to selectively activate CRLF3 on insect neurons in our 

experiments. The endogenous insect CRLF3 ligand is an unidentified cytokine that, like Epo in 

vertebrates, serves as hormonal signal in circulation and as a local paracrine signal in the nervous system 

and other tissues (Knorr et al., 2021). Cytokines regulate responses to exogenous and endogenous 

insults, repair and restoration of tissue homeostasis in both invertebrates and vertebrates (Beschin et al., 

2001; Liongue and Ward, 2007). 

A recent study demonstrated that cell-free locust hemolymph mediates CRLF3-dependent protection of 

both locust and beetle neurons, indicating the presence of a conserved ligand for CRLF3 in the 

circulating fluid (Knorr et al., 2021). Protective concentrations of rhEpo prevented both hypoxia-

induced apoptosis and hypoxia-induced upregulation of pro-apoptotic ace-1 expression in L. migratoria 

and T. castaneum primary neurons (Fig. 3). The neuroprotective effects of rhEpo and pharmacological 

inhibition of AChE with NSB were similar and combined treatment with both substances had no 

detectable synergistic additive effect on neuron survival in hypoxia. Together with the previous 

observation that the inhibitor of translation anisomycin prevented Epo-mediated neuroprotection of 



Chapter 2 

 

 
42 

 

primary locust neurons (Heinrich, Günther and Miljus, 2017a), these results indicate that activation of 

CRLF3 by Epo or another unknown cytokine prevents the elevated expression of AChE-1 under 

apoptogenic conditions and hence suppresses the induction and/or execution of apoptotic cell death. Our 

experiments with neuroprotective and toxic concentrations of rhEpo (for detailed discussion see below) 

confirm that apoptogenic stimuli induce elevated ace-1 expression and initiation of protective pathways 

keep ace-1 expression on basal or even lower levels. A direct regulation of AChE expression by Epo 

signalling has been demonstrated in mammalian erythrocyte progenitor cells that express classical EpoR 

(Xu et al., 2018). Epo-stimulated transduction pathways included activation of the transcription factor 

GATA-1 which induced ACHE transcription and production of erythrocytic AChE-E. In erythrocyte 

progenitor cells, expression of AChE-E was essential for survival and maturation (Xu et al., 2018). Epo 

has previously been described to activate GATA-binding transcription factors that regulate transcription 

of target genes in various cell types (Ogilvie et al., 2000; Zhao et al., 2006; Obara et al., 2008; Rogers 

et al., 2008; Jun et al., 2013). GATA transcription factors are evolutionary conserved and have been 

associated with innate immune responses (Uvell and Engström, 2007). Whether they provide the link 

between CRLF3 activation and apoptosis-suppressing restriction of ace transcription in insect neurons 

has to be demonstrated in future studies. 

 

Cell-protective concentrations of Epo and EV-3 depend on cell type, species, physiological condition of 

the cell and the type of insult in both mammals and insects (Sinor and Greenberg, 2000; Ruscher et al., 

2002; Weber et al., 2005; Hahn et al., 2017; Heinrich, Günther and Miljus, 2017a). Maximal Epo-

mediated protection of primary brain neurons is achieved with 33,3 ng/ml (compares to ~4U/ml) in L. 

migratoria and 0,8 ng/ml (compares to ~0,1 U/ml) in T. castaneum (Heinrich, Günther and Miljus, 

2017a). Instead of reaching a state of saturation, higher than optimum concentrations of Epo elicit toxic 

effects (in particular: Epo concentrations that protect locust neurons will kill beetle neurons). Optimum-

type concentration dependence of protection including toxic effects of high concentrations has been 

reported in mammalian and insect neurons (Siren et al., 2001; Chong, Kang and Maiese, 2003; 

Weishaupt et al., 2004; Ostrowski, Ehrenreich and Heinrich, 2011; Miller et al., 2015; Hahn et al., 

2017). While saturation of neuroprotective effects with increasing concentration of Epo has been 

associated with desensitization or downregulation of Epo receptors or prevention of ligand-induced 

receptor dimerization (Verdier et al., 2000; Cohen et al., 2004; Kim et al., 2017), the switch from 

protective via less protective to toxic effects of further elevated concentrations of Epo could not be 

explained. Previous studies identified 333 ng/ml (L. migratoria) and 8 ng/ml (T. castaneum) as toxic 

Epo concentrations that reduced the survival of primary brain neurons to ~80% compared to untreated 

control cultures, while species-specific optimal neuroprotective concentrations of Epo increased 

survival to ~110-120 % (Heinrich, Günther and Miljus, 2017a). In the present study, toxic concentrations 

of Epo increased ace-1 transcripts in both species while respective neuroprotective concentrations 

caused no alteration (L. migratoria) or even reduced (T. castaneum) ace expression (Fig. 4). In contrast 

to Tc-ace-1, expression of Tc-ace-2 in beetle neurons is not stimulated by toxic Epo concentrations, 

indicating a specific regulatory effect on the expression of only one of the two ace genes. The data from 

both species studied suggest that proapoptotic ace-1 is differentially regulated by low to optimal 

neuroprotective concentrations and higher toxic concentrations of Epo. How insect neurons distinguish 

neuroprotective from toxic concentrations of CRLF3 ligand is currently unknown. Moreover, protective 

concentrations seem to depend on the physiological state and other signals converging on a locust brain 

neuron since identical dilutions of hemolymph (which contains the endogenous CRLF3 ligand) switched 

from toxic to protective effects if pre-treatment with serum was omitted (Knorr et al., 2021).  

 

The data presented in this manuscript clearly identify AChE as a major driver of apoptosis in insect 

neurons. Apoptogenic stimuli (hypoxia, toxic concentrations of CRLF3 ligand) increase ace expression 

and induce cell death. Activation of CRLF3 (either by Epo or endogenous cytokine ligand) mediates 
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neuroprotection by preventing the increased expression of pro-apoptotic AChE with larger impact on 

ace-1 than on ace-2. Studies on primary brain neurons from two insect species (L. migratoria and T. 

castaneum) belonging to different taxonomic groups (Orthoptera and Coleoptera) led to similar results, 

suggesting that the observed mechanisms may be representative for insects. Since both apoptosis and 

CRLF3 are conserved throughout the animal kingdom, the processes observed in insect neurons may 

also be present in other cell types and other non-insect species. Altogether, this manuscript allows the 

connection between vertebrate and insect Epo-mediated mechanisms and is, to our knowledge, the first 

report of a connection between AChE and Epo in apoptotic mechanisms. Given that most of the results 

collected in insects on Epo functions could be replicated in mammalian cells and vice versa, it is likely 

that a similar mechanism is involved in mammalian Epo-mediated cell protection. 
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Supporting Information 

 

Tribolium ace-1 coding sequence. Fragment 1 for RNAi mediated knockdown is marked green, 

Fragment 2 is marked in blue.  

CAACGACCGTTGTGCAAATACATTAAATCCAAACAAGTGTTTAAATCATCGGCCATTCCGTTTATTTATAGGCCGCTTTGT

TGCAGAATTATTGAAAAGCGATGACGGGAGCGTGGGCGGCCTGCTTACTAGTGATTCTACTTCCCTCATGCATCCCTTCGC

CACACCGAGGCCGCCACCACCCCCCCGAGCCTCACGCCGAGGCCTACCACATGTCCCGCGACCCCTTCGACCCGCACCGG

GACTCGGAGGAGTTCCGACGAGACGCCCCGGACGACAAGCGGGAGTTTACGCGTCGCGACTCCGAAGATGATCCCCTGG

TCATCCAGACAAAGAAAGGGAAAGTCCGCGGCATCTCCCTCACGGCCGCCACGGGAAAGAAGGTCGACGCGTGGCTGGG

AATCCCCTACGCGCAGAAACCGCTCGGCAACCTCCGGTTCCGGCACCCGCGGCCTGCGGAAAAGTGGGAGGGCGTGATG

AACACGACTAGCCAGCCGAATTCCTGCGTGCAGATTATAGACACAGTGTTTGGGGATTTCCCAGGTGCGACCATGTGGAA

CCCCAACACACCGTTGAACGAAGACTGTCTTTACGTGAACGTGGTGGTGCCGAAGCCGAGGCCGACCAGTGCCGCGGTC

ATGGTGTGGGTGTTCGGGGGTGGGTTCTACTCCGGGACGAACACTTTAGAAGTTTACGACCACAACATACTAGTGTCCGA

AGAGAACATTATTTTAGTTTCGATGCAGTATAGAGTTGCTTCGCTCGGATTCCTGTATTTCGGGACGCCGGACGTTCCGGG

AAATGCAGGATTGTTTGACCAAATGATGGCGTTGCAATGGGTACGTGATAACATCGCCGCTTTCGGAGGAAACCCCAACA

ATATCACTCTATTCGGAGAATCAGCAGGAGCTGTTTCAGTCTCCCTGCATCTACTCTCTCCATTATCGAGAAACCTATTCT

CACAAGCTATCATGGAATCTGGGAGTGCGACAGCACCTTGGGCTATAATCTCCCGTGAAGAAAGCATTTTGCGAGGATTG

AGACTAGCAGAAGCTGTGGGTTGTCCGCATGAGCGCCACGAGCTTTCCGCTGTTATAGACTGCTTAAAAAAGAAAGACCC

TATTGATTTAGTCAATAACGAATGGGGAACACTCGGCATATGTGAGTCTCCGTTCGTCCCAGTCATTGATGGAGCCTTTCT

GGACGAATCCCCCACACGGGCTCTGGCAAACAAAAACTTCAAAAAAACCAATATCCTCATGGGTTCTAACACAGAAGAA

GGCTACTACTTCATAATCTACTACTTGACCGAACTGTTCCGAAAGGAGGAGAACGTTTACGTCAACCGGCAGGAATTCCT

GCGGGCTGTAACCGAACTGAACCCGTACTTCAACGCGATTTCGCGCCAAGCAATCGTCTTCGAATACACCAACTGGTTAA

ACCCCGACGACCCGGTGAGCAACCGCGACTCCCTCGATAAAATGGTAGGCGACTACCACTTCACTTGCAACGTCAACGAA

TTCGCCCACCGGTACGCCGAAACCGGCAACACGGTCTACATGTACTACTACAAGCACCGGACAGTGGCGAATCCCTGGCC

CTCCTGGACCGGCGTGATGCACGCCGACGAAATCAACTACGTCTTCGGGGAACCACTCAATCCCACTAAAAGCCACACAG

CACAAGAAGTCGATCTGAGTAAGCGAATCATGAGATACTGGGCCAATTTCGCCAAGACGGGCAACCCGAGTCAGTCGCC

GAACGGCGTTTGGACACCCACTTTCTGGCCCCCGCACACAGCTTTCGGAAGGGAGTTTCTCACCCTCGATGTCAACTCCAC

TGCCACAGGGAGGGGACCTAGACTCAAGCAGTGTGCCTTCTGGAAGAAATACCTACCTCAACTTCAGCAGCAAACGAGC

GAGCTTCTGAACCAACCGCCCCGGCAAAACTGTACCGACGCGGCCAGTTCGTTGCGATGGTCAAGAGACGGCGCTGCCG

GCCTCCTGATGGTGTCGACAGTGGCGGCGCTCCTCGCGGGGCCTTTCTAACTTAGAGAAAAGTCCGTTTAGGAGTTCCCCT

GAAGCGCATTAGAAACTAGCGCCTTGAAACATATCTCTAGTATTGTGTGTGAGGTATTCAAAATCAACACGAC 

 

Fragment 1: 
TCGGAGGAAACCCCAACAATATCACTCTATTCGGAGAATCAGCAGGAGCTGTTTCAGTCTCCCTGCATCTACTCTCTCCAT

TATCGAGAAACCTATTCTCACAAGCTATCATGGAATCTGGGAGTGCGACAGCACCTTGGGCTATAATCTCCCGTGAAGAA

AGCATTTTGCGAGGATTGAGACTAGCAGAAGCTGTGGGTTGTCCGCATGAGCGCCACGAGCTTTCCGCTGTTATAGACTG

CTTAAAAAAGAAAGACCCTATTGATTTAGTCAATAACGAATGGGGAACACTCGGCATAT 
 

Fragment 2: 
CCCGTACTTCAACGCGATTTCGCGCCAAGCAATCGTCTTCGAATACACCAACTGGTTAAACCCCGACGACCCGGTGAGCA

ACCGCGACTCCCTCGATAAAATGGTAGGCGACTACCACTTCACTTGCAACGTCAACGAATTCGCCCACCGGTACGCCGAA

ACCGGCAACACGGTCTACATGTACTACTACAAGCACCGGACAGTGGCGAATCCCTGGCCCTCCTGGACCGGCGTGATGCA

CGCCGACGAAATCAACTACGTCTTCGGGGAACCACTCAATCCCACTAAAAGCCACACAGC 

 

 

Tribolium ace-2 coding sequence. Fragment 1 for RNAi mediated knockdown is marked green, 

Fragment 2 is marked in blue.  

ATGGGTTCGAATCTCGTCGTCGTCGTGGTCGTCGTGGTGGTGGTGGTGGCGTCGCTGAGTGCTTCCGTCCGC

GCCTACTCCTGGCCCAGCGAGGAGACGACGACGCGTCCGCCCCAAGCCAGAGACTTTCACAGCGACCCGCT

GGTGGTGGAGACCACCAGCGGCCTGGCGCGGGGCAAGGCCAAGACGGTGCTGGGCCGCGAGGTGCACGTC

TTCACCGGGATTCCCTTCGCCAAGCCGCCCATCGAACAGCTGAGGTTCAGGAAGCCCGTGCCCATCGATCC

CTGGCACGGCACCTTAGATGCCACCAAGCTGCCCAACTCGTGCTACCAGGAGCGCTACGAGTACTTCCCCG

GCTTTGAGGGCGAGGAGATGTGGAACCCCAACACGAACATCTCCGAGGACTGCCTCTACCTCAACATCTGG

GTGCCCCAGCGCTTGCGCATCCGGCACCACGGCGAGAAGCTCCCCCAGGACCGGCCCAAAGTCCCCGTCCT

CGTGTGGATCTACGGCGGGGGCTACATGAGCGGCACCTCCACCCTGGACATCTACGACGCCGACATCATCG
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CCGCCACCTCCGACGTCATCGTCGCCTCCATGCAATATCGCGTGGGGGCGTTCGGCTTCCTCTACTTGAGCA

AGTACTTCCCTCGCGGCAGTGAGGAGGCGCCCGGTAACATGGGCATGTGGGACCAAGCCCTGGCCATCCGC

TGGATCAAGGAGAACGCGGCGGCCTTTGGGGGCGACCCAGACCTCATCACGCTGTTTGGGGAGTCGGCTG

GAGGCGGCTCCGTCAGCATCCTGCTCCTGAGTCCGGTTACTAAAGGCCTGGCCAGGAGGGGGATTCTGCAG

TCGGGGACTATGAACGCCCCTTGGAGTTACATGTCGGGGGAGAGGGCGCCGCAAATCGGGAAGGTCCTGG

TGGAGGACTGCGGGTGCAACGTCTCCTTGTTGGAGACGAGGCCGCATGAGGTCATTGATTGCATGAGGGCG

GTGGAGGCCAAGACGATTTCGCTGCAACAGTGGAATTCGTATTCGGGGATTTTGGGCTTCCCCTCAACGCC

TACGGTTGATGGCGTCTTCATGCCCAAGCATCCCATGGATATGCTGGCGGAAGGGGATTACGAGGATATGG

AGATCCTGGTCGGGAGTAACCAAGATGAAGGCACTTACTTCTTACTTTACGATTTTATCGATTTCTTCGAAA

AGGATGGCCCTAGCTTCCTCCAACGAGACAAATACCACGACATTATCGATACGATATTCAAAAATATGAGT

CGGTTGGAACGTGATGCCATAGTATTTCAGTATACTGATTGGGAGCACGTCAACGACGGCTACTTGAACCA

GAAAATGGTGGGCGACGTCGTCGGAGATTATTTTTTCATTTGTCCAACCAACGATTTCGCCGAGCTGGCAG

CAGAGCGCGGAATGAAAGTCTACTATTATTTTTTCACACACAGGACAAGCACGTCGTTGTGGGGCGAATGG

ATGGGGGTGATGCACGGGGATGAGATAGAATACGTGTTTGGCCATCCTTTGAACATGTCGTTGCAGTTTAA

CTCAAGGGAACGGGAACTCAGTCTGAAGATAATGCAAGCCTTTGCCAGATTTGCAGCAACGGGGAAACCA

GTGACAGACGACGTGAATTGGCCATTGTACATAAAAGACCAACCGCAGTATTTCATCTTCAACGCCGACAA

AAACGGCATCGGCAAAGGTCCTCGAGCGACAGCGTGCGCGTTTTGGAACGATTTCCTGCCCAAGCTTCGGG

ATAACCCAGGTAAATTCAATCGTTGCAGTCTGCATCATTAA 

 

Fragment 1: 

GTCTTCACCGGGATTCCCTTCGCCAAGCCGCCCATCGAACAGCTGAGGTTCAGGAAGCCCGTGCCCATCGATCC

CTGGCACGGCACCTTAGATGCCACCAAGCTGCCCAACTCGTGCTACCAGGAGCGCTACGAGTACTTCCCCGGC

TTTGAGGGCGAGGAGATGTGGAACCCCAACACGAACATCTCCGAGGACTGCCTCTACCTCAACATCTGGGTGC

CCCAGCGCTTGCGCATCCGGCACCACGGCGAGAAG 

 

Fragment 2: 

CCTCCATGCAATATCGCGTGGGGGCGTTCGGCTTCCTCTACTTGAGCAAGTACTTCCCTCGCGGCAGTGAGGAG

GCGCCCGGTAACATGGGCATGTGGGACCAAGCCCTGGCCATCCGCTGGATCAAGGAGAACGCGGCGGCCTTTG

GGGGCGACCCAGACCTCATCACGCTGTTTGGGGAGTCGGCTGGAGGCGGCTCCGTCAGCATCCTGCTCCTGAG

TCCGGTTACTAAAGGCCTGGCCAGGAGGGGGATTC 
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Fig 5 RNAi mediated knock down of Tc-ace-1 and Tc ace-2 in T.castaneum primary cell cultures. A: Knock down using Tc 

ace-1 Fragment 2 (F2) did not rescue cells from hypoxia-induced apoptosis. n=8, 93.919 cells analyzed. B: Knock down of Tc 

ace-2 using Fragment 2 (F2) significantly increased cell survival of hypoxia-challenged neurons in comparison to sole hypoxia 

exposure. Cell survival is however yet significantly reduced in comparison to control cultures. n=7, 83.710 cells analyzed. 

Pairwise permutation test with Benjamini-Hochberg correction for multiple comparison. Significances (p<0,05) are shown by 

differing letters 

 

Fig 6 Double knockdown of both Tc ace-1 and Tc ace-2 was not able to rescue T. castaneum primary neurons from hypoxia 

induced apoptosis. n=10; 248.868 cells analyzed. Pairwise permutation test with Benjamini-Hochberg correction for multiple 

comparison. Significant differences (p<0,05) are shown by differing letters  
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Locust Hemolymph Conveys 
Erythropoietin-Like Cytoprotection 
via Activation of the Cytokine 
Receptor CRLF3
Debbra Y. Knorr , Denise Hartung , Kristin Schneider , Luzia Hintz , Hanna S. Pies  and 
Ralf Heinrich  *

Department of Cellular Neurobiology, Johann-Friedrich-Blumenbach Institute for Zoology and Anthropology,  
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The cytokine receptor-like factor 3 (CRLF3) is an evolutionary conserved class 1 cytokine 
receptor present in all major eumetazoan groups. Endogenous CRLF3 ligands have not 
been identified and the physiological responses mediated by mammalian CRLF3 are 
poorly characterized. Insect CRLF3 is activated by erythropoietin (Epo) and several related 
molecules that protect mammalian neurons from stress-induced apoptosis. However, 
insects neither express Epo nor “classical” Epo receptor. Cell-protective effects of insect 
hemolymph have been described for several species. In this study, we explored the 
possibility that the endogenous CRLF3 ligand is contained in locust hemolymph. PCR 
analyses confirmed expression of crfl3-transcripts in neurons and hemocytes of Locusta 
migratoria and Tribolium castaneum. Survival of locust hemocytes in primary cultures was 
significantly increased by supplementation of culture medium with locust hemolymph 
serum. Locust primary neuron cultures were also protected by locust hemolymph, though 
preceding exposure to fetal bovine serum changed the hemolymph dose-dependency 
of neuroprotection. Direct comparison of 10% hemolymph serum with recombinant human 
Epo in its optimal neuroprotective concentration revealed equivalent anti-apoptotic effects 
on hypoxia-exposed locust neurons. The same concentration of locust hemolymph serum 
also protected hypoxia-exposed T. castaneum neurons. This indicates that the 
neuroprotective factor in locust hemolymph is sufficiently conserved in insects to allow 
activation of neuroprotective receptors in different species. Locust hemolymph-induced 
neuroprotection in both L. migratoria and T. castaneum was abolished after RNAi-mediated 
suppression of crlf3-expression. In summary, we report the presence of a conserved 
endogenous cytokine in  locust hemolymph that activates CRLF3 and connected anti-
apoptotic processes in hemocytes and neurons. Identification and characterization of the 
CRLF3 ligand will promote knowledge about cytokine evolution and may unravel cell-
protective agents with potential clinical application.

Keywords: cytokine receptor-like factor 3, hemolymph, cytokine, cytoprotection, neuroprotection, hemocytes, 
neurons, insect
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INTRODUCTION

Insect hemolymph contains multiple cell types, suspended in 
a protein-rich liquid plasma, that circulates through the body 
cavity of the organism (reviewed by Douglas and Siva-Jothy, 
2013; Hillyer and Pass, 2020). Propelled through an open 
circulatory system by a contractile dorsal vessel and accessory 
pulsatile organs, hemolymph directly contacts most insect tissues. 
However, metabolic exchange with the central nervous system 
is restricted and regulated by the “hemolymph-brain-barrier,” 
consisting of surface glia interconnected by septate junctions 
(reviewed by Weiler et  al., 2017). Hemolymph and hemocyte 
functions are largely similar to those of vertebrate blood, 
including transport of metabolites and hormones, maintaining 
homeostasis (pH, osmolarity, water balance, and ion composition), 
sealing of wounds, and serving immune functions among others. 
In contrast to the mammalian acquired immunity involving 
specific antibodies and memory cells, insects rely on innate 
immune functions to neutralize various kinds of pathogens 
(Lavine and Strand, 2002; Siva-Jothy et al., 2005; Strand, 2008). 
Immune responses in mammals and insects are balanced by 
cytokines that either promote or dampen defensive cellular 
reactions. Hemolymph proteins involved in immune functions 
and adaptation to environmental challenges are synthesized 
and released into the circulation by the fat body, midgut, 
endocrine glands such as corpora allata or the corpora cardiaca, 
neurosecretory cells, hemocytes, and other organs (Arrese and 
Soulages, 2010; Oda et al., 2010; Roma et al., 2010; Hoshizaki, 2013;  
Kodrík et  al., 2015).

Several hemolymph proteins directly interfere with invading 
pathogens (anti-microbial peptides; reviewed by Yi et  al., 
2014; Wu et  al., 2018) or activate hemocytes to neutralize 
pathogens by various mechanisms (plasmatocyte spreading 
peptides, growth blocking peptides, and paralytic peptides; 
Strand, 2008; Duressa et al., 2015). Other hemolymph proteins 
initiate physiological adaptations of insect tissues, supporting 
cell survival and functionality in challenging conditions. 
Previous publications have reported protective and anti-
apoptotic effects of insect hemolymph on various cell types. 
Studies with Bombyx mori hemolymph demonstrated beneficial 
effects on lepidopteran cells and various rodent and human 
cell lines (Rhee and Park, 2000; Rhee et  al., 2002; Park 
et  al., 2003; Kim et  al., 2004; Yu et  al., 2013). A group of 
approximately 30 proteins (named 30K protein family due 
to their molecular sizes around 30  kDa) was identified to 
promote cell survival, with individual proteins contributing 
some portion of the protective effects (Kim et  al., 2001, 
2003, 2004; Rhee et  al., 2002; Park et  al., 2003; Zhong et  al., 
2005; Yu et  al., 2013; Pakkianathan et  al., 2015). Protective 
effects of these 30K proteins seem to be  mediated (at least 
to a large extent) by adhesion to cellular membranes rather 
than by activation of a particular receptor. In addition to 
lepidopteran species, beneficial effects of hemolymph on the 
survival and neurite regeneration of insect neurons have been 

reported in  locusts and cockroaches (Howes et  al., 1991; 
Kirchhof and Bicker, 1992).

Cytokines are involved in responses to exogenous and 
endogenous insults, repair and restoration of tissue homeostasis 
in both invertebrates and vertebrates (Beschin et  al., 2001; 
Liongue and Ward, 2007). Various insect cytokines and cytokine-
like factors have been identified (e.g., growth blocking peptide, 
spätzle, unpaired, vago, insect chemotactic peptide, stress 
responsive peptide, and diedel) to activate specific cytokine 
receptors (e.g., domeless, toll, and growth blocking peptide 
receptor) or interact with cell surface carbohydrate patterns 
(Zanetta et al., 1996; Welchman et al., 2009; Ghezzi and Conklin, 
2013; Kingsolver et  al., 2013; Tsuzuki et  al., 2014; Lamiable 
et  al., 2016). Though cytokines typically share little sequence 
similarities between animal groups (Liongue and Ward, 2007), 
some invertebrate cytokines can activate mammalian cytokine 
receptors, e.g., sponge-derived cytokines activate thrombopoietin 
receptor and/or erythropoietin (Epo) receptor (Watari et  al., 
2019). Particular cytokines often activate different receptors, 
receptors may be  activated by multiple cytokine ligands and 
cytokine receptor diversity is increased by formation of homo- 
and heteromeric receceptor complexes with different 
stoichiometry of subunits (Liongue et  al., 2016). The flexible 
or loose match between cytokines and cytokine receptors within 
and across species appears to be  a common characteristic of 
cytokine signaling that may result from a common evolutionary 
origin (Huising et  al., 2006).

We have recently reported the expression of the cytokine 
receptor, cytokine receptor-like factor 3 (CRLF3), in hemocytes 
of Locusta migratoria (Hahn et  al., 2019). CRLF3 is an orphan 
class I cytokine receptor that shares similarities with vertebrate 
receptors for prolactin, growth hormone, thrombopoietin, and 
Epo (Boulay et  al., 2003; Liongue and Ward, 2007). While 
most class 1 cytokine receptors are exclusively present in 
vertebrates, CRLF3 is highly conserved throughout eumetazoan 
species ranging from cnidarians to humans (Hahn et al., 2019). 
Despite the absence of Epo or recognized Epo receptors in 
insects, recombinant human Epo (rhEpo) protects cultured 
insect neurons from apoptotic cell death (Miljus et  al., 2014; 
Hahn et al., 2017; Heinrich et al., 2017) and promotes regeneration 
of neurites in vitro and in vivo (Ostrowski et al., 2011). CRLF3 
was identified as the neuroprotective receptor activated by 
rhEpo in the orthopteran L. migratoria and the coleopteran 
Tribolium castaneum (Hahn et  al., 2017, 2019). Similar to 
Epo-mediated neuroprotection in vertebrates (Brines and Cerami, 
2005; Zhang et  al., 2014; Ostrowski and Heinrich, 2018), anti-
apoptotic effects in insect neurons are mediated by janus kinase/
signal transducer and activator of transcription (JAK/STAT) 
transduction (Miljus et  al., 2014). Activation of insect CRLF3 
by human Epo and several other molecules that mimic its 
neuroprotective functions in mammals indicates structural 
similarities between the ligand-binding domains of mammalian 
tissue-protective Epo receptors and insect CRLF3. Nonetheless, 
CRLF3 is still considered as an orphan receptor since its 
endogenous ligand has not been identified in any organism 
expressing the receptor. Expression of CRLF3  in insect brains, 
muscle, and hemocytes (Hahn et  al., 2019) parallels the 

Abbreviations: Epo, Erythropoietin; rhEpo, Recombinant human Epo; HL, 
Hemolymph; dHL, Denatured hemolymph.
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multi-tissue-expression of its mammalian orthologues (Yang 
et al., 2009) and suggests both local tissue-specific and systemic 
functions. The endogenous ligand must be  present in both 
the nervous system and the hemolymph, suggesting its production 
on both sides of the hemolymph-brain-barrier. The ligand, 
like Epo in mammals, might activate CRLF3  in various tissues 
to mediate general cell protection.

In the present study, we  investigated the cytoprotective 
potential of locust hemolymph by using the previously described 
protective effects of rhEpo as comparison. We show expression 
of crfl3 in brain and hemocytes of L. migratoria and T. castaneum. 
In vitro experiments on primary cell cultures reveal dose-
dependent anti-apoptotic effects of cell-free L. migratoria 
hemolymph on locust hemocytes and neurons. Locust 
hemolymph also protected T. castaneum neurons. 
Neuroprotection in both locust and beetle neurons was mediated 
by CRLF3 and was similar to previously reported rhEpo 
protection. These results indicate the presence of a conserved 
CRLF3 ligand in insect hemolymph that initiates protective 
mechanisms in different cell types.

MATERIALS AND METHODS

Studies were performed with the migratory locust L. migratoria 
and the red flour beetle Tribolium castaneum. Locusts were 
purchased from a commercial breeder (HW-Terra; 
Herzogenaurach, Germany) and maintained at 24°C; 55% 
humidity with a 12/12  h  day/night cycle. T. castaneum were 
maintained on full grain flour and yeast in plastic boxes at 
27°C and 40% humidity.

Hemolymph Extraction From Locusts
Adult locusts were cooled at 4°C for 10 min. Cold-anesthetized 
animals were fixed dorsal side down on clay without injuring 
the animal. Seven-hundred microliter ice cold anticoagulation 
solution (ACS; 98 mM NaOH, 186 mM NaCl, 17 mM Na2EDTA, 
41  mM citric acid, pH 4.5) was slowly injected into the lower 
abdomen. After incubating for 1  min, a small incision was 
made at the injection site and the hemolymph (~1  ml) was 
extracted with a Pasteur pipette. Collected hemolymph (HL) 
and ACS mix was transferred to an Eppendorf tube containing 
500  μl ice cold ACS. The mixture was centrifuged at 500 x 
g for 5  min. The cell-free serum was transferred to a fresh 
Eppendorf tube. HL of different animals (up to 100) was pooled 
and sterile filtered (0.20  μm syringe filter; Merck, Darmstadt, 
Germany) twice to ensure sterility and to avoid conglomerates 
in the sample.

In order to separate proteins of HL samples from ACS, the 
HL/ACS mixture was purified by molecular weight cut off 
(MWCO) filters (Cut off 5,000  Da; Corning, New  York, 
United  States). HL/ACS was transferred into sterile (sterilized 
through 24 h UV-light exposure) MWCO filters and centrifuged 
at 4000 x g for up to 3 h until samples were highly concentrated. 
To ensure full ACS elimination from samples, concentrated HL 
was diluted 1:5  in phosphate-buffered saline (PBS) and respun 

in MWCO filters. This procedure was repeated four times. Samples 
of HL/ACS extract, MWCO filter flow through and purified 
HL containing hemolymph proteins were analyzed by 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
electrophoresis. Filter flow through contained no significant 
amounts of protein (data not shown) indicating little loss of 
proteins during the purification and buffer exchange procedure. 
Purified HL was aliquoted á 100  μl and stored at −20°C until 
further usage as experimental supplement to cell culture medium.

Heat Denaturation of HL
To evaluate if cell protective effects of HL were due to a 
protein or a peptide, HL was subjected to heat denaturation. 
Eppendorf cups containing 1  ml HL were immersed in a 
temperature-controlled water bath at either 63 or 103°C (to 
compensate for isolation by the Eppendorf cup) for 10  min. 
Denatured HL (dHL) was centrifuged for 10  min at 1000 x 
g in order to spin down precipitated proteins. Supernatant 
was transferred to a fresh tube and cooled on ice. dHL was 
stored at −20°C until further usage.

Hemocyte Culture
Adult locusts were cold-anesthetized for 10  min at 4°C. Cell 
culture plates (Ø 3  cm; Corning, New  York, United  States) 
were equipped with 1  cm coverslips (Hartenstein, Würzburg, 
Germany). Coverslips were coated with Concanavalin A (Sigma-
Aldrich, Munich, Germany) for 1  h and subsequently washed 
three times with PBS. Each experiment contained hemocytes 
of only one animal that were allocated to differently 
treated cultures.

Hemolymph was collected from cooled locusts and hemocytes 
were separated from serum by centrifugation as described 
above. Serum was discarded and the cell pellet was resuspended 
in 1 ml sterile ACS. Cell suspension was centrifuged for 5 min. 
Supernatant was discarded and hemocytes were resuspended 
in 1  ml basal Grace insect medium (Gibco, Life Technologies, 
Darmstadt, Germany) +5% penicillin/streptomycin (P/S; 
10,000  units/ml penicillin and 10  mg/ml streptomycin, Sigma-
Aldrich, Munich, Germany) +5% Amphotericin B (AmphoB; 
Gibc, 250  μg/ml, ThermoFisher Scientific, Osterode am  Harz, 
Germany). Cells were centrifuged and supernatant was discarded. 
The cell pellet was resuspended in 1 ml Grace + P/S + AmphoB 
and 10  μl of cell suspension was used for cell counting with 
a Neubauer Improved counting chamber (0.1  mm depth; 
Marienfeld Superior, Lauda-Königshofen, Germany). Cell 
suspension was centrifuged one last time and resuspended in 
fresh medium. 25,000 cells per coverslip were seeded. Cells 
were let to settle and attach to the coverslip for 2  h before 
dishes were filled with 500  μl cell culture medium. Cultures 
were maintained at 27°C in normal atmosphere. First medium 
change was performed the next day, subsequently medium 
was exchanged every 2nd day.

Treatment of Hemocyte Cultures
Hemocyte cultures were established as described above. Right 
after establishment, hemocyte cultures were maintained in 
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either basal Grace insect medium, 100% HL, 50% HL mixed 
with Grace medium or in Grace medium supplemented with 
33.3  ng/ml recombinant human Epo (rhEpo/Epo). Cells were 
maintained for 7 days (respective culture medium was renewed 
on in vitro day 1, 3, and 5), fixed in 4% paraformaldehyde 
and prepared for cell survival analysis (see below).

Locust and Beetle Neuron Culture
Primary neuron cultures were established from 5th instar 
locust nymphs (previously described by Miljus et  al., 2014; 
Hahn et  al., 2019; Knorr et  al., 2020) or late beetle pupae 
(previously described by Hahn et  al., 2017). In brief, two 
locust brains or 20 beetle brains per culture were dissected. 
Brains were washed three times in Leibowitz 15 medium 
(L15; Gibco, Life Technologies, Darmstadt, Germany) and 
supplemented with 1% P/S and 1% AmphoB. L15 with 
antibiotics lacking any additional additives will be  referred 
to as “basal L15 medium” throughout the manuscript. Insect 
brains were then transferred to an enzyme mix containing 
Collagenase/Dispase (2  mg/ml; Sigma-Aldrich, Munich, 
Germany) for 30  min (locust) or 45  min (beetle) at 27°C. 
Digestion was stopped by washing the brains three times in 
Hanks balanced salt solution (Gibco, Life Technologies, 
Darmstadt, Germany). Subsequently, brains were mechanically 
dissociated by repeated pipetting until no chunks of tissue 
remained. Dissociated neurons were centrifuged down, washed 
once with medium, and centrifuged again. Cells were 
resuspended in 100  μl/coverslip cell culture medium and 
plated on Concanavalin A coated 1  cm coverslips. Cells were 
let to rest for 2  h and dishes were subsequently filled up 
with medium supplemented with 5% fetal bovine serum gold 
(FBSG/FBS; PAA Laboratories GmbH, Pasching, Austria), a 
natural serum with individual ingredients first separated and 
then recomposed in a defined composition. All experiments 
were performed with the same Lot of FBS. Cells were maintained 
at 27°C in normal atmosphere and medium was changed 
every other day.

Dose-Dependent HL Effect on Neuronal 
Survival
To determine potential effects of HL on locust in vitro neuronal 
survival, HL was mixed in different proportions with culture 
medium. Four primary neuron cultures per experiment were 
established as described above and kept at 27°C throughout 
the experiment. Neuron cultures were physiologically challenged 
to different degrees in three variations of the experimental  
protocol.

Cell Survival in Unchallenged Conditions
All neuron cultures were initially cultured in basal L15 medium 
with 5% FBSG supplementation for 2  days, to support their 
transition to in vitro conditions. After this initial period, cultures 
were exposed for 3  days to basal L15 medium without FBSG 
(control) or culture medium with either 10, 25, or 50% HL 
supplementation. After 5  days in vitro, neurons were fixed 
and prepared for survival analysis.

Cell Survival Without Initial FBSG Treatment
Neuron cultures were maintained in basal L15 medium for 
2 days. Subsequently cells were treated with basal L15 medium 
(control) or either 10, 25, or 50% HL in L15 for another 
3  days before fixation and analysis.

Cell Survival in Hypoxia
Cultures were established as described above and maintained 
in medium supplemented with 5% FBSG for 4  days. On in 
vitro day 5, cultures were treated with basal L15 medium 
(hypoxia control) or either 50, 25, 10% HL or 33.3  ng/ml 
Epo diluted in L15 medium before being exposed to hypoxia 
12 h later. One additional culture in basal L15 medium remained 
in standard atmospheric conditions (normoxia control). Neurons 
were maintained in hypoxic conditions (O2  <  0.3%; Hypoxia 
Incubator Chamber, STEMCELL™, Cologne, Germany) for 
36  h. Subsequently cells were fixed and prepared for 
survival analysis.

Experiments with neuron cultures from T. castaneum were 
performed in a similar way; however, six differently treated 
cultures were compared in each experiment. On day 5 in vitro 
(12 h before being exposed to hypoxia for 36 h), three cultures 
were treated with either 0.25, 1, or 10% locust HL diluted in 
basal L15 medium. A fourth culture was treated with 3.33  ng/ml 
Epo. Normoxic and hypoxic control cultures in basal L15 
medium were run for comparison with treated cultures as 
described above.

Involvement of CRLF3 in HL-Mediated 
Neuroprotection
To analyze if neuroprotective effects of HL were mediated by 
CRLF3, soaking RNAi was performed on primary neuron 
cultures to knockdown either locust or beetle crlf3 expression. 
Soaking RNAi was established previously for both species used 
in this study (Hahn et al., 2017, 2019). In the original publications, 
we  validated the specificity of the knockdown by targeting 
two non-overlapping fragments of locust Lm-crlf3 and beetle 
Tc-crlf3 with different dsRNA molecules. In this study, Lm-crlf3 
Fragment 1 and Tc-crlf3 Fragment 2 from the previous studies 
were used. Four cultures of either locust or beetle neurons 
were established as described above. One culture was treated 
with dsRNA (10 ng/μl) targeting crlf3 immediately after culture 
establishment. FBSG was removed from cell culture media on 
day 4. On day 5, two cultures, one untreated and one dsRNA-
treated, were exposed to 10% HL diluted in basal L15 medium. 
Twelve hours later, the treated cultures and one untreated 
culture (hypoxia control) were exposed to hypoxia (O2 < 0.3%) 
for 36  h. One additional neuron culture was kept in normoxic 
conditions (normoxia control) for the same time. Cells were 
subsequently fixed and analyzed for cell survival.

Effects of Heat-Denatured HL on Neuron 
Survival
To evaluate if cell-protective effects were retained after heat 
denaturation of HL, neuron cultures were established, 
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maintained, and exposed to hypoxia as described above. 
Five cultures were established and maintained in basal L15 
medium supplemented with 5% FBSG for 4  days in vitro. 
Four cultures were treated with basal L15 medium (hypoxia 
control) or basal medium supplemented with either 10% 
HL, 10% dHL after exposure to 60°C or 10% dHL after 
exposure to 100°C, respectively, on day 5, 12  h before onset 
of hypoxia (O2  <  0.3%) for 36  h. One additional neuron 
culture was kept in normoxic conditions (normoxia control) 
for the same time. Cells were subsequently fixed and prepared 
for cell survival analysis.

Cell Survival Assessment
Both hemocyte and neuron survival was analyzed as described 
previously (Miljus et  al., 2014; Hahn et  al., 2017, 2019). After 
fixation, coverslips with attached cells were washed (5  min 
per step) three times in PBS followed by two wash steps in 
PBS/0,1% Triton-X-100 (PBST). Cells were stained with Dapi 
(1:1000 in PBST; Sigma-Aldrich; Munich, Germany) for 30 min 
in the dark. Subsequently, coverslips were washed five times 
in PBS before mounting on microscopy slides in DABCO 
(Roth, Karlsruhe, Germany).

Coverslips were imaged with an epifluorescence microscope 
(Zeiss Axioskop; Oberkochen, Germany; 40x objective was used 
for locust neurons or hemocytes, 63x oil objective was used 
for tribolium neurons) equipped with a Spot CCD camera 
(Invisitron, Puchheim, Germany). Non-overlapping series of 
photographs passing the center of the coverslip to the left and 
the right were taken from all cultures (~80 pictures per locust 
culture and ~120 pictures per tribolium culture). Cells were 
manually scored as intact or dead/dying on the basis of Dapi-
fluorescence pattern reflecting nuclear chromatin structure. The 
scorer was blinded with respect to the culture treatment during 
counting. Cell counting was supported by ImageJ Cell counter 
plug-in (Fiji ImageJ by NIH) as described elsewhere  
(Miljus et  al., 2014; Hahn et  al., 2019; Knorr et  al., 2020).

Statistical Analysis
Ratios of the numbers of intact and dead/dying cells of 
individual cultures were normalized to the respective untreated 
control cultures of the same experiment, providing the relative 
portion of surviving cells within the experiment. Data were 
analyzed using R studio Version 1.2.1335 (RStudio Team, 
2015; R Core Team, 2019) employing pairwise permutation 
test included in packages “coin” and “rcompanion” (Hothorn 
et  al., 2006, 2008; Mangiafico, 2019). Data are presented in 
box plots displaying the upper and lower quartiles and the 
medians. Whiskers represent 1.5x interquartile range. Single 
data points are shown by circles. Benjamini-Hochberg correction 
was applied to avoid false positives resulting from 
multiple comparisons.

SDS-PAGE
To visualize the protein composition of HL, SDS-PAGE analysis 
was performed. Protein concentrations were measured by 
Bradford assay (Bradford solution; PanReac AppliChem, 

Darmstadt, Germany). For all samples, 50  μg protein was 
denatured at 75°C for 10  min in 2X Lämmli buffer (Sigma-
Aldrich, Munich, Germany). Ten percent acrylamide (Sigma-
Aldrich, Munich, Germany) gels were cast and samples were 
run in the Bio-Rad™ Mini Protean System (Bio-Rad™, 
Feldkirchen, Germany) for 30 min at 70 V followed by 60 min 
at 120  V. PageRuler Plus Prestained Protein ladder (Thermo 
Fisher Scientific, Osterode am Harz) was used as size reference. 
Gels were stained in InstantBlue™ Coomassie Protein Stain 
(Abcam, Cambridge, United  Kingdom) over night and imaged 
using the iBright CL1500 Imaging System (Thermo Fisher 
Scientific, Osterode am Harz, Germany). SDS-PAGEs were run 
as controls for HL purification and for heat denatured HL to 
validate protein denaturation.

RT-PCR
Locust and T. castaneum brains and locust hemocytes were 
extracted and collected as described above. T. castaneum 
hemocytes were collected from pupae by puncturing their 
lower abdomen. Forty punctured pupae were transferred to 
0.5  ml Eppendorf cups with small holes in their bottom. 
This cup was then placed into a larger 1.5  ml Eppendorf 
cup containing 10 μl ACS. This composition was centrifuged 
for 10  min at 12,000 x g in order to collect the hemolymph 
in the bigger cup. Hemolymph diluted in ACS was then 
centrifuged at 5000 x g for 10  min to spin down hemocytes. 
Serum was discarded and hemocytes were subjected to RNA 
isolation. RNA from all cell types studied was isolated by 
a modified Trizole (Sigma-Aldrich, Munich, Germany) 
protocol (described by Knorr et  al., 2020). In brief, tissue 
was disrupted in Trizole reagent, aided by the Tissue Lyser 
LT (Qiagen, Hilden, Germany) and a 3  mm stainless steel 
bead. Two-hundred microliter chloroform (Labsolute, Th. 
Geyer, Renningen, Germany) was added and samples were 
incubated for 15  min on ice. Samples were subsequently 
centrifuged for 15  min at 12,000 x g at 4°C. The resulting 
translucent phase was transferred to a fresh Eppendorf cup 
and mixed with ice cold 75% EtOH. Samples were then 
incubated at −20°C for at least 1  h before centrifuging for 
10  min at 10,000 x g. RNA pellets were washed three times 
in 75% ice cold EtOH before airdrying. RNA concentrations 
were measured using NanoDrop  1,000 (Thermo Scientific, 
Schwerte, Germany). One microgram RNA was transcribed 
into cDNA using the LunaScript™ RT SuperMix Kit (New 
England BioLabs, Ipswich, MA, United  States) according to 
the manufacturer’s instructions.

Reverse transcription polymerase chain reactions (RT-PCRs) 
were run for amplification of both tribolium and locust crlf3. 
Locust 18S rRNA and tribolium α-tubulin were amplified as 
housekeeping genes (primer sequences listed in Table  1; Lm-
crlf3 was previously published in Hahn et  al., 2019, Lm-18s 
was published in Knorr et al., 2020, and Tc-crlf3 was published 
in Hahn et al., 2017). (−)RT controls were always run together 
with genes of interest. RT-PCR (program in Table  2) was run 
with GoTaq Green Master Mix (Promega, Germany) in a final 
reaction volume of 25  μl.
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PCR products were run on 1% agarose gels containing 
Roti®-GelStain (Roth, Karlsruhe, Germany) for 45 min at 75 V. 
Gels were imaged using the iBright CL1500 Imaging System, 
(Thermo Fisher Scientific, Osterode am  Harz, Germany).

RESULTS

Locust Hemolymph Promotes Survival of 
Hemocytes in Primary Culture
We aimed to study the potential anti-apoptotic effects of locust 
hemolymph. As a first step, we investigated effects on hemocytes, 
the cells that naturally are directly exposed to signals that 
circulate within the hemolymph serum. Hemocyte cultures 
from L. migratoria contained cells with heterogeneous appearance 
(Figure 1C), many of which could be identified as granulocytes 
and plasmatocytes. Dapi stainings of hemocytes revealed variable 
morphologies of nuclei (Figure  1D). Intact and dead/dying 
hemocytes could be  distinguished by chromatin condensation 
visualized by DNA-associated Dapi fluorescence, as described 
previously for insect neurons and other cells. CRLF3 has 
previously been identified as a neuroprotective receptor in L. 
migratoria and T. castaneum. RT-PCR analysis revealed expression 
of Tc-crlf3 in both brain cells and hemocytes (Figure  1A). 
Both lanes contained amplicons of expected size (527 bp) which 
were absent in (−)RT controls. Similarly, Lm-crlf3 transcripts 
were detected in both brain tissue and hemocytes of L. migratoria 
(Figure 1B) indicated by amplicons of expected sizes (323 bp). 
PCR-products related to crlf3 and 18s rRNA were absent in 
(−)RT controls.

We then evaluated the effect of locust hemolymph on 
hemocyte survival in standard culturing conditions. Locust 
hemocyte cultures were prepared and maintained for 7  days 
in vitro either in basal Grace medium, pure cell-free locust 
hemolymph, 50% locust hemolymph diluted in Grace medium 
or medium supplemented with 33.3 ng/ml Epo. Treatment with 
either hemolymph concentration significantly increased cell 
survival in comparison to control cultures (p < 0.05, respectively; 
Figure  1E). Both 100 and 50% hemolymph increased the 

relative survival to a relative median of 1.4 and 1.2, respectively. 
Epo did not alter cell survival in comparison to either control 
or treatment groups.

Effects of Locust Hemolymph on the 
Survival of Locust Neurons in Primary 
Culture
Hemolymph and hemocyte cultures contain a heterologous mix 
of different cell types that rapidly change their physiological 
properties in response to pathogens and injury (reviewed in 
Hillyer and Pass, 2020). Since both hemocytes and brain neurons 
express CRLF3, we selected the well-characterized neuron culture 
system for further studies. In a first series of experiments, locust 
primary brain cell cultures were initially maintained in culture 
medium supplemented with 5% FBS for 2  days, followed by 
another 3  days with differing treatments. As expected (and 
previously reported by Ostrowski et al., 2011), 5% FBS significantly 
increased neuron survival compared to cultures in basal L15 
medium (p  <  0.05; Median 1.5; Figure  2A). Treatment with 
HL evoked a dose-dependent effect on relative survival. Fifty 
percent HL significantly decreased neuron survival in comparison 
to control cultures (p  <  0.01) to a median of 0.49. Treatment 
with 25% HL also decreased cell survival (p  <  0.05; Median: 
0.59), while supplementation of medium with 10% HL did not 
significantly change cell survival and rather suggested weak 
promotion of cellular survival (Median 1.02).

Transition of neurons from intact brains into dissociated 
culture conditions represents a major physiological challenge 
since it involves disruption of neurites and adjustment to a 
new environment. FBS supports these adjustments but may 
initiate prolonged physiological mechanisms that outlast the 
period of its presence in the culture medium. In a second 
series of experiments, primary neuron cultures were initially 
maintained in FBS-free culture medium for 2 days before being 
exposed to different concentrations of HL for another 3  days. 
Omitting FBS reduced the total number of surviving neurons 
in basal L15 medium to less than 5%, compared to ~30% 
intact neurons in cultures that received FBS treatment during 
the first 2  days in vitro. Exposure of FBS-free cultures to 50, 
25, and 10% HL significantly increased relative neuron survival 
compared to control cultures maintained in basal L15 culture 
medium (p < 0.01 for all HL concentrations tested; Figure 2B). 
Medians of relative survival were 7.88 for 50% HL, 7.98 for 
25% HL, and 5.57 for 10% HL. Although there was a tendency 
for weaker neuroprotection in culture medium supplemented 
with 10% HL (compared to 25 and 50% HL), relative survival 
of neurons was not significantly different between HL 
concentrations applied.

TABLE 1  |  Oligonucleotides used in this study.

Gene Sequence 5' – 3' FWD Sequence 5' – 3' REV Accession no

Lm-crlf3 GGAACCAGTCACTCTGCGAG CGAATATTACCCCAGGCTGGAG MN245516
Lm-18s CATGTCTCAGTACAAGCCGC TCGGGACTCTGTTTGCATGT AF370793
Tc-crlf3 CGATTGTTATGTGGGCGCAGAGAC GAGTCAGTATTGATACGTGTAACA LOC661093
Tc-α-tubulin CGCCAATAACTACGCCAGAG CGAACGAGTGGAAAATCAAGAA LOC656649

TABLE 2  |  PCR program for amplification of Tribolium castaneum and Locusta 
migratoria crlf3.

Step Time (s) Temperature (°C)

Initial denaturing 3 min 95
Denaturing 30 95

30 xAnnealing 30 61
Elongation 30 72
Final elongation 5 min 72
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Hemolymph Suppresses Hypoxia-Induced 
Apoptosis in Primary Locust Brain 
Neurons via CRLF3 Activation
In order to evaluate if HL factors interfere with apoptotic 
processes, we  exposed locust primary neurons to hypoxia 
(O2  <  0.3% for 36  h), which was previously demonstrated to 
initiate apoptotic cell death (Miljus et  al., 2014; Knorr et  al., 
2020). Based on the results from experiments with FBS-free 
culture medium (Figure  2B), 50% HL and 25% HL were 
initially selected for these experiments. As shown in Figure 3A, 
hypoxia significantly decreased the relative proportion of intact 
neurons compared with normoxic control cultures (p  <  0.05). 
Hypoxia-induced cell death was not prevented by supplementation 
of culture medium with 25% HL and 50% HL. Fifty percent 
HL rather further decreased neuronal survival (p  <  0.01 to 
control). However, 25% HL was clearly less deleterious for 
hypoxia-exposed neurons than 50% HL (p  <  0.05–50% HL) 
and median relative survival was between normoxic and hypoxic 
controls (Figure  3A).

Given that the previous experiments suggested a dose-
dependent effect of HL treatment toward better survival with 
lower HL concentrations, the experiments were repeated with 
10% HL supplementation. For comparison, additional cultures 
were treated with 33.3 ng/ml Epo, which was previously shown 
to prevent hypoxia-induced apoptosis (Miljus et  al., 2014; 
Heinrich et  al., 2017; Hahn et  al., 2019). Hypoxia significantly 
decreased cell survival in comparison to normoxic controls in 
basal L15 culture medium (p  <  0.05; Figure  3B). Treatment 
with both Epo and 10% HL rescued cells from hypoxia-induced 
apoptosis (p  <  0.05  in both cases) even leading to slightly 
(though not statistically significant) increased relative neuron 
survival compared with normoxic control (Medians: Epo 1.03 
and 10% HL 1.2). Hence, 10% HL was at least as effective in 
suppressing hypoxia-induced apoptosis as Epo in its optimal 
dosage. In order to determine whether HL, like Epo (Hahn 
et  al., 2017, 2019), mediates neuroprotection via activation of 
CRLF3, Lm-crlf3 expression was knocked down by soaking 
RNAi. RNAi was achieved by addition of 10  ng/μl dsRNA to 

A

C

D

E

B

FIGURE 1  |  Characterization of hemocyte  cultures. (A) Reverse transcription polymerase chain reaction (RT-PCR) analysis demonstrates Tc-crlf3 expression in T. castaneum 
brain tissue (B) and hemocytes (H). The PCR product has the expected size of 527 bp for crlf3 amplification. α-Tubulin (αTub) was used as control with a predicted amplicon of 
128 bp. (−)RT controls were negative (see right gel panel). (B) RT-PCR reveals Lm-crlf3 transcript in L. migratoria brain (B) and hemocytes (H). Both samples show clear bands 
for Lm-crlf3 at the expected size of 323 bp. 18s rRNA was amplified as control and generates bands at 135 bp as expected. No gDNA was detected in (−)RT controls (see 
right panel). (C) Locust hemocyte cultures after 7 days in vitro contain cells of diverse morphologies. Main hemocyte populations were identified as granulocytes (*) and 
plasmatocytes (#). Scale bar 50 μm. (D) Dapi-labeled nuclei of locust hemocytes. Intact cells display patchy staining reflecting normal chromatin structure (*, #). Dead/dying cells 
show uniformal nuclear staining (+) indicative of DNA degradation and nuclear condensation. Nuclear morphology allows for characterization of the cell type (#phasmatocyte, 
*granulocyte). Scale bar 10 μm. (E) Hemolymph promotes survival of locust hemocytes after 7 days in vitro. Both 100% hemolymph and 50% hemolymph diluted in Grace 
culture medium significantly increase hemocyte survival in comparison to cultures with basal Grace medium. About 33.3 ng/ml erythropoietin (Epo) had no significant effect on 
hemocyte survival. Statistics were calculated with pairwise permutation test followed by Benjamini Hochberg correction. n = 7; Cells evaluated: 154,983. *p < 0.05.

58

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Knorr et al.	 Cytoprotective CRLF3 Ligand in Insects

Frontiers in Physiology | www.frontiersin.org	 8	 April 2021 | Volume 12 | Article 648245

the culture medium during the initial 5  days in vitro. On day 
5, one untreated and the dsRNA-supplemented culture were 
treated with 10% HL. Together with another untreated neuron 
culture in basal L15 medium, these cultures were exposed to 
hypoxic conditions (O2  <  0.3% for 36  h) 12  h later. Hypoxia 
significantly decreased the proportion of intact neurons in 
comparison to the normoxic control culture (p  <  0.01; 
Figure 3D). Treatment with 10% HL prevented hypoxia-induced 

cell death and significantly increased cell survival (p  <  0.01 
to hypoxic control group) to similar levels as in unchallenged 
normoxic cultures. RNAi targeting Lm-crlf3 expression abolished 
the protective effect of HL. Knockdown of crlf3 expression 
reduced relative neuron survival compared to hypoxia-exposed 
HL-treated cultures (p < 0.01; Median 0.82 vs. 1.1) and normoxic 
control cultures (p < 0.05). There was no difference in survival 
compared to the hypoxic control cultures.

Effects of Heat-Denatured Hemolymph on 
Locust Neuronal Survival
Assuming that the protective factor contained in  locust HL 
is a peptide or protein, we  aimed to gain a rough estimate 
about its size. In order to do so, we  denatured HL at 60 and 
100°C before testing its protective effects on hypoxia-exposed 
neurons. It is expected that larger and more complex proteins 
are more sensitive to heat-denaturation than smaller proteins 
(meaning they will be  eliminated in HL cooked at 60°C). 
Following heat-denaturation and removal of precipitated proteins 
by centrifugation, 50 μg protein from untreated HL, HL denatured 
at 60°C and HL denatured at 100°C were separated on a 10% 
SDS-PAGE (Figure 4A). Both untreated and 60°C dHL contained 
a large portion of proteins in size ranges of ≥55  kDa and 
showed minor differences of labeling patterns between samples. 
In contrast, HL denatured at 100°C lacked the larger sized 
proteins. Increased labeling intensity of smaller-sized proteins 
(most obvious between ~30 and ~50  kDa) can be  noted in 
HL denatured at 100°C. This effect might be  due to the lack 
of high molecular weight proteins in the sample. In order to 
determine the neuroprotective functions of heat-denatured HL, 
locust primary neuron cultures were treated with untreated 
and heat-denatured HL after 5  days in vitro, starting 12  h 
before hypoxia-exposure for 36 h. Hypoxia significantly decreased 
cell survival in comparison to untreated normoxic control 
cultures (p  <  0.01; Median relative survival 0.67; Figure  4B). 
Both 10% HL (Median of relative survival 1.13) and 10% HL 
denatured at 60°C (Median of relative survival 1.07) significantly 
rescued cells from hypoxia-induced apoptosis (both p  <  0.05 
compared with hypoxia control). Relative neuron survival in 
cultures supplemented with 10% HL denatured at 100°C (Median 
0.81) was neither different from normoxic nor from hypoxic 
control cultures.

Locust Hemolymph Protects Beetle 
Neurons via CRLF3 Activation
Since both L. migratoria and T. castaneum neurons express 
CRLF3 that is activated by Epo, we  wondered whether the 
endogenous ligand present in  locust hemolymph may also 
protect beetle neurons. Tribolium castaneum primary neuronal 
cell cultures were established and maintained for 5 days before 
treatments were initiated. Twelve hours prior to hypoxia exposure 
(O2  <  0.3% for 36  h), neuron cultures were supplemented 
with either 10, 1, or 0.25% of locust HL or 3.33  ng/ml Epo. 
As shown in Figure 5A, hypoxia decreased the relative proportion 
of intact neurons in comparison to normoxic control cultures 
(p < 0.05; Median 0.76). Ten percent locust HL (Median relative 

A

B

FIGURE 2  |  Impact of locust hemolymph on locust neuron survival in vitro. 
(A) Relative survival of locust neurons after 2 days in vitro with 5% fetal bovine 
serum (FBS) followed by 3 days in basal L15 culture medium and basal L15 
medium supplemented with 5% FBS or 50% hemolymph (HL), 25% HL and 
10% HL. About 50 and 25% HL significantly decreased relative survival of 
neurons in comparison with control. Ten percent HL did not alter neuronal 
survival. Five percent FBS significantly increased cell survival. n = 7; 106,649 
cells evaluated. (B) Relative survival of locust neurons after 2 days in basal 
L15 culture medium (without FBS) plus 3 days in basal medium or basalal 
medium supplemented with 50% HL, 25% HL, and 10% HL. All tested HL 
supplementations significantly increased relative survival of neurons in 
comparison to control cultures. n = 8; Total cells evaluated: 188,923. 
Statistics: pairwise permutation test followed by Benjamini Hochberg 
correction. *p < 0.05; **p < 0.01.
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survival 1.10) and 1% locust HL (Median relative survival 
1.04) significantly increased neuron survival to the level seen 
in normoxic control cultures (p < 0.05 compared with hypoxic 
control). Treatment with 0.25% locust HL could not significantly 
protect T. castaneum neurons from hypoxia-induced apoptosis. 
As expected from previous studies (Hahn et  al., 2017), Epo 
protected beetle neurons from hypoxia-induced apoptosis 
(p  <  0.05).

We further tested if the neuroprotective effect elicited by 
locust HL on tribolium neurons was also CRLF3 dependent. 
Tc-crlf3 was knocked down by means of soaking RNAi and 
cells were subsequently treated with 10% locust HL. Hypoxia 
again significantly reduced cell survival in comparison to 
untreated controls (p < 0.01; Median 0.89; Figure 5B). Treatment 
with 10% locust HL (Median relative survival 1.28) rescued 
beetle neurons from hypoxia-induced apoptosis (p  <  0.05 
compared with hypoxic control). The protective effect of locust 

HL was absent, when Tc-crlf3 expression in tribolium neurons 
was suppressed for 5  days prior to the hypoxia challenge 
(Median relative survival 0.73, p < 0.05 compared to HL-treated 
hypoxia-exposed cultures). Relative neuron survival of CRLF3-
depleted cultures was not different from hypoxic control cultures.

DISCUSSION

The physiological functions of insect hemolymph have been 
studied in various species and its beneficial effects on cell 
survival were already noticed in early in vitro studies with 
various cell types (Day and Grace, 1954). Numerous studies 
have indicated that hemolymph is highly reactive to the 
physiological state of the insect. The impact of physiological 
stressors is reflected in the changing molecular and  
cellular composition of it (Hillyer and Christensen, 2002).  

A B

C D

FIGURE 3  |  Impact of locust hemolymph on survival of hypoxia-exposed locust neurons in vitro. (A) Relative survival of hypoxia-exposed (O2 < 0.3% for 36 h) 
primary neurons. Exposure to hypoxia decreased relative survival of neurons in comparison to normoxic control (p < 0.05). Twenty-five percent HL did not alter cell 
survival to either the control nor to the hypoxia group, while treatment with 50% HL significantly decreased cell survival to control cultures and cultures treated with 
25% HL (p < 0.01 and p < 0.05, respectively). n = 8; 180,563 cells evaluated. (B) Hypoxia-induced cell death (p < 0.05 compared with normoxic control) is 
prevented by 10% HL supplementation (p < 0.05 compared with hypoxic control; no difference to normoxic control). Similarly, 33.3 ng/ml Epo increases relative 
survival in hypoxic conditions to normoxic control levels. n = 8; 152,703 cells evaluated. (C) Survival of neurons was evaluated on the basis of fluorescent DNA 
labeling with Dapi. Intact neurons display patchy chromatin labeling (*) while dead/dying cells show uniform staining of condensed chromatin (#). Scale bar 10 μm. 
(D) Locust hemolymph protects neurons from hypoxia-induced apoptosis by activation of cytokine receptor-like factor 3 (CRLF3). Hypoxia significantly (p < 0.01) 
decreased relative survival of neurons compared to normoxic control. Hypoxia-induced cell death was prevented by addition of 10% HL to cell culture medium 
(p < 0.01 compared to hypoxic control). RNAi-mediated knockdown of crlf3 expression abolished cell protective effects of locust HL on hypoxia-exposed neurons. 
Relative survival in RNAi- and HL-treated hypoxia-exposed neuron cultures was not different from hypoxic controls and significantly reduced compared with 10% 
HL-treated hypoxia-exposed cultures (p < 0.05). n = 10; Cells evaluated: 143,587. Statistics: pairwise permutation test followed by Benjamini Hochberg correction. 
*p < 0.05; **p < 0.01.
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Exposure of insects to pathogens or other stressors increased 
the abundance of a variety of hemolymph proteins, like anti-
microbial peptides, prophenol oxidase, apolipophorin, vago, 
unpaired3, growth blocking peptides, transferrin, and hexamerin 
(Wang et  al., 2007; Welchman et  al., 2009; Kingsolver et  al., 
2013) among others. Principal origin of most humoral defense 
factors is the fat body. Besides functions in insect metabolism 
(reviewed in Arrese and Soulages, 2010), it regulates the release 
and uptake of proteins into and from the serum (Lavine and 
Strand, 2002; Roma et al., 2010; Hoshizaki, 2013; Duressa et al., 
2014). Humoral factors are also produced and secreted from 
midgut, hemocytes, prothoracic gland, and neurosecretory cells 
within the corpora allata, corpora cardiaca, the anterior 
sympathetic system, ventral ganglia, and various sites along 
peripheral nerves (Reynolds, 2013; Kodrík et al., 2015). Cytokines 
and cytokine-like proteins are among these circulating proteins, 
regulating innate immune responses and adaptive reactions to 
various stress factors (Beschin et  al., 1999, 2001).

Cytokines and their receptors play major roles in immune 
and stress responses, cell activation, proliferation, maturation, 
and differentiation in both vertebrates and invertebrates (Shields 
et  al., 1995; Beschin et  al., 2001). Apart from some general 
structural features, cytokines typically share little sequence 
similarities within and between animal groups (Boulay et  al., 
2003; Liongue and Ward, 2007). The diversity of cytokines 
and cytokine receptors identified today most likely date back 
to ancient molecules in common ancestors of vertebrates and 

invertebrates (Huising et  al., 2006; Liongue and Ward, 2007). 
CRLF3 is one example for an evolutionarily ancient cytokine 
receptor, which may be  regarded as the prototype for class 1 
cytokine receptors (Liongue and Ward, 2007). CRLF3 is highly 
conserved across eumetazoan species, implying an essential 
role for the organism (Liongue and Ward, 2007; Hahn et  al., 
2019). Insect CRLF3, activated by human Epo, initiates anti-
apoptotic mechanisms in insect neurons even though insects 
lack genes for Epo and the classical Epo receptor (Hahn et  al., 
2017, 2019). Epo mediates anti-apoptotic effects in various 
mammalian cells (including neurons and erythrocytes) via the 
classical homodimeric Epo receptor and additional tissue-
protective alternative Epo receptors (reviewed by Ostrowski 
and Heinrich, 2018). Several molecules that mimic the cell-
protective but not the erythropoietic effects of Epo in vertebrate 
tissues have been identified (Wrighton et  al., 1996; Middleton 
et  al., 1999; Johnson and Jollife, 2000; Brines et  al., 2008; 
Ueba et  al., 2010; Wu et  al., 2013; Bonnas et  al., 2017). Some 
of these, including the natural Epo splice variant EV-3 and 
several small peptides with little or no sequence similarity to 
Epo also protect insect neurons from apoptotic cell death 
(Miljus et al., 2014; Hahn et al., 2017; own unpublished results). 
Whether vertebrate CRLF3 may also serve as a tissue-protective 
receptor for Epo is presently not known.

Given that insects do not express Epo or any known vertebrate 
Epo receptors, we  gained interest in the identification of the 
endogenous ligand of insect CRLF3. We  first confirmed that 

A B

FIGURE 4  |  Effects of heat-denatured locust hemolymph (dHL) on relative survival of hypoxia-exposed locust neurons in vitro. (A) Ten percent sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS PAGE) was loaded with 50 μg protein of HL, HL denatured at 60°C and HL denatured at 100°C. HL denatured at 
60°C shows similar patterns of separated proteins compared to control HL. In contrast, larger proteins (≥50 kDa) are absent in HL denatured at 100°C. Intense 
staining of proteins between 30 and 50 kDa (including two clear bands at around 35 kDa) might result from higher concentrations of smaller proteins in the applied 
sample (50 μg total protein) due to previous removal of heat-denatured proteins. Hundred degrees Celsius dHL proteins show no intense protein bands above 
35/40 kDa. (B) Locust neurons were treated with either basal L15 medium, 10% HL, 10% 60°C dHL, or 100°C dHL during hypoxia-exposure. Hypoxia significantly 
decreased relative neuron survival compared to normoxic control. Hypoxia-induced apoptosis was prevented by 10% HL and 10% HL denatured at 60°C. Neuron 
survival in cultures supplemented with HL denatured at 100°C was not significantly different to normoxic control or hypoxic control cultures. n = 8; Total cells 
evaluated: 160,595. Pairwise permutation test with Benjamini Hochberg correction. *p < 0.05; **p < 0.01.
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crlf3 is expressed in brain and hemocytes of both L. migratoria 
and T. castaneum. For both species, PCR amplified fragments 
of identical size in brain and hemocytes (Figures  1A,B) were 
confirmed. Next, we exposed primary cultured locust hemocytes 
for 7  days to rhEpo and cell-free hemolymph collected from 
different locusts. Supplementation of cultures with pure 
hemolymph and 50% hemolymph significantly increased cell 
survival in comparison to serum-free cultures. Epo 
supplementation only showed a tendency toward support of 
hemocyte survival which did not reach significance level 
(p  =  0.06; Figure  1E). Previous studies on insect (Hahn et  al., 
2017; Heinrich et  al., 2017) and mammalian neurons (Siren 
et  al., 2001; Chong et  al., 2003; Weishaupt et  al., 2004) 
demonstrated that Epo elicits neuroprotective effects in an 
optimum-type curve with both lower and higher concentrations 
of Epo being less effective. We  treated locust hemocytes with 
33.3  ng/ml rhEpo, which was determined as the optimal 
concentration to suppress hypoxia-induced apoptosis in  locust 
primary neuron cultures. It seems that a multiplicity of factors 
determines the optimal concentration of Epo, within them: 
species (hypoxia-challenged neurons of T. castaneum are best 
protected by 3.33  ng/ml rhEpo), physiological condition 
(hemolymph impact on survival of challenged and unchallenged 
locust neurons discussed below), type of challenge, and cell 
type. We  have not studied the effects of different rhEpo 
concentrations on primary cultured locust hemocytes. 
Nonetheless, we  predict hemocyte protection to occur with 
appropriate Epo dosage. However, hemolymph clearly protected 
primary cultured hemocytes, indicating the presence of protective 
molecules in hemolymph serum.

Representing the major site of immune defense and the 
medium that distributes signals and metabolites to all organs, 
hemolymph is a highly responsive “fluid tissue.” With respect 
to the surrounding circumstances, both the molecular 
composition of the serum and the physiological state of various 
hemocyte types will be  altered (Wang et  al., 2007; Altincicek 
et  al., 2008; Duressa et  al., 2015). In order to reduce this 
extensive variability, we  studied the protective functions of 
hemolymph serum with well-established protocols of primary 
neuron cultures from two different species, L. migratoria and 
T. castaneum. These were previously utilized to demonstrate 
the neuroprotective functions of CRLF3 following its activation 
with rhEpo. However, the hemolymph serum used in our 
studies was numerously extracted from different locusts (each 
time pooled from up to 100 individuals received from a 
commercial breeder) and its molecular composition, including 

A

B

FIGURE 5  |  Locust hemolymph protects Tribolium castaneum neurons from 
hypoxia-induced apoptosis via activation of CRLF3. (A) Hypoxia decreased 
the relative proportion of intact insect neurons compared to normoxic 
controls. Ten percent locust HL, 1% locust HL, and 3.33 ng/ml Epo 
prevented hypoxia-induced death of beetle neurons (p < 0.05 compared to 
hypoxia control, respectively; no difference to normoxic control). About 0.25% 

FIGURE 5  |  locust HL did not significantly alter cell survival compared to 
normoxic control and to hypoxic control cultures. n = 9, total cells evaluated: 
185,970. (B) T. castaneum neurons were maintained for 5 days in standard 
culture conditions with one culture being exposed to dsRNA targeting Tc-crlf3. 
Hypoxia significantly decreased relative neuron survival in comparison to the 
normoxic control. The protective effect of 10% locust HL (p < 0.05 compared 
to hypoxic control) was absent after RNAi-mediated depletion of CRLF3 
(p < 0.05). Relative survival of CRLF3-depleted neurons treated with locust HL 
was not different from hypoxia-exposed controls without the protective HL 
supplementation. n = 7; Cells evaluated: 163,740. Statistics: pairwise 
permutation test with Benjamini Hochberg correction. *p < 0.05; **p < 0.01.

(Continued)
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the presence of cell-protective agents, likely varied between 
these batches. Variability of the cell-protective HL effects 
described in this study may partly result from pre-exposure 
of HL-donor animals to stressful conditions (transport, infections, 
extreme crowding, and others). Keeping locusts under optimal 
conditions for several days and/or exposing them to a defined 
stressor before HL extraction may result in a more uniform 
composition of HL protein content.

We hypothesized that the yet unknown CRLF3 ligand might 
be  an ancestral cytokine with similarity to Epo that acts in 
a similar, cytoprotective way as Epo does. We  demonstrated 
that locust hemolymph increased the survival of primary-
cultured locust neurons in a dose-dependent manner (Figure 2). 
Compared to serum-free culture medium, addition of locust 
hemolymph significantly increased neuronal survival with 50 
and 25% supplementation showing higher median survival 
compared to 10% hemolymph. Serum deprivation, containing 
growth factors and cytokines that support cellular survival in 
dissociated cultures, has been used as an apoptosis-inducing 
stressor in various in vitro studies with both vertebrate and 
invertebrate cells (Macleod et  al., 2001; Siren et  al., 2001; 
Charles et  al., 2005). Though serum-free culturing of adult 
and embryonic locust neurons has previously been achieved 
(Kirchhof and Bicker, 1992; Sukiban et  al., 2014), only a small 
portion of brain neurons survive the dissociation process during 
culture establishment in our study (which involves the disruption 
of all neurites) without FBS supplementation. The FBS used 
in our studies has a defined composition of natural components 
(nevertheless small variations may not fully be  excluded) and 
originated from the same Lot. To increase the number of 
intact neurons in  locust brain cultures, we  typically apply FBS 
during the first day in vitro. While promoting neuron survival, 
FBS is detrimental for locust brain glia (Ostrowski et al., 2011) 
leading to increasingly pure neuronal cultures during the initial 
culture period. Since serum has been shown to induce long-
lasting effects in cultured neurons, we  withdraw FBS from the 
culture medium 24  h before experimental treatment with 
hemolymph or Epo.

Serum withdrawal induced cell death in  locust and beetle 
primary neuron cultures while Epo (if applied in appropriate 
dosage) fully restored the beneficial effects on neuronal survival 
(Ostrowski et  al., 2011; Hahn et  al., 2017). Withdrawal of 
FBS after 2  days significantly decreased neuronal survival 
during the following 3  days in vitro compared to cultures 
maintained with FBS. This indicates protective effects of FBS 
throughout prolonged presence in the medium (Figure  2A). 
In contrast to its effects on neurons that were not supported 
by additional FBS, hemolymph exposure after 2  days of FBS 
treatment revealed dose-dependent negative effects (Figure 2B). 
In this case, higher hemolymph concentrations acted deleterious 
on neuronal cell survival, while 10% HL showed a trend toward 
neuroprotection. Moreover, neurons that were initially cultured 
with FBS and subsequently subjected to hypoxia were best 
protected by 10% hemolymph. Twenty-five percent hemolymph 
only weakly (but not significantly) improved survival and 50% 
hemolymph rather seemed to aggravate hypoxia-induced 
neuronal death (Figure  3). Together, these results indicate 

long-lasting effects of FBS that promote neuronal survival 
beyond its presence in the culture medium. To explain the 
differing impact of hemolymph on cultured neurons that were 
exposed to FBS and hypoxia, one has to assume long-lasting 
changes in the neurons’ physiological state that were induced 
by different stressful conditions (such as injury during 
dissociation, presence/absence of serum and other supporting 
factors, and hypoxia). Depending on their state and the type 
of challenge, cells may require different amounts and types 
of protective factors for their survival (Dinarello, 2007). Hence, 
as observed in our present study, a particular dose of hemolymph 
(reflecting a certain concentration of ligands) may be beneficial 
for locust neurons in one situation and deleterious in the 
other. Studies on T. castaneum revealed optimum-type protective 
effects of different rhEpo concentrations, with high concentrations 
not only being non-protective but deleterious for neuron 
survival (Hahn et  al., 2017). This indicates that overactivation 
of CRLF3 and/or its downstream transduction processes has 
negative impacts on neuron survival. Similarly, protective effects 
and efficacy of different concentrations of Epo have been shown 
to vary in murine astrocytes exposed to different inducers of 
cell death (Diaz et  al., 2005) and rat brain neurons after 
exposure to mild hypoxic periods (Sanchez et  al., 2009).

In a previous study with locust primary neuron cultures, 
crlf3-expression was suppressed by soaking RNAi (Hahn et  al., 
2019). Efficient uptake of dsRNA from extracellular space into 
insect cells has been associated with two types of cell-surface 
receptors and clathrin-dependent endocytosis in Drosophila 
(Ulvila et  al., 2006). In locusts, supplementation of culture 
medium with two different dsRNA fragments (non-overlapping 
targets of crlf3 mRNA) abolished Epo-mediated protection of 
hypoxia-exposed neurons completely. This indicated that Epo 
initiates anti-apoptotic mechanisms by binding to CRLF3 (Hahn 
et  al., 2019). After confirming that 10% hemolymph acted 
equally protective as 33.3  ng/ml rhEpo on hypoxia-exposed 
locust neurons (Figure  2B), we  selected one dsRNA fragment 
to knockdown crlf3-expression by RNAi. dsRNA-incubation 
prior to hypoxia exposure abolished the anti-apoptotic effect 
of 10% hemolymph on locust neurons. This finding suggests 
that locust hemolymph contains a ligand that activates CRLF3 
and its downstream anti-apoptotic pathways (Figure  2D).

Given the high similarity of crlf3 between L. migratoria 
and T. castaneum and the fact that both Lm-CRLF3 and Tc-
CRLF3 mediate neuroprotection upon stimulation with rhEpo 
(Hahn et  al., 2017, 2019), we  studied the protective effects of 
locust hemolymph on beetle neurons. T. castaneum neurons 
were protected from hypoxia-induced apoptosis by 10 and 1% 
locust hemolymph and the protective effect was clearly mediated 
by Tc-CRLF3 (Figure  5). The protective effect was similar to 
3.33  ng/ml rhEpo, which was previously determined as the 
most protective concentration for T. castaneum neurons (Hahn 
et al., 2017). The most protective Epo concentration for tribolium 
neurons is only a tenth of the most protective concentration 
for locust neurons (33.3  ng/ml). In contrast, 10% locust 
hemolymph protected both locust and beetle neurons to the 
same degree as the (different) optimal Epo concentrations of 
both species. One may speculate that the endogenous ligand 
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in  locust hemolymph binds to Lm-CRLF3 and Tc-CRLF3 with 
similar affinity, whereas rhEpo has a higher affinity to Tc-
CRLF3. This might result from slight structural differences of 
the locust receptor to the human and beetle receptor. Amino 
acid sequences of Lm-CRLF3 and Tc-CRLF3 share 35% similarity, 
whereas locust and human CRLF3 display 29% similarity (Hahn 
et al., 2017, 2019). High conservation and multi-tissue expression 
of CRLF3 among eumetazoan species suggests an important 
role for CRLF3-mediated functions in these organisms. The 
endogenous ligand that circulates within locust hemolymph 
seems to be  conserved among insects and may also be  present 
in species outside the insect clade.

Lepidopteran 30K proteins were shown to retain their protective 
functions following exposure to 60°C but lost their beneficial 
effects when exposed to higher temperatures (Kim et al., 2001). 
A later study described thermostability of 30K proteins up to 
70–80°C (Pakkianathan et al., 2015). Heat denaturation disrupts 
the secondary and tertiary structure of proteins which typically 
results in the precipitation of denatured proteins from the solvent 
(Michnik and Drzazga, 2010). Larger and more complex proteins 
are typically denatured at lower temperatures and are less likely 
to reassume their native structure during subsequent cooling. 
Heating locust hemolymph to 60°C had no impact on its anti-
apoptotic effects. Heating hemolymph to 100°C resulted in no 
significant difference in cell viability compared to sole hypoxia 
exposure, however, the protective activity was retained to some 
extend (Figure 4). Heating the serum to 100°C removed proteins 
of ≥50  kDa suggesting that the protective CRLF3 ligand is 
smaller than this size. Biological activity of a 14  kDa protein 
Thrombocorticin from sponge was gradually abolished by 
extending the duration of its exposure to 98°C (Watari et  al., 
2019), leaving the possibility that longer periods of exposure 
to 100°C might abolish protective effects of locust hemolymph.

This study indicates the presence of a conserved cytokine 
in insect hemolymph, activating the phylogenetically conserved 
CRLF3, whose endogenous ligand has not been identified in 
any species. Human Epo, its splice variant EV-3 and various 
small peptides that mimic neuroprotective effects of Epo on 
mammalian cells all activate insect CRLF3 to initiate anti-
apoptotic mechanisms. This suggests some structural similarity 

between Epo-like ligands and the endogenous CRLF3 ligand 
present in  locust hemolymph. Whether mammalian CRLF3, 
like insect CRLF3, initiates cell-protective intracellular processes 
upon Epo binding is currently not known. CRLF3 expression 
in various insect and mammalian tissues suggests a conserved 
function in adaptive responses to physiological challenges similar 
to Epo signaling in mammals. Molecular identification of the 
insect CRLF3 ligand may lead to the discovery of mammalian 
orthologues and opportunities to activate beneficial CRLF3 
functions for medical treatment.
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Locust Hemolymph Conveys Erythropoietin-Like Cytoprotection via Activation of the Cytokine 

Receptor CRLF3 

 

 

Following our publication on the neuroprotective functions of locust hemolymph (HL), we proceeded 

our studies to identify endogenous ligands for insect CRLF3. Insect HL is a highly responsive fluid, 

which reacts rapidly to foreign particles including pathogens and environmental changes by innate 

immune responses (Hillyer and Christensen, 2002; C. Wang et al., 2007; Welchman et al., 2009; 

Kingsolver, Huang and Hardy, 2013). Since Erythropoietin (Epo) is upregulated under various types of 

physiological stress in vertebrates (Li et al., 2020) we first studied whether the cell-protective CRLF3 

ligand accumulated in the hemolymph and altered its anti-apoptotic potency in cell survival assays. We 

exposed adult locusts to hypoxic conditions (O2 < 0,3%) for 24 h before extracting their HL as described 

in Chapter 3. HL of untreated locusts was collected for comparison. Primary neuronal cell cultures from 

juvenile locusts were prepared as described previously and treated with different concentrations of 

stressed HL (HL Str) before exposure to hypoxia. Control cultures were treated with 10% HL known to 

suppress hypoxia-induced apoptosis from previous experiments. Interestingly, HL Str concentrations 

above 0,3% abolished all cells from the respective cultures. Whether cultured neurons died or just 

escaped from microscopic analysis by detaching from the cover slips during exposure to ≥ 0,3% HL Str 

was not determined. However, as displayed in Figure 3.1-1A lower concentrations of HL Str left 

sufficiently high numbers of cells for analysis and indicated potent neuroprotective effects. As expected 

from previous experiments, exposure to hypoxia for 36 h significantly reduced the survival of locust 

primary neurons (median relative survival 0,69 compared to 1 in untreated control). Treatment with both 

10% HL and 0,1% HL Str rescued cells from hypoxia-induced apoptosis (HL 1,37; HL Str 1,64 median 

relative survival). 0,1% HL Str increased cell survival significantly beyond control cultures. It is to be 

noted that variances between individual experiments were high, indicating even lower standardization 

of stressed samples compared to control HL. Nonetheless, HL Str elicited similar or even stronger 

neuroprotective effects than HL at hundred times lower concentration, indicating an upregulation of the 

endogenous CRLF3 ligand in the hemolymph of the donor locusts. Assuming that hemolymph levels of 

the CRLF3 ligand might have been enriched during hypoxia to 100 times of normal locusts, toxic effects 

of higher HL Str concentrations (≥ 0,3%) match the toxic effects of high concentrations of rhEpo on 

locust and mammalian neurons (Siren et al., 2001; Chong, Kang and Maiese, 2003; Weishaupt et al., 

2004; Bonnas et al., 2017; Hahn et al., 2017; Heinrich, Günther and Miljus, 2017). Previous studies 

have identified hemolymph-contained cytokines and other hormonal factors differentially expressed by 

physiological insults in insects (C. Wang et al., 2007; Altincicek, Knorr and Vilcinskas, 2008; Kodrík 

et al., 2015). Besides the previously published similarities (Knorr et al., 2021), this data adds to the 

similarities between Epo-mediated cell protection in mammals and “CRLF3-ligand”-mediated 

mechanisms in insects. 
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Figure 3.1-1: Locust primary neuron cultures are protected from hypoxia-induced apoptosis by locust hemolymph (HL). Cell 

cultures were maintained for 4 days before being treated with different HL samples. 12 h post treatment, cells were exposed to 

hypoxic conditions (O2 < 0,3%) for 36 h before fixation and analysis of cell survival. A: 0,1% stressed HL samples (HL Str) 

protect hypoxia-exposed neurons at least as effectively as 10% HL. n=8, 52.231 cells analysed in total. B: Locust HL was 

fractionated into samples containing proteins with similar size and complexity by size exclusion chromatography. All Fractions 

(F) containing proteins below 50 kDA were tested in survival assays. Graph only depicts fractions with n ≥ 3. Fractions from 

both control and stressed HL were prepared and tested against each other. Blue frames highlight fractions that significantly 

protected neurons from hypoxia-induced apoptosis. n (along the x-axis) represents numbers of experiments with the respective 

fractions. Statistics with pairwise permutation test and Benjamini-Hochberg correction for multiple comparison. Significant 

differences (p<0.05) are indicated by differing letters. 

 

Insect hemolymph is regarded as a fluid tissue with heterogenous cell types (hemocytes) whose 

composition may rapidly change in response to various challenges originating from altered internal state 

or impact by exogenous factors (Hillyer and Christensen, 2002; C. Wang et al., 2007; Welchman et al., 

2009; Kingsolver, Huang and Hardy, 2013). Moreover, circulating hemocytes and stationary secretory 

cells in various tissues release complex blends of chemical signals to monitor and regulate the 

physiological state of the insect. In order to reduce the complexity of dissolved chemical signals, we 

performed size exclusion chromatography (SEC) of locust HL in cooperation with Dr. Sonja Pribicevic 

(Max Planck Institute for Biophysical Chemistry, Dep. for Neurobiology). SEC allows for the separation 

of proteins within a sample by their size and complexity, resulting in eluted samples that contain proteins 

with similar topology (Barth and Boyes, 1990). Based on our results from previous studies with 

denatured HL samples, we selected fractions containing proteins below 50 kDa for further studies. By 

testing separate fractions from both HL and HL Str, we aimed to narrow the spectrum of potential 

candidate ligands to a particular size range and identify same-size HL fractions from normal and stressed 

locusts that differ in their neuroprotective effects. Locust primary cell cultures were treated with either 

the control or stressed fraction before hypoxia exposure. HL fractions were applied in concentrations 

estimated from their protein content in the respective HL fraction in relation to the protein content of 

10% total (unfractionated) hemolymph, whose neuroprotective potency was previously demonstrated 

(Fig. 3.1-1A and Knorr et al., 2021). Eleven different HL fractions were tested for neuroprotective 

effects on primary locust neurons. Figure 3.1-1B depicts data collected for fractions that were tested at 
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least three times (n varies between 3 – 8) in independent experiments. Hypoxia significantly decreased 

cell survival as expected from previous studies (median cell survival 0,88). 10% HL increased the 

survival of hypoxia-exposed neurons to the level of untreated controls (median 1,02), however without 

reaching significant difference compared to the hypoxia-exposed cultures. The HL sample used for these 

experiments was newly extracted, which could explain the lower neuroprotective effects of 10% HL in 

comparison with previous experiments. Fractionated HL samples influenced neuron survival in different 

ways, ranging from no effect (Fraction 14 [F14] both; Fraction 15 Str [F15 Str]; Fraction 22 Str [F22 

str]) to toxic effects (F10 Ctrl; F15 Ctrl; F16 Ctrl; F17 Ctrl; F22 Ctrl). The fractions highlighted in Figure 

3.1-1B elicited neuroprotective effects on hypoxia-exposed neurons (F10 Str; F16 Str; F17 Str; F18 

both; F19 both). While the repetition numbers for most of the neuroprotective fractions was low, we 

were able to reach 6 and 8 repetitions for F16 and F19 respectively (individually displayed in Fig 3.1-

2A and B). Strikingly, neuroprotective effects of HL fraction F16 differed between F16 extracted from 

HL of normal animals (median relative survival 0,95) and F16 HL extracted from hypoxia-challenged 

locusts (median relative survival 1,03; significantly different from hypoxia-exposed cultures). In the 

case of cell cultures treated with control and stressed F19 HL samples, both fractions elicited significant 

cytoprotective effects on hypoxia-exposed cells (1,08 and 0,98 median cell survival respectively). This 

further underlines the dynamic changes occurring in the composition of HL in physiological stressful 

conditions. Furthermore, it is important to point out that the concentrations used for these experiments 

were extrapolated but might not have been optimal. In light of our previous studies on concentration-

dependant cytoprotective effects of HL, neuroprotective properties follow an optimum-type 

concentration dependency with too low or too high concentrations being ineffective and very high 

concentrations mediating toxic effects.  

 

In order to verify that the neuroprotective factors contained in HL fractions F16 Str and F19 mediated 

their effects via activation of CRLF3, we knocked down CRLF3 expression in primary locust & beetle 

neurons by soaking RNAi as previously described. It is important to note, that fractions used for this 

experimental series originated from a new batch of locust HL samples that most likely contained slightly 

altered composition of solutes compared to the samples used in previous experiments. As shown in 

Figure 3.1-2C hypoxia significantly decreased locust neuron survival (median survival 0,79) and 

treatment with F16 Str rescued cells from hypoxia-induced apoptosis (1,1 median survival). Knockdown 

of CRLF3 abolished the neuroprotective effects of F16 Str treatments (0,87). Hemolymph fraction F19 

also protected neurons from hypoxia-induced apoptosis (median survival 1,05), but this effect was not 

significant though a clear tendency was observed. This protective tendency was absent after knockdown 

of CRLF3. Survival of hypoxia-exposed F19-treated neurons with reduced CRLF3 expression was as 

low as in hypoxic control cultures (median relative survival 0,77). In light of the data presented here, it 

seems likely that both locust HL fractions, F16 Str and F19, contain a CRLF3-activating ligand.  

 

Since locust hemolymph also protected T. castaneum neurons via activation of CRLF3 we repeated 

experiments with locust F16 Str and F19 with beetle neurons. Unfortunately, these experiments provided 

no statistically significant and hence no conclusive results (Fig. 3.1-2D). A major problem in this 

experimental series was the lack of significant apoptosis induction by hypoxia-exposure. Nonetheless, 

some tendencies were observed. Given that no prior experiments with fractions were performed with 

T. castaneum neurons, locust HL was included as internal control for neuroprotection. HL treatment 

increased survival in comparison to pure hypoxia exposure (median relative survival 0,99 and 0,89 

respectively). Treatment with F16 Str also increased cell survival to control level (median survival 1,01). 

Knock down of CRLF3 slightly reduced cell survival of F16 Str-treated hypoxia-exposed neurons 

(0,95). F19 only shows slight protective effects with knock down of CRLF3 not altering survival levels 

(median relative survival 0,97 and 0,97 respectively).  
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Figure 3.1-2: Locusta migratoria HL fractions 16 from stressed (Str) and 19 from both control (Ctrl) and Str pools protect 

locust primary neuron cultures from hypoxia-induced apoptosis. A: F16 Str rescues neurons from hypoxia-induced apoptosis 

while F16 Ctrl only evokes a minor increase of intact neurons. n=6; 45.698 cells analysed. B: Both Ctrl and Str F19 HL samples 

protect neurons from hypoxia-induced apoptosis. n=7; 50.396 cells analysed. C: RNAi-mediated knockdown of CRLF3 in 

locust neuron cultures prevents the neuroprotective effects of F16 Str. F19 Ctrl mediated a slight but insignificant increase of 

survival compared to hypoxia-exposed neuron cultures that was reduced after knockdown of CRLF3 n = 7; 80.765 cells 

analysed. D: T. castaneum neurons do not show any statistically relevant changes in cell survival when treated with 

L. migratoria HL, F16 Str and F19. Hypoxia evoked an unusually small (not significant) impact on neuron survival. Pre-

treatment with HL and F16 seems to rescue cells from hypoxia-induced apoptosis. Knock down of CRLF3 together with F16 

treatment slightly reduces cell survival in comparison to sole F16 treatment. F19 treatment does not influence cell survival of 

hypoxia-exposed beetle neurons. n=7, 131.396 cells analysed. Statistics with pairwise permutation test and Benjamini-

Hochberg correction for multiple comparison. Significant differences between treatment groups are represented by differing 

letters. 
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Based on the experiments described above, we hypothesized that the endogenous CRLF3 ligand is an 

intermediate-size protein, which is upregulated and released in physiologically stressful conditions, 

potentially to protect locust tissues from stress-induced apoptosis. In order to finalize our hunt for the 

endogenous, neuroprotective CRLF3 ligand we followed an approach based on ligand fishing by 

cofloatation assay. We cloned the sequence of locust CRLF3 (MN245516), previously published in 

Hahn et al. (Hahn et al., 2019), into an pET28a+ expression vector for recombinant expression by 

Gibson cloning (NEBuilder HiFi DNA Assembly Cloning Kit; New England Biolabs, #E5520). Vector 

map for the generated expression vector can be found in Supplementary Fig 1 and Fig. 2. Experiments 

comprising receptor expression and cofloatation assay were performed by Dr. Sonja Pribicevic (Dept. 

Neurobiology, MPI for Biophysical Chemistry, Göttingen). The basic principle of the cofloatation assay 

is the integration of the receptor into a artificial liposome, by which it becomes stable and immobile 

(Jong et al., 2005). Liposome gradients were incubated with either complete L. migratoria hemolymph, 

F16 Str or F19 samples. No ligand could be extracted by receptor binding from either of the applied 

samples. Failure of this approach might be related to unfunctional ligand-binding regions of improperly 

membrane-inserted CRLF3 or due to low ligand concentrations within the applied samples. 

 

In another approach to identify the CRLF3 ligand we analysed protective hemolymph fractions by mass 

spectrometry. We build a database including the Tribolium castaneum proteome (T. castaneum neurons 

are protected by locust HL (Knorr et al., 2021)), Bombyx mori 30K Proteins (the ligand in question 

might belong to the same family; see (Knorr et al., 2021)) and all known L. migratoria proteins (a full 

proteome is unfortunately not available). We prepared samples for analysis comprising the 

neuroprotective fractions F16 Str and F19, the cytotoxic fraction F10 Ctrl and the non-effective fraction 

F22 Str as controls. We expected to identify hemolymph proteins by their presence in protective 

fractions and there absence (or reduced levels) in non-protective samplefs. Results of the mass 

spectrometry analysis are summarized in Supplementary sub-chapter “Mass spectrometry data”. No 

matches with any of the B. mori 30K proteins were detected. This was not very surprising since 

cytokines generally share low sequence similarities between organisms (Huising, Kruiswijk and Flik, 

2006; Liongue, Sertori and Ward, 2016). However, it became apparent, that there were some proteins 

which were only present within the protective fractions but not in the internal control fractions. Table 

3.1-1 depicts promising candidate proteins identified by mass spectrometry. Most of these proteins have 

been reported to elicit immune responses, however the functions of locust Basic 19kDA serum protein, 

tribolium larval serum protein and locust juvenile binding hormone are poorly characterized (Kanost et 

al., 1988; Braun and Wyatt, 1996; Reichhart, Gubb and Leclerc, 2011; Wang et al., 2013; Chen et al., 

2020; Han et al., 2020).  

 

 
Table 3.1-1: Candidate CRLF3 ligands identified by mass spectrometry and oligonucleotides used for sequence amplification 

and Gibson cloning. 

Organism Gene Primer 5´-3´ Gibson Cloning Primer 

Lm 

Basic 19 kDA 

serum protein 

LMIB19KP 

GAAGCTGGTGGTGGCT

GCAG 

ATGGGTCGCGGATCCGTTATGAAGCTGGTG

GTGGCTG 

CTAAGCAGCAACTGCGT

TGTC 

CTTGTCGACGGAGCTCGACTAAGCAGCAAC

TGCGTTGT 

Tc 

Larval serum 

protein 

KQ971363 

GAGATTCCTTTTGGTAG

CTGCC 

ATGGGTCGCGGATCCGTTATGAGATTCCTTT

TGGTAGCTGC 

TTAGTAGTGGTAGTAGT

CTTG 

CTTGTCGACGGAGCTCGATTAGTAGTGGTA

GTAGTCTTGTCTCT 

Lm 
Serpin 7 

MT005549 

GGCAACTGAAAAAACA

GAAG 

ATGGGTCGCGGATCCGTTATGGCAACTGAA

AAAACAGAAGC 

CTAATTACAATTTGGAA

TAC 

CTTGTCGACGGAGCTCGACTAATTACAATTT

GGAATACAGATGCGC 

Lm 
Serpin 5 

MT005547 

GCTGTACGAGGGCGCG

ACGG 

ATGGGTCGCGGATCCGTTATGCTGTACGAG

GGCGC 

TATTGCGGAGGCCTTTG

TGG 

CTTGTCGACGGAGCTCGACTATTGCGGAGG

CCTTTGTG 

Lm 
Immulectin 

MK250966 

GCAGGTGCTACTGCTAC

TGA 

ATGGGTCGCGGATCCGTTATGCAGGTGCTA

CTGCTACTG 
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Organism Gene Primer 5´-3´ Gibson Cloning Primer 

CTAGGGCAGGATCTCGC

AG 

CTTGTCGACGGAGCTCGACTAGGGCAGGAT

CTCGCAGA 

Lm 
GNBP3 

JF915525 

GCGCGCGTCGCCGCTGC

TAG 

ATGGGTCGCGGATCCGTTATGCGCGCGTCG

CC 

TACAGTGCCCACACTTT

TAC 

CTTGTCGACGGAGCTCGACTACAGTGCCCA

CACTTTTACA 

Lm 

Juvenile 

binding 

hormone 

U74469 

GCAACTTGCTGCTGCTT

CTG 

ATGGGTCGCGGATCCGTTAUGGCGGCCCUC

UGCAACUUGCUGCUGCUUCUG 

TGGTAGATGGTGACGG

GCTC 

CTTGTCGACGGAGCTCGAGACCCGGTGGTA

GATGGTGACGGGCTC 

Tc 

Uncharact. 

Protein 

KQ971310 

GAACAGAATTCAGTGG

AAATCGAG 

ATGGGTCGCGGATCCGTTATGAACAGAATT

CAGTGGAAATCGA 

TCATGACCTGTGTTTTT

TCC 

CTTGTCGACGGAGCTCGATCATGACCTGTG

TTTTTTCCT 

 

To overcome the unsuccessful ligand fishing approach using whole HL fractions, we cloned the 

sequences for the candidate ligands seen in table 3.1-1 into a pET28a+ expression vector by Gibson 

cloning. Primers used for this approach can be seen in table 3.1-1. Together with Dr. Sonja Pribicevic 

we are currently recombinantly expressing these candidates. We will subsequently proceed with the 

previously mentioned cofloatation approach using recombinantly expressed locust CRLF3. This 

approach allows us to directly test potential candidates at appropriate concentrations for the assay. 

 

Even though we have not yet identified the endogenous insect CRLF3 ligand, we can make a well based 

approximation of its nature. Our data points towards an intermediate-size cytokine, which is positively 

regulated by physiological stress and released into the hemolymph of L. migratoria. We know, that the 

locust cell-protective ligand is sufficiently conserved to activate both locust and beetle CRLF3 and 

mediate neuroprotection in both insects. Searching for cytokines and cytokine receptors by sequence 

comparison is problematic resulting from generally low sequence conservation between different 

organisms and functional assays are complicated by low selectivity of particular cytokines for their 

receptors (Huising, Kruiswijk and Flik, 2006; Liongue, Sertori and Ward, 2016). Moreover, the main 

organism which is used in our studies, the migratory locust, does not have a fully annotated genome or 

proteome, making sequence searches and comparisons challenging. Nonetheless, many cytokines, 

especially those related to immune responses, have been described in invertebrates (Beschin et al., 2001; 

Ottaviani, Malagoli and Franchini, 2004). There is mounting evidence, that cytokine signalling evolved 

early in animal evolution and has been adapted and expanded to face varying physiological insults and 

life circumstances in different taxa (Liongue, Sertori and Ward, 2016). It is likely, that the ligand in 

question might be immune-related, given the evidence that it is differentially regulated in harmful 

conditions. Similar to vertebrate Epo, it seems to be upregulated to maintain functionality of cells and 

tissues under challenging conditions (Li et al., 2020). Identification of the endogenous CRLF3 ligand 

will not only help us understand the modes of neuroprotective actions elicited by the receptor, but also 

play a great role in understanding the evolution of neuroprotective cytokine signalling.  
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Abstract 

The orphan cytokine receptor like factor 3 (CRLF3) has only recently been implied in mammalian 

disease and insect neuroprotection. While specific functions and characterization for the receptor are 

elusive, experimental evidence point toward a crucial role in cell homeostasis. Erythropoietin (Epo), 

first described within the vertebrate hematopoietic system, is widely accepted as a cytoprotective 

cytokine. While erythropoietic mechanisms of Epo administration are well understood, cytoprotective 

mechanisms remain widely unknown. A major limitation for studying Epo-mediated neuroprotection is 

the absence of an Epo-responsive receptor. In the presented study, we aimed to unravel the importance 

of CRLF3 in Epo-mediated neuroprotection in humans. We generated CRLF3 knock-out iPSC lines and 

differentiated them towards the neuronal lineage. We treated the output neuron-like cells with the 

naturally occurring human Epo splice variant EV-3 to avoid activation of the classical Epo receptor. Our 

data demonstrates the crucial involvement of CRLF3 in EV-3 mediated neuroprotection of human 

neuron-like cells. In the absence of functional CRLF3 protein, no neuroprotective effects of EV-3 

treatment could be observed. The data presented here is the first evidence that CRLF3 is an EV-3 (and 

by this Epo) responsive receptor in humans, with its activation resulting in neuroprotection of human 

neuron-like cells.
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Introduction

The helical cytokine erythropoietin (Epo) is a major kidney-derived hormonal regulator of vertebrate 

hematopoiesis, protecting erythroid progenitor cells from apoptosis (Jelkmann and Metzen, 1996; 

Constantinescu, Ghaffari and Lodish, 1999; Lundby and Olsen, 2011). Local expression and release of 

Epo has been described for various tissues including brain, liver and lung and numerous studies reported 

its cytoprotective and regenerative functions in these and other tissues (reviewed in (Ghezzi and Brines, 

2004; Chateauvieux et al., 2011; Zhang et al., 2014). With respect to the nervous system, Epo is crucial 

for normal brain development, acts neuroprotectively after hypoxic/ischemic and other toxic insults and 

promotes regeneration after axonal damage (Morishita et al., 1996; Yu et al., 2002; Genc, Koroglu and 

Genc, 2004; Kretz et al., 2005). Beneficial functions also included enhanced cognitive performance and 

memory functions in healthy humans and patients affected by schizophrenia and mood disorders 

(Miskowiak, O’Sullivan and Harmer, 2007; Miskowiak et al., 2008, 2016; Kästner et al., 2012). Clinical 

studies explored the potential of Epo to interfere with cell loss in neurodegenerative diseases including 

Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis (Maiese, Chong and Shang, 

2008; Chong et al., 2013; Rey et al., 2019). A drawback of prolonged and/or high dose Epo 

administration is the overproduction of erythrocytes leading to increased risk of thrombosis, stimulation 

of cancerogenic cell proliferation and tumor vascularization all resulting from activation of homodimeric 

classical EpoR (Hardee et al., 2006; Ehrenreich et al., 2009; Pedroso et al., 2012; Cao, 2013). Studies 

with Epo-mimetics (some with partial sequence similarity, others with rather unrelated structure 

compared to full Epo) have demonstrated neuroprotective and regenerative effects without activation of 

homodimeric EpoR (Leist et al., 2004; Brines et al., 2008; Ueba et al., 2010; Wu et al., 2013). Some of 

these may activate a heteroreceptor consisting of EpoR and  common receptor (synonym CD131), 

which mediates neuroprotection in some but not all brain regions (Brines et al., 2004; Nadam et al., 

2007; Pascal E. Sanchez et al., 2009; Chamorro et al., 2013; Miller et al., 2015; Ding et al., 2017). The 

naturally occurring Epo splice variant EV-3, characterized by the lack of exon 3, mediates 

neuroprotection independent of both homodimeric and heteromeric EpoR suggesting that additional 

alternative neuroprotective receptors for Epo-like signals exist in the mammalian brain (Bonnas et al., 

2017; Ostrowski and Heinrich, 2018).   

Studies on insects demonstrated that both, human recombinant Epo and EV-3 increased the survival of 

hypoxia- or toxin-challenged cells by activation of cytokine receptor-like factor 3 (CRLF3) (Miljus et 

al., 2014, 2017; Hahn et al., 2017; Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, 

et al., 2019) suggesting that CRLF3 might be a general neuro- or tissue-protective receptor for Epo-like 

cytokines across species. CRLF3 is a cytokine receptor that belongs to group 1 of cytokine type I 

receptors, together with classical EpoR, thrombopoietin receptor, prolactin receptor and growth 

hormone receptor (Boulay, O’Shea and Paul, 2003; Liongue and Ward, 2007; Hahn, Büschgens, 

Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, et al., 2019). CRLF3 is highly conserved and present 

in all major eumetazoan taxa including cnidarians, various invertebrates and vertebrates including 

humans. Nonetheless, CRLF3 remains poorly characterized and is listed as an orphan cytokine receptor 

since no endogenous CRLF3 ligand has so far been identified in any species (insects do not possess 

orthologs of Epo). Human CRLF3 is expressed in most tissues including the nervous system and 

contains the characteristic cytokine receptor motif (WSXWS), a single-pass transmembrane region and 

a Janus kinase docking site (Boulay, O’Shea and Paul, 2003; Hahn et al., 2017). Without revealing 

underlying mechanisms, CRLF3 has been associated with the regulation of proliferation, differentiation 

and cell survival (Hashimoto et al., 2012; Wegscheid et al., 2021). Increased CRLF3 levels have been 

detected in tumours and various tumour cell lines (Dang et al., 2006; Yang et al., 2009) and sequence 

alterations have been linked to amyotrophic lateral sclerosis (ALS) (Cirulli et al., 2015), autism 

spectrum disorders (Wegscheid et al., 2021) and sensitivity to Leishmania infections (Castellucci et al., 

2021). 

In light of highly conserved CRLF3 orthologues in insects and mammals, we hypothesized that Epo also 

mediates cell-protective functions via activation of CRLF3 in human neurons. To study whether 
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Epo/CRLF3-signalling protects human neurons from stress-induced apoptosis we established survival 

assays with human induced pluripotent stem cell- derived neurons. 

Induced pluripotent stem cells (iPSC), that can give rise to various cell types upon exposure to 

appropriate differentiation protocols, harbour great potential for biomedical research and disease 

modelling (Rodriguez-Polo et al., 2019; Stauske et al., 2020; Doss and Sachinidis, 2019; Wiegand and 

Banerjee, 2019). We generated CRLF3 knock out (KO) iPSC lines along with isogenic control lines (Ig-

Ctrl) from two independent human iPSC lines by means of a Piggy-Bac-CRISPR-Cas9 system and 

differentiated them into neuron-like cells. Apoptosis was induced through “chemical hypoxia” by 

addition of rotenone, an inhibitor of complex I of the mitochondrial electron transport chain. CRLF3 

was stimulated with the natural human Epo splice variant EV-3 to prevent coactivation of homodimeric 

EpoR or EpoR/ βcR (Bonnas et al., 2017). We demonstrate that EV-3 protects WT and Ig-Ctrl iPSC-

derived neurons from rotenone-induced apoptosis. In contrast, CRLF3-KO neurons were not protected, 

indicating that CRLF3 serves as neuroprotective receptor for EV-3 in human neurons. The results of our 

study deorphanize human CRLF3 by identifying EV-3 (and most likely also Epo) as a natural ligand. 

Moreover, we show that EV-3/CRLF3 signalling mediates protection of human cells indicating that 

CRLF3 can be selectively targeted by Epo-like ligands to counteract neurodegenerative diseases without 

simultaneously promoting inappropriate erythropoiesis and tumor growth.  
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Methods 

Experiments were conducted with two human iPSC lines. iPSC were generated from commercially 

available human fibroblasts originating from a female and a male patient (referred to from now as 

iPSC#1 and iPSC#2 respectively; Lonza CC-2511, lot 0000490824 [iPSC#1], and lot 0000545147 

[iPSC#]). Reprogramming was performed according to Okita et al. (Okita et al., 2011). iPSC 

characterization was described in Stauske et al. (Stauske, Rodriguez Polo, et al., 2020). Human iPSC 

were maintained at 37°C, 5% CO2 in Universal primate pluripotent stem cell medium (UPPS medium), 

and cell splitting was performed using Versene solution (Thermo Fisher Scientific; #15040066) 

according to Stauske et al. (Stauske, Rodriguez Polo, et al., 2020). iPSC were cultured on Geltrex-coated 

6 cm or 12- well dishes (Thermo Fisher; A1413202). For all molecular analysis described below, cells 

(both iPSC and iPSC-derived neurons) were washed twice in Phosphate buffered saline (PBS) before 

being scraped (Cell scraper, Sarstedt; #833945040) and collected in an 1,5 ml Eppendorf tube. Cell 

suspensions were centrifuged at 12.000 x g for 2 min. PBS was removed and cell pellets snap-frozen in 

liquid nitrogen. Samples were stored at -80°C until further analysis. 

 

Establishment and characterization of transgenic lines 

The KO lines were generated according to Rodríguez-Polo et al. (Rodriguez-Polo et al., 2021), following 

a constitutive Cas9-gRNA expression strategy. In brief, cells were nucleofected with a piggyBac-

CRISPR-Cas9-GFP vector carrying a guide RNA (gRNA) specifically targeting CRLF3 (see Table 1) 

and a second vector carrying Transposase-dtTomato, (Pac-PB-Tomato) (Debowski et al., 2015). In 

parallel, a different subset of cells was transfected with an empty piggyBac-CRISPR-Cas9 (no gRNA) 

construct in order to generate isogenic control (Ig-Ctrl) lines. After transfection the GFP positive (Cas9-

GFP-gRNA positive) population was sorted by Fluorescence assisted cell sorting (FACS; Sony Flow 

Cytometry FACS SH800S). The presence of INDEL mutations in the polyclonal population was 

evaluated using PCR (Primer sequences see Table 1) in combination with T7 endonuclease I assay and 

Sanger sequencing. For the generation of the CRLF3 KO monoclonal lines, polyclonal populations were 

single-cell sorted into a 96-well plate, expanded and genotyped. Presence of the transgene was evaluated 

by GFP expression using a Zeiss Observer Fluorescent microscope (Carl Zeiss, #4001584). Successful 

introduction of loss-of-function mutations was evaluated in the monoclonal lines amplifying the targeted 

locus by PCR, subcloning the product in pCRII vector (TA cloning kit; Thermo Fisher Scientific # 

K207020), transforming the vector into competent E.coli, and sequencing by Sanger (20 bacterial clones 

per cell line analysed). Subsequent sequence analysis revealed allele-specific variations in each one of 

the iPSC clones. Additionally, protein depletion from mutated iPSC and iPSC-neurons was confirmed 

by Western blot (see below). 

 

Genomic DNA extraction and PCR 

Genomic DNA (gDNA) was extracted using DNeasy Blood & Tissue Kit (Qiagen; #69504) according 

to the manufacturer's instructions. The gRNA target site was amplified using specific primers as stated 

below (Table 1). PCR was run using GoTaq Green Master Mix (Promega; #M7122) and PCR program 

was set as shown in Table 2. PCR products were loaded on a 1% agarose gel and run for 30 min at 100 V 

before extracting DNA fragments using Macherey–Nagel NucleoSpin Gel and PCR Clean-up Kit 

(Macherey–Nagel; #740609.50). The isolated DNA fragments were subsequently either sent for 

sequencing using specific PCR primers (for Polyclonal approach; Sequencing facility Microsynth AG, 

Göttingen, Germany) or cloned into a pCRII vector for allele characterization (for clonal expansion). 
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Table 5: Oligonucleotides 

Application Gene Oligonucleotide 5'-3' Tm Accession number 

gRNA 

CRLF3-guide 1 

fwd CACCGAAAGGCCTCGCACATTCAGT  

E
N

S
P

0
0

0
0

0
3
1

8
8
0

4
.6

 

gRNA 

CRLF3-guide 1 

rev AAACACTGAATGTGCGAGGCCTTTC  

PCR 

CRLF3-Guide1-

fwd CCCTGGGCTTTCTGCTTTGC 
61°C 

PCR 

CRLF3-Guide1-

rev ACCACGCATGGTCTGAAAACC 
 

qPCR CRLF3 fwd CAACGTTGGGGTCTATGTGC 61°C 

qPCR CRLF3 rev CGCCCACCAGTACAGATAGA 
 

qPCR Bax-fwd CGAGTGGCAGCTGACATGTT 
61°C 

ENST00000293288.12 

qPCR Bax-rev TCCAGCCCATGATGGTTCTG 
 

qPCR Caspase 3-fwd GGAGGCCGACTTCTTGTATG 
61°C 

ENST00000308394.9 

qPCR Caspase 3-rev TGCCACCTTTCGGTTAACCC 
 

qPCR BCL-2-fwd CGTTATCCTGGATCCAGGTG 
61°C 

ENST00000398117.1 

qPCR BCL-2-rev GTGTGTGGAGAGCGTCAAC 
 

qPCR bActin-fwd GCGAGAAGATGACCCAGATC 
61°C 

ENST00000674681.1  

qPCR bActin-rev GGGCATACCCCTCGTAGATG 
 

 

 

Table 6: PCR program for CRLF3 amplification 

Step Temperature [°C] Time [sec] Cycle 

Initial denaturation 95 180  

Denaturation 95 30 

x30 Annealing  61 30 

Elongation 72 30 

Final elongation 72 300  
 

 

Transformation 

pCRII vectors carrying PCR products of single-cell clones were transformed into XL1-blue competent 

cells (Agilent; #200249). 500 ng plasmid were carefully mixed with 100 µl of competent cells and let 

to rest on ice for 30 min. Subsequently, cells received a heat shock at 42°C for 40 sec before 900 µl 

super optimal broth (SOB) (Roth; #AE27.1) without antibiotics was added. Cell suspension was 

transferred into a bacterial incubator for 1 h at 37°C, 225 rpm. Afterwards, cell suspension was 

centrifuged at 3000 x g for 2 min, supernatant was removed, and cells were resuspended in 100 ml SOB 

medium before being dispersed on LB agar plates + ampicillin (Sigma-Aldrich; #L2897). Plates were 

let to rest at room temperature (RT) for 10 min before being transferred to 37°C.  
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Western blot 

Cell pellets were lysed in protein lysis buffer (150mM NaCL; 20mM Tris.HCl pH 7.5; 1mM EDTA; 

1% Triton-X-100) + Protease inhibitor (Thermo Fisher Scientific; #78429) by vigorous shaking in a 

tissue lyser (Qiagen; #85300) for 3 min at 50 Hz. Subsequently, the lysates were transferred onto ice 

and incubated for 30 min. Cell lysate was centrifuged at 10.000 x g for 10 min at 4°C and the protein 

containing supernatant was transferred to a fresh Eppendorf tube. Protein concentration was measured 

by Bradford assay (PanReac AppliChem; #A6932,0500). For all Western blots run in this study 50 µg 

protein was denatured in 2X Lämmli buffer (Sigma-Aldrich; #S3401) at 95°C for 5 min. 10% SDS-

Pages were run for 30 min at 70 V and 1 h at 120 V. For size reference, PageRuler Plus Prestained 

Protein ladder (Thermo Fisher Scientific; #26619) was loaded together with samples. The separated 

protein was transferred onto nitrocellulose membranes (Roth; #9200.1) in a wet blot approach for 1,5 h 

at 180 mA. Membranes were incubated in Ponceau S (Sigma-Aldrich; #P3504) in order to check for 

sufficient and successful protein transfer before being blocked in 5% Milk/ PBS-0,1% Tween-20 (PBST) 

for 30 min at room temperature (Milk Roth; #T145; Tween-20 PanReac AppliChem; #A7564). 

Membranes were probed for CRLF3 (see antibody list for dilutions in table 3) either at RT for 2 h or 

overnight at 4°C. Subsequently, membranes were washed 3 times in PBST before incubation in α-HRP 

solution for 30 min at RT. Membranes were imaged by incubation in Pierce ECL Western blotting 

substrate (Thermo Fisher Scientific; #32209) using iBright CL1500 Imaging System (Thermo Fisher 

Scientific; #A44114). Subsequently, membranes were stripped in 0,5 M NaOH for 3 min, washed 3 

times in PBS before being blocked again. Membranes were incubated in αTubulin (see table 3) for 1 h 

at RT before incubation with the secondary α-HRP antibody and imaging. Quantification of protein band 

intensities was performed using ImageJ. Band intensities were normalized to the corresponding 

αTubulin band intensity of each sample and then towards control samples within treatment groups. Data 

is shown as bar plots representing the average band intensities measured together with the calculated 

standard deviation and single data points. 

 

Transgenic iPSC characterization 

To confirm pluripotency of the newly generated transgenic lines (namely CRLF3 KO and corresponding 

Ig Ctrl of iPSC#1 and #2) we stained for pluripotency markers NANOG and OCT4A (see antibody list 

in table 3). iPSC were grown on 2 cm glass coverslips (Menzel-Gläser, #CB00200RA1) and fixed when 

confluent in 4% Paraformaldehyde (PFA) for 30 min. Coverslips were subsequently washed 3x in PBS 

before being blocked in 0,5 % bovine serum albumin (BSA; Thermo Fisher Scientific, #15260037) 

either for 30 min at RT or longer at 4°C. Cells were washed again 3 times in PBS and subsequently 

incubated with primary antibody according to table 3 at 4°C overnight. Coverslips were washed 3 times 

in PBS before incubation with the corresponding secondary antibody (table 3) at 37°C for 1 h. Cells 

were washed three times in PBS and once in water before mounting in Fluoromount-G (Thermo Fisher 

Scientific, #00-4958-02). Images were taken with a Zeiss Observer Fluorescent microscope.  

To show that differentiation capacities of transgenic lines remain intact after transgenesis we performed 

spontaneous differentiation assays, by embryoid body formation (EB), according to Rodriguez-Polo et 

al., (Rodriguez-Polo et al., 2019). In brief, iPSC colonies were detached with 200 U/ml Collagenase 

Type IV for 10 min at 37°C, scraped off and transferred to uncoated bacterial dishes. EBs were 

maintained in Iscoves medium (Thermo Fisher Scientific, # 12440053) at 37°C and the medium changed 

every second day.  

After 8 days EB were transferred onto Geltrex-coated 6-well plates equipped with 2 cm coverslips for 

spontaneous differentiation and further maintained in Iscove’s Medium. Cells were fixed between day 

18 and 20. Stainings were performed as described above. Spontaneously differentiated cells were stained 

for Smooth muscle actin (SMA) and α-Fetoprotein according to table 3. 
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Table 7: Antibodies used 

Antibody Company Host Dilution Application 

CRLF3 Santa Cruz; #sc-398388  mouse 1:500 

IF / Western 

blot 

αTubulin Sigma-Aldrich; T9026 mouse 1:5000 Western blot 

Nanog Cell Signaling, #D73G4 rabbit 1:400 IF  

OCT4A Cell Signaling, #C53G3 rabbit 1:1600 IF  

SMA Sigma-Aldrich, #A2547 mouse 1:100 IF  

αFetoprotein Dako, #A0008 rabbit 1:100 IF  

Neurofilament 200 Sigma-Aldrich; #N4142 rabbit 1:400 IF  

ß-III-tubulin/AF 594 Santa Cruz; #sc-80005 AF594 mouse 1:50 IF / FACS 

Phantom dye red 780 Proteintech; #PD00002 / 1:1000 FACS 

Alexa Fluor 555 Thermo Fisher; #A32727  mouse 1:1000 IF  

Alexa Fluor 594 Thermo Fisher; #A32732  rabbit 1:1000 IF  

Alexa Fluor 633 Thermo Fisher; #A21070  rabbit 1:1000 IF  

HRP Sigma-Aldrich; #A4416 mouse 1:10000 Western blot 

 

 

Neuronal differentiation and survival-assay establishment 

iPSC were differentiated as described previously (Qi et al., 2017)(Qi et al., 2017) with slight 

modifications of the original protocol. iPSC were split on 12-well plates and maintained in UPPS until 

reaching confluency of 60-80%. Medium was changed every 2nd to 3rd day. For the first 7 days of 

differentiation, cells were maintained in induction medium consisting of DMEM/F12 (Thermo Fisher 

Scientific; #11320033), 10% Knock out serum (KOS; Thermo Fisher Scientific; # 10828028), 1% Non-

essential amino acids (NEAA, Thermo Fisher Scientific;# 11140050), 200 µM L-Ascorbic Acid (L-AA, 

Sigma-Aldrich; # A92902-100G), 2 µM SB431542 (Peprotech; # 3014193), 3 µM Chir99021 (Sigma-

Aldrich, # SML1046) and 1,5 µM dorsomorphin (Peprotech, # 8666430). Cells were split onto fresh 

Geltrex-coated plates on day 6. Neuron splitting was performed following incubation in 0,25% 

Trypsin/EDTA (Thermo Fisher Scientific; # 25200056) for 3 min at 37°C. Cells were scraped and 

carefully resuspended before collection in a 5 ml falcon containing 5 ml DMEM/FBS. Cell suspension 

was centrifuged for 5 min at 200 x g. The supernatant was discarded, cells were resuspended in Induction 

medium + 0,001 % ß-mercaptoethanol (Thermo Fisher Scientific; #21985023) and seeded onto 6-well 

plates. Medium was changed the next day to neuralization medium containing DMEM/F12, 200 µM L-

AA, 1% NEAA, 1X N2 supplement (Thermo Fisher Scientific; # 17502048), 1X B27 supplement 

(Thermo Fisher Scientific; #17504044), 10 ng/ml bFGF (Peprotech; #100-18B) and 10 ng/ml EGF 

(Peprotech; #AF-100-15). Cells were fed with neuralization medium for one week before switching to 

neuronal differentiation medium I, consisting of DMEM/F12, 200 µM L-AA, 1% NEAA, 1X N2 

supplement, 1X B27 supplement, 300 ng/ml cAMP (Peprotech; #6099240). For the final 7 days of neural 

differentiation, cells were maintained in neural differentiation medium II containing DMEM/F12, 

200 µM L-AA, 1% NEAA, 1X N2 supplement, 1X B27 supplement, 300 ng/ml cAMP, 10 ng/ml BDNF 

(Peprotech; #450-02) and 10 ng/ml NT-3 (Peprotech; #AF450-03). During the differentiation process, 

cells were split once on Poly-L-Lysin/ Laminin-coated plates when reaching 100% confluency. For each 

experiment 4 6-well plates were first coated in 1 µg/ml Poly-L-Lysin (Sigma-Aldrich; #P5899) for 

30 min at 37°C. Subsequently, plates were washed 3x with PBS before being coated with 2 µg/ml 

Laminin (Sigma-Aldrich; #11243217001) for at least 8 h at RT in the dark. Before cells were seeded, 

plates were washed twice in PBS. Cell splitting was performed as described above. Differentiations were 

regularly monitored for differentiation progress using an inverted light microscope (Carl Zeiss; 

#4001648). A graphical overview of the differentiation process is presented in Supplementary figure 1. 

Characterization of the emerging iPSC-derived neurons was performed by immunofluorescent stainings 

for ß-III-tubulin, Neurofilament and CRLF3 as described above (table 3). 
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Establishment of survival assay 

Different concentrations of rotenone as a pro-apoptotic stressor and EV-3 as an anti-apoptotic protectant 

were tested. For final experiments rotenone (Sigma-Aldrich; #R8875; dissolved in DMSO at stock 

concentration of 1,3 M) concentrations of 800 nM (for iPSC#1) and 1 µM (for iPSC#2) were applied 

for 18 h after treating cells with either 41,5 ng/ml (iPSC#1) or 33,3 ng/ml (iPSC#2) EV-3 (IBA GmbH, 

Göttingen, Germany) for 12 h. For each experiment one well of differentiations were treated with 

0,006% DMSO as rotenone solvent control. After treatment periods, iPSC-derived neurons were 

prepared for FACS analysis as stated below. 

 

FACS sample preparation and analysis 

To collect samples for FACS analysis cell cultures were incubated in 0,25% Trypsin/EDTA for 3 min 

at 37°C before stopping the reaction with DMEM/FBS. Cells were scraped and resuspended by gentle 

pipetting before being transferred to falcon tubes. 2 ml DMEM/FBS were added and samples were 

centrifuged at 800 x g for 5 min. Samples were subsequently washed twice in PBS, with centrifugation 

steps between washing steps. In order to have samples for all treatment groups and to set FACS gates, 

only a subset of the cells were stained for further analysis. Table 4 shows the different treatment 

conditions and staining procedures employed for this protocol. Samples designated for live/dead 

analysis were stained in Phantom dye Red 780 (Proteintech; #PD00002) for 30 min at 4°C according to 

the antibody list in table 3. Samples were subsequently diluted with 2 ml PBS + 0,1 % FBS and 

centrifuged at 800 x g for 5 min. Samples were washed one more time in PBS/FBS before being blocked 

alongside with unstained samples for at least 1 h at 4°C in PBS/0,5% BSAml PBS were added and 

samples were centrifuged before a second PBS washing step. Subsequently, samples stained for ß-III-

tubulin as neuronal marker were incubated with antibody according to table 3 overnight at 4°C. Samples 

that did not receive staining solution remained in blocking buffer. The next day 2 ml PBS were added 

to all falcons and the samples were centrifuged. After a second PBS washing step, cells were 

resuspended in FACS buffer (Containing PBS + 0,5% BSA + 2 mM EDTA) and strained through a 

40 µm cell strainer (Sarstedt; #833945040) into FACS tubes (Fisher Scientific; #10579511). Samples 

were kept on ice until analysis with Sony cell sorter SH800S. 

 

Table 8: FACS samples prepared for survival assays 

Treatment FACS sample 

Control  

Neg. control 

Phantom dye 

ß-III-tubulin 

ß-III/Phantom dye 

Rotenone  
Phantom dye 

ß-III/Phantom dye 

EV-3 + 

rotenone ß-III/Phantom dye 

 

FACS gates were set according to the forward and sideward scatter measured in the main gate for single-

cell analysis. Gates for the selection of ß-III-tubulin-positive cells were set according to the unstained 

control samples. Phantom dye gates for live and dead cells were set according to the unstressed 

population. For all samples 100.000 cells were measured. Only ß-III-tubulin positive cells (i.e., neuron-

like cells) were analysed for their survival according to Phantom dye staining. A representation of the 

gating strategy can be seen in Supplementary Figure 2. 
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FACS data is presented as boxplots showing the median cell survival, upper and lower quartile and 

whiskers representing 1,5 x interquartile ranges. Single data points are shown as circles within the 

boxplot. Cell survival data was normalized to the corresponding untreated control, which was set to 1.  

 

CRLF3 immunostaining of iPSC-derived neurons 

iPSC-derived neurons were grown on glass coverslips and fixed on day 30 of differentiation. Cell 

staining was performed as described above using primary antibodies for Neurofilament 200 and CRLF3 

(See antibody list table 3) and Dapi (1:1000 in H2O; Sigma Aldrich; #D9564) as nuclear marker. Images 

were taken using Leica SP8 confocal microscope (Leica Microsystems). Images were further processed 

using ImageJ. 

 

Statistical analysis 

Statistical analyses of all experiments conducted in this study was performed using R Studio (Team, 

2015; R Core Team, 2019) and pairwise permutation test (two-tailed) within the packages coin and 

rcompanion (Zeileis et al., 2008; Mangiafico, 2019). In order to avoid false-positive results due to 

multiple comparisons, Benjamini Hochberg correction was included in all statistical calculations. 

Significant differences are shown by differing letters (e.g. a is significantly different to b but not to ab). 

All data presented was collected from independent experiments. Only experiments with a minimum of 

5 % survival loss in rotenone treated cultures were included into final analysis. 
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Results 

Characterization of CRISPR-generated cell lines 

In order to generate CRLF3 deficient cell lines, two independent human iPSC lines (#1 and #2, female 

and male respectively) were transfected with a plasmid coding for the piggyBac transposase, and a 

piggyBac vector containing Cas9-GFP and gRNAs to target exon 3 of the gene (see Fig 1A). Fig 1 shows 

a representation of the mutation characterizations performed. Only cell lines showing two types of 

mutation (corresponding to alleles A and B) were considered for further analysis. Both generated KO 

lines contained frameshift-inducing mutations at the scaffold site resulting in termination of protein 

translation due to premature stop codons. Expression of CRLF3 protein in the generated cell lines was 

analysed by Western blots. Both clonal KO lines generated from iPSC#1 and iPSC#2 entirely lack 

CRLF3 protein (Fig 1 C). In contrast, CRLF3-related immunoreactivity of the expected size of 55 kDa 

was detected as single bands of WT and Ig-Ctrl cells. . αTubulin was probed as loading control and 

detected at the expected size in all cell lines. The newly generated clonal lines all express GFP 

homogeneously, allowing to monitor cross-contaminations with other cell lines (see Fig 1 D). Both Ig-

Ctrl and KO cells from iPSC#1 and #2 were characterized for their pluripotent state (see Supp Fig. 3). 

All four lines retained the capacity for spontaneous differentiation into all three germ layers (Supp Fig 

3 A) and exhibited staining for core pluripotency markers (Supp Fig 3 B). 

 

Figure 5: Characterization of CRISPR-induced CRLF3 mutation in human iPSC lines. A: Schematic overview of CRLF3 gene. 

Exons are represented as boxes, with sizes corresponding to exon length. Introns are represented as arrows and do not depict 

intron length. Yellow bar in exon 3 (E3) shows mutation site. Green and blue arrows mark start and stop codon of the coding 

sequence respectively. B: Chromatograms illustrating mutations in alleles A and B of iPSC#X line. Top: WT sequence, with 

gDNA scaffold marked by framed portion of the nucleotide sequence. Middle: Allele A of the mutated line, which is 

characterized by one deleted base pair (marked with arrow) and a base pair exchange (marked by red box). Bottom: Allele B 

of the same iPSC line lacking a row of 5 deleted base pairs. Both mutations induce frameshifts that generate premature stop 

codons. C: Western blot analysis of Ig-Ctrl and mutated iPSC lines and differentiated neurons. Top: Protein lysates of iPSC#1 

and #2 probed for CRLF3 and αTubulin. WT and Ig-Ctrl lysates show bands for CRLF3 protein, while the mutated lines 

(marked with KO) do not. αTubulin probed as loading control appears for all lines. Bottom: Western blot analysis of 

differentiated neurons originating from WT or CRLF3 mutated cells of both lines. While WT lysates show bands for CRLF3, 

no protein was detected in KO cells. αTubulin bands are present. D: Transfected iPSC colonies express EGFP as reporter gene. 

Both lines show homogeneous eGFP expression within iPSC colonies consisting of more than 100 cells. Scale bar: 50 µM. 
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EV-3 induces CRLF3-mediated protection of human iPSC-derived neurons  

EpoR, but not ßcR, is expressed in iPSC-derived neurons used in this study (data not shown). Instead of 

Epo, which activates both classical EpoR and alternative tissue-protective receptors, we used the human 

natural Epo splice variant EV-3. EV-3 is unable to activate classical EpoR, stimulates anti-apoptotic 

mechanisms in mammalian neurons (via alternative Epo receptors) and has been demonstrated to 

mediate protection of insect neurons via binding to CRLF3 (Bonnas et al., 2017; Hahn et al., 2017; 

Heinrich, Günther and Miljus, 2017). Before starting with main experiments, we established protocols 

for apoptosis induction with rotenone and EV-3-mediated cell protection by testing different 

concentrations and exposure periods separately for both lines (Supp Fig 5 shows results of these 

experiments). Best combinations for apoptosis induction and neuroprotection differed between the two 

lines and led to the following protocols for subsequent survival assays: iPSC#1-derived neurons were 

exposed to 41,5 ng/ml EV-3 starting 12 h before exposure to 800 nM rotenone for 18 h. iPSC#2-derived 

neurons were exposed to 33,3 ng/ml EV-3 starting 12 h before exposure to 1µM rotenone. In these 

preliminary experiments EV-3 protected neurons from both iPSC lines during rotenone-induced 

chemical hypoxia indicating that alternative Epo receptors activate the protective intracellular pathways.  

For core experiments WT, Ig-Ctrl and CRLF3 KO cells from both lines were differentiated for 30 days 

and subsequently treated with EV-3 according to our previous findings (41,5 ng/ml iPSC#1 / 33,3 ng/ml 

iPSC#2) EV-3. After 12 h 800 nM (iPSC#1) or 1 µM (iPSC#2) rotenone was added for 18 h before 

samples were collected for FACS analysis. 100.000 cells per sample were measured in five repetitions 

for each cell line. Of these, only ß-III-tubulin immunopositive cells were included in the quantitative 

analysis to circumvent variations resulting from divergent differentiation efficiencies (differentiation 

efficiencies are displayed in Supp. Fig 3). Neuron-specific ß-III-tubulin staining of iPSC-derived 

neurons at day 30 of differentiation labelled extensive axonal networks of all lines (Fig 2). 

 

  

Figure 2: ß-III-tubulin stainings of iPSC-derived neurons. A: Cells derived from iPSC#1. B: iPSC#2-derived neurons. All 

generated cell lines contain extensive axonal networks and anatomical cell-cell contacts. Scale bar 100 µM. 
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Figure 3: EV-3-mediated protection of rotenone-exposed iPSC-derived neurons (left: iPSC#1; right: iPSC#2). Horizontal 

panels depict data and images from WT (A), isogenic controls (Ig-Ctrl) (B) and CRLF3-mutated (KO) (C) iPSC-derived 

neurons. A, B, C, J, K, L: Brightfield and fluorescent images of iPSC-derived neurons. Ig-Ctrl (B) and KO (C) cells display 

GFP fluorescence, indicating Cas9-GFP fuse transcript. D, E, F, G, H, I: Relative survival of iPSC-derived neurons. Cells 

were prepared for FACS analysis by live/dead and ß-III-tubulin staining. D, E, F: Data collected for neuron-like cells 

originating from iPSC#1. 18 h exposure to 800 nM rotenone reduced the survival of WT (D), Ig-Ctrl (E) and KO (F) neurons 

significantly when normalized and compared to survival in respective untreated control cultures. Rotenone-induced cell death 

was prevented by EV-3 (41,5 ng/ml) in WT and Ig-Ctrl neurons but not in CRLF3- KO neurons. Numbers of analyzed neurons: 

WT 313.250, Ig-Ctrl 292.996, KO 129.191. G, H, I: Relative survival of iPSC-derived neurons originating from iPSC#2. Cells 

were prepared for FACS analysis by live/dead and ß-III-tubulin staining. 18 h exposure to 1 µM rotenone reduced the survival 

of WT (D), Ig-Ctrl (E) and KO (F) neurons significantly when normalized and compared to survival in respective untreated 

control cultures. Rotenone-induced cell death was prevented by EV-3 (33,3 ng/ml) in WT and Ig-Ctrl neurons but not in 

CRLF3- KO neurons. Treatment of Ig-Ctrl neurons to EV-3 significantly increased cell survival in comparison to control cells. 

Numbers of analyzed neurons: WT 234.135, Ig-Ctrl 298.864, KO 279.976. Statistics with pairwise permutation test and 

Benjamini-Hochberg correction for multiple comparison. Significant differences (p<0,05) are indicated by differing letters.  

 

Exposure to 800 nM rotenone reduced survival of WT, Ig-Ctrl and CRLF3-mutated iPSC#1-derived 

neurons (Fig 3 D, E, F). WT neurons were particularly sensitive to rotenone treatment (median relative 

survival 0,68) compared to Ig-Ctrl (0,88) and KO (0,87) neurons. The deleterious effect of rotenone was 

completely prevented by EV-3 (41,5 ng/ml) in WT and Ig-Ctrl neurons (median relative survival 0.96 

and 0,99). In contrast, EV-3 had no protective effect on CRLF3 KO neurons (median relative survival 

0,83) since cell survival was not different from rotenone-treated cultures (median relative survival 0,87).  

Given that rotenone solutions are prepared in DMSO, control experiments with 0,006 % DMSO 

(represents the final concentration during treatments with 1 µM rotenone) had no impact on the survival 

of WT and Ig-Ctrl neurons compared to untreated cultures (median relative survival 0,99 and 1,02). 
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Survival of CRLF3 KO was slightly, yet significantly, decreased (median relative survival 0,96). 

However, the toxic effect of DMSO in these cells was not as severe as in rotenone exposed cultures 

(median relative survival 0,87). 

iPSC-derived neurons originating from iPSC#2 show similar results in survival assays as cells 

originating from iPSC#1 (Figure 3 G, H, I). Exposure to 1 µM rotenone, significantly decreased survival 

of WT, Ig-Ctrl and CRLF3 KO neurons in comparison to untreated control cells (median survival 0,90, 

0,92, 0,74 respectively). Treatment of WT and Ig-Ctrl cells with 33,3 ng/ml EV-3 rescued iPSC-derived 

neurons from rotenone-induced apoptosis, with cell survival of Ig-Ctrl cells being significantly increased 

to or beyond survival of untreated control cells (median survival 0,97 for WT and 1,04 for Ig-Ctrl cells). 

Treatment of CRLF3 KO cells with EV-3 did not increase cell survival in comparison to sole rotenone 

exposure (0,78 median cell survival). Neurons derived from iPSC#2 reacted more strongly to DMSO 

treatment than iPSC#1 cells (see Supp. Fig. 6).  

 

CRLF3 protein levels in apoptogenic and rescue conditions 

Potential treatment-related alterations of CRLF3 protein levels in WT and Ig-Ctrl iPSC-derived neurons 

were analysed by Western blots. Samples from control and pharmacologically treated cultures of the 

same experiment were simultaneously analysed on the same gel and blot. Both antibodies labelled single 

bands at the expected molecular size (~55 kDa for both proteins) in each sample.  

 

  

Figure 4: Presence of CRLF3 in iPSC-derived neurons. Treatment with EV-3 and/or rotenone for 12 + 18 h started on day 30 

of the differentiation protocol. Immediately after treatment, samples were collected. A, B: Protein immunoblots of iPSC#1-

derived WT (A) and Ig-Ctrl (B) neurons labelled with anti-CRLF3 (left) and anti-αTubulin (right) as loading control. Both 

antibodies labelled single bands of the expected molecular size (both ~55 kDa) in each sample. Rotenone (800 nM) increased 

CRLF3 protein levels in WT and Ig-Ctrl neurons. Co-treatment with EV-3 (41,5 ng/ml) reduced rotenone-induced CRLF3 

accumulation insignificantly in WT and significantly in Ig-Ctrl neurons. n= 4. C, D: Protein immunoblots of iPSC#2-derived 
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WT (A) and Ig-Ctrl (B) neurons labelled with anti-CRLF3 (left) and anti-αTubulin (right) as loading control. Both antibodies 

labelled single bands of the expected molecular size. Neither rotenone (1 µM) alone nor its combination with EV-3 (33,3 ng/ml) 

altered CRLF3 protein levels significantly. n= 3. Statistics: pairwise permutation test with Benjamini-Hochberg correction for 

multiple comparison. Significant differences (p<0,05) are indicated by differing letters. E: Immunofluorescent labeling of 

neurofilament 200 (NF200; neuronal/axonal marker) and CRLF3 in all iPSC#2-derived neurons. Nuclei were labelled with 

Dapi. CRLF3 immunoreactivity in WT and Ig-Ctrl covers entire neurons with extensive labelling in the soma. No CRLF3 

imunoreactivity is detected in KO cells. Scale bars 100 µM. 

 

Exposure to rotenone increased CRLF3 levels in iPSC#1 WT (2,1 ± 0,7 fold) and Ig-Ctrl neurons (1,6 

± 0,2 fold) compared to untreated controls (Fig. 4 A,B). Rotenone-induced accumulation of CRLF3 was 

reduced by co-treatment with EV-3 in WT (1,5 ± 0,1 STDV, not significant compared to rotenone-only 

treatment) and Ig-Ctrl neurons (1,2 ± 0,1 STDV, significantly different from rotenone-only exposure). 

In contrast, CRLF3 levels were not affected by rotenone ± EV-3 exposure of WT and Ig-Ctrl neuron-

like cells originating from iPSC#2 (Fig 4 C,D). In order to determine the localization of CRLF3 iPSC#1 

-derived neurons, we labelled differentiated WT, Ig-Ctrl and CRLF3 KO cells with Dapi and antibodies 

against neurofilament 200 and CRLF3. As shown in Fig. 4 I, all cell lines expressed neurofilament 200, 

which is generated in the cell body cytosol and transported into axons. CRLF3-immunoreactivity 

appeared in dot-like patterns in cell bodies and along axons of WT and Ig-Ctrl cells but not in CRLF3 

KO cells.  
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Discussion 

The cytokine Epo mediates neuroprotection and promotes regeneration in mammalian nervous systems. 

Animal models and clinical observations identified Epo as a promising treatment to prevent 

neurodegenerative cell loss. While Epo itself co-activates adverse effects such as overproduction of 

blood cells increasing the risk of thrombosis and promotion of tumour growth, some Epo-mimetics 

including EV-3 selectively stimulate tissue protection without activating homodimeric EpoR-associated 

side effects. Hence, identification and selective targeting of tissue-protective Epo receptors should be 

attempted for therapies against neurodegenerative diseases. The present study identifies EV-3/CRLF3-

signalling in human neurons as a promising neuroprotective option.  

Previous studies on insects suggested that the evolutionary conserved orphan cytokine receptor CRLF3 

may serve as neuroprotective receptor for Epo in the mammalian nervous system (Hahn et al., 2017; 

Hahn, Büschgens, Schwedhelm-Domeyer, Bank, Bart R.H. Geurten, et al., 2019). CRLF3 has been 

associated with a variety of diseases including neurofibromatosis type I, cutaneous Leishmaniasis, 

cutaneous squamous cell carcinoma, amyotrophic lateral sclerosis, autism and cancer (Dang et al., 2006; 

Serra et al., 2019; Castellucci et al., 2021; Kehrer-Sawatzki et al., 2021; Wegscheid et al., 2021). Apart 

from this, studies on PC12 cells and iPSC-derived cerebral organoids indicated that CRLF3 regulates 

the development and differentiation of neurons (Wegscheid et al., 2021). However, concrete functions 

of CRLF3 and the nature of its ligand remained unknown. Insect CRLF3 initiates anti-apoptotic 

neuroprotective mechanisms upon activation with both human Epo and EV-3 (Hahn et al., 2017; Hahn, 

Büschgens, Schwedhelm-Domeyer, Bank, Bart R. H. Geurten, et al., 2019). While the endogenous 

ligand for insect CRLF3 is still unknown (Knorr et al., 2021) current knowledge suggests that CRLF3 

is the only Epo/EV-3-responsive receptor in insects. In contrast, mammals express classical 

homodimeric EpoR activated by Epo and alternative tissue-protective Epo receptors activated by Epo 

and selective ligands such as EV-3. EV-3 is a natural splice variant that lacks the entire third exon of 

the Epo transcript which prevents activation of homodimeric EpoR and heteromeric EpoR/cR (Bonnas, 

2009; Bonnas et al., 2017). EV-3 is present in human serum and brain and elicits anti-apoptotic effects 

on rat hippocampal neurons (Bonnas et  al., 2017). Using EV-3 in our study prevented the activation of 

EpoR which is expressed in both iPSC lines and iPSC-derived neurons used in this study, while ßcR 

expression was only detected in undifferentiated iPSC. Demonstrating that EV-3 mediates 

neuroprotection via human CRLF3 not only deorphanizes CRLF3 but also identifies the previously 

proposed neuroprotective receptor for EV-3. Since Epo can be regarded as the more general ligand that 

stimulates both erythropoiesis and tissue protection and insect CRLF3 is activated by both Epo and EV-

3, it can be assumed that human CRLF3 will also be stimulated by EV-3 and Epo.  

EV-3 protects insect and rat neurons at similar or lower concentrations than Epo (Miljus et al., 2014, 

2017; Hahn et al., 2017; Heinrich, Günther and Miljus, 2017; Bonnas et al., 2017)) Both Epo and EV-

3 protect neurons in an optimum-type dose response, with both lower and higher concentrations being 

less neuroprotective and very high concentrations even exerting deleterious effects on cell survival 

(Siren et al., 2001; Chong, Kang and Maiese, 2003; Weishaupt et al., 2004; Bonnas et al., 2017; Hahn 

et al., 2017; Heinrich, Günther and Miljus, 2017). Optimal concentrations may vary between species 

(e.g. brain neurons of L. migratoria and T. castaneum) and even between different cell types within the 

same organism and tissue (brain neurons and glia of L. migratoria). Such differences were also detected 

between the two lines of iPSC-derived neurons used in our study. While rotenone-stressed neurons of 

iPSC#1 were best protected by 41,5 ng/ml EV-3, the most neuroprotective concentration for iPSC#2 

was 33,3 ng/ml. Apoptosis-induction with rotenone has frequently been used in studies with various cell 

types including neurons and Epo-mediated neuroprotection of rotenone-stressed neurons has been 

reported in vitro (Wen et al., 2002; Cheng et al., 2020). It is important to note, that iPSC#2 cells 

differentiated not as efficiently as cells originating from iPSC#1. This could account for the higher 

concentration of rotenone needed, in order to stress the cells.  

To our knowledge, the neuroprotective role of Epo or EV-3 in human neurons has not been directly 

studied. Aiming to explore the potential of Epo mediated cytoprotection in human cells, we generated 

iPSC-derived neurons that recapitulate essential aspects of in vivo human neurons. Both lines of iPSC-
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derived neurons assumed neuron-like morphologies and expressed neuron-specific proteins including 

III-tubulin and neurofilament 200. We strived to understand if (1) EV-3 elicits neuroprotective 

functions in human neuron-like cells and (2) if this neuroprotection requires the presence of human 

CRLF3. We demonstrate that EV-3 administration 12 h before and during rotenone-exposure protects 

WT and Ig-Ctrl neuron-like cells from stress-induced apoptosis. For both cell lines used in this study 

the apoptotic effect of rotenone was entirely compensated, resulting in cell survival close to control 

(untreated cells) levels. Importantly, EV-3 mediated neuroprotection was completely absent in CRLF3 

KO cells. This data provides evidence that EV-3 (and likely also Epo) and CRLF3 represent a ligand-

receptor pair that stimulates protective mechanisms in human cells. 

Physiological and/or pathological stress elevates EpoR expression in neuronal cell cultures (Chin et al., 

2000; Chen et al., 2010; Merelli et al., 2019a), in spinal cord (Cohrs et al., 2018) and brain (Pascal E 

Sanchez et al., 2009; Merelli et al., 2019a; Wakhloo et al., 2020). Additionally, increased presence of 

EpoR/cR in renal cells after ischemic reperfusion injury were also reported (Yang et al., 2013). Cell-

protective Epo receptors were either upregulated (Xu et al., 2009) or downregulated (Yang et al., 2013) 

by the presence of Epo or receptor-activating Epo mimetic molecules in some studies. Hence, we asked 

whether CRLF3 expression in iPSC-derived neurons was similarly affected by rotenone-induced stress 

and EV-3 application. Western blot analysis of iPSC#1 WT and Ig-Ctrl neurons indicated increased 

CRLF3 levels following rotenone-exposure and partial prevention of this increase by co-application of 

EV-3. In contrast to the survival assays that selectively analysed neuron-like cells, Western blot analysis 

non-selectively included all cells in these cultures. Nevertheless, the data suggest that CRLF3 is 

upregulated under apoptogenic conditions. The presence of EV-3 reduced apoptosis induction by 

rotenone causing no or reduced upregulation of CRLF3 protein. However, no rotenone and/or EV-3 

effects on CRLF3 levels were detected in iPSC#2 WT and Ig-Ctrl neurons. This result is probably caused 

by lower differentiation efficiency of iPSC#2 (compared to iPSC#1) and more diluted effects by higher 

portions of non-neuronal cell types.  

The data presented here identify human CRLF3 as a neuroprotective receptor for the natural Epo splice 

variant EV-3. Expression of CRLF3 in various human tissues suggests that CRLF3-stimulated 

transduction pathways can interfere with apoptotic processes in other cell types besides neurons. The 

involvement of CRLF3 in human iPSC-derived neuroprotection will initiate a variety of studies to 

uncover the protective molecular pathways. Furthermore, it facilitates the identification of additional 

Epo-like ligands to be applied as specific neuro- or other tissue-protective agents. Using iPSC-derived 

cell types from healthy and diseased donors enables focussed studies on cell-protective mechanisms in 

cell-specific molecular settings.  
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Supplementary Figures  

 

 

 

Supp. Figure 1: Schematic overview of differentiation process and experimental treatment 

 

 

 

Supp. Figure 2: Neuronal differentiation efficiencies between the different iPSC lines. WT and Ig-Ctrl cells originating from 

iPSC#1 differentiate the most efficient. Cells originating from iPSC#2 reach a max average differentiation efficiency of 40%. 
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Supp. Figure 3: Characterization of newly generated iPSC lines. For both line 1 and 2, Ig-Ctrl and CRLF3 KO cells were 

examined to ensure full pluripotency. A, B: iPSC of all four lines were stained for two characteristic pluripotency markers. All 

cells show clear nuclear staining for Nanog and OCT4A. C, D: Ig-Ctrl and KO cells of both lines were used to form embryoid 

bodies and allow spontaneous differentiation. Cells were stained for characteristic markers of the three germ layers. All four 

lines generate immunopositive cells for alpha-fetoprotein (AFP) representing endodermal tissue and smooth muscle actin 

(SMA) representing mesoderm. ß-III-tubulin stainings for ectodermal differentiation are presented in Figure 2 of the main 

manuscript. Scale bars: 20 µM. 
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Supp. Figure 4: Survival assays with iPSC-derived neurons. iPSC lines 1 and 2 were differentiated into neurons and 

subsequently (on day 30 of differentiation) treated with either rotenone alone or rotenone and EV-3. A1, A2: iPSC-derived 

neurons were treated with either 800 nM or 1 µM rotenone for 18 h. Cell survival was measured using FACS. Survival in both 

cell lines is significantly reduced when cells receive 800 nM rotenone. 1 µM rotenone significantly decreases cell survival in 

line 2, however not in line 1. n= 5 for both lines. B1: Cell death induced by 800 nM rotenone is unaffected by 33,3 ng/ml EV-

3 but completely prevented by 41,5 ng/ml EV-3 in iPSC-derived neurons of line 1 (n=4). B2: Cell death induced by 800 nM 

rotenone is partially prevented by both concentrations of EV-3 in line 2 iPSC-derived neurons (n=8). C1: Cell death induced 

by 1 µM rotenone is unaffected by EV-3 in line 1 iPSC-derived neurons (n=4). C2: Cell death induced by 1 µM rotenone is 

unaffected by 41,5 ng/ml EV-3 but partially reduced by 33,3 ng/ml EV-3 (n=5). Statistics: pairwise permutation test with 

Benjamini-Hochberg correction for multiple comparison. Significant differences (p<0,05) are indicated by differing letters. 
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Supp. Figure 5: Neuron-like cells from both iPSC lines used in this study were analysed for cell survival responses on DMSO 

treatment (rotenone was dissolved in DMSO). A, B, C: Cell survival of iPSC-derived neurons originating from iPSC#1. 

Exposure to Carrier (same concentration of DMSO as rotenone-containing treatments) had no impact on the survival of WT 

(A) and Ig-Ctrl (B) neurons but reduced survival of KO neurons (C), however survival is higher than in rotenone treated cells. 

D, E, F: Cell survival of iPSC-derived neurons originating from iPSC#2. Exposure to Carrier (same concentration of DMSO 

as rotenone-containing treatments) had no impact on the survival of WT, Ig-Ctrl and KO neurons. However, cell survival of 

Ig-Ctrl and KO cells was not significantly different to rotenone treated cells. Statistics: pairwise permutation test with 

Benjamini-Hochberg correction for multiple comparison. Significant differences (p<0,05) are indicated by differing letters. 
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Additional experiments and discussion 

 
Not all data collected within the human CRLF3 project could be included into the main manuscript. 

Additional experiments, their results and discussion of such can be found in the following. All 

methods associated with this work can be found in the Supplementary sub-chapter “Methods iPSC 

molecular analysis”. Data presented in Figure 4-5 was collected and analysed by myself. Data in 

Figure 4-6 was collected and analysed by Hanna S. Pies under my supervision. 

 

Results 

 

Characterization of CRLF3 involvement in EV-3 mediated neuroprotection 

In order to characterize the nature of EV-3-mediated neuroprotection in iPSC-derived neurons, we 

analysed the expression of pro- and anti-apoptotic genes in untreated, rotenone-exposed and rotenone 

plus EV-3-treated cells. Analysis included early pro-apoptotic BAX, late pro-apoptotic Caspase 3, anti-

apoptotic BCL-2 and CRLF3. Figure 4-5 displays the data of iPSC#1-derived neurons as average relative 

gene expression with standard deviation. 

First, expression of each gene of interest was separately analysed for different treatments of all lines 

(Fig. 4-5 A). Expression of pro-apoptotic BAX, a marker of early apoptosis, increased during exposure 

to the apoptogenic rotenone stimulus in WT (1,7 fold ± 0,06 STDV) and Ig-Ctrl neurons (1,76 fold ± 

0,46 STDV) compared to respective untreated cultures. Co-application of EV-3 not only prevented 

rotenone-induced BAX overexpression but even caused a slight decrease of relative expression compared 

to untreated controls (WT 0,74 ± 0,06, Ig-Ctrl 0,74 ± 0,12 STDV). In contrast, BAX expression in 

CRLF3-deficient KO neurons was neither altered by rotenone (0,93 ± 0,56 STDV) nor by combined 

treatment with rotenone and EV-3 (1,16 ± 0,13 STDV). Expression of executioner Caspase 3 in WT 

iPSC-derived neurons increased during rotenone exposure (1,47 ± 0,17 STDV) and was reduced below 

control level following exposure of rotenone with EV-3 (0,66 ± 0,11 STDV). Neither of the two 

treatments altered Caspase 3 expression in Ig-Ctrl cells. CRLF3 KO cells increased Caspase 3 

expression during rotenone exposure (1,52 ± 0,74 STDV). In contrast to WT neurons, this increase was 

not prevented by co-treatment with EV-3 (1,97 ± 0,75 STDV, not different from rotenone-treated 

neurons). On the contrary, Caspase 3 expression was further elevated in this condition. BCL-2 and 

CRLF3 expression were not significantly altered by exposure to rotenone or rotenone plus EV-3 in WT, 

Ig-Ctrl and CRLF3 KO iPSC-derived neurons. However, BCL-2 expression in rotenone/EV-3-treated 

WT (1,52 ± 0,18 STDV) and Ig-Ctrl cells (1,3 ± 0,32 STDV) seems to be elevated (not significant), 

especially compared to rotenone-only treated cultures. WT and Ig-Ctrl lines also demonstrate slightly 

elevated CRLF3 expression (not significant) upon exposure to the rotenone stressor (1,46 ± 0,27 and 

1,39 ± 0,27 STDV respectively). For direct comparison of treatment-related changes of gene 

expressions in the three different cell lines, we rearranged the data in Figure 5B and plotted it as the log2 

of relative gene expression. While WT cells seem to increase the expression of both early and late 

apoptosis genes when stressed (0,55 ± 0,22 Caspase 3 to 0,77 ± 0,07 BAX). Ig-Ctrl and KO cells 

overexpress either Caspase 3 or BAX. BCL-2 expression remains low for all lines. When cells are treated 

with EV-3, the overexpression of pro-apoptotic genes is prevented and anti-apoptotic BCL-2 is 

overexpressed in WT and Ig-Ctrl samples (0,6 ± 0,4 and 0,38 ± 0,4 STDV respectively). KO cells, on 

the other hand, overexpress Caspase 3 when treated with EV-3 (1,29 ± 0,25 STDV). BCL-2 and BAX 

expression remain on are slightly elevated in comparison to control (0,31 ± 0,74 and 0,22 ± 0,18 STDV 

respectively). 
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qPCR analysis of BAX, Caspase 3, BCL-2 and CRLF3 were additionally performed for iPSC-derived 

neurons originating from iPSC#2 (see Fig. 4-6). Even though clear upregulation of pro-apoptotic genes 

was detected in WT and Ig-Ctrl cells treated with rotenone (Average expression BAX 1,83 ± 0,35 for 

Figure 4-5: Gene expression analysis for 

representative pro- and anti-apoptotic genes and 

CRLF3 in iPSC-derived neurons of iPSC#1. A: qPCR-

based relative gene expression of pro-apoptotic BAX 

and Caspase 3, anti-apoptotic BCL-2 and CRLF3 in 

WT, Ig-Ctrl and CRLF3 KO in rotenone ± EV-3-

treated neurons (12 h EV-3 treatment, followed by 18 

h rotenone exposure) is normalized to untreated 

controls. n=4 for each cell line. Graphics show average 

± STDV; statistics with pairwise permutation test and 

Benjamini-Hochberg correction for multiple 

comparison. Significant differences (p<0.05) are 

indicated by differing lettering. B: Same data as in (A) 

illustrated as log2 for direct comparison of GOI up- 

and down regulation between different treatments of 

WT, Ig-Ctrl and KO neurons. Relative gene expression 

in pharmacologically treated cultures were only 

compared to respective untreated controls. Graphics 

show average ± STDV; statistics with t-test. 

Significant differences are indicated by asterisk. 
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WT and 1,89 ± 0,44 for Ig-Ctrl), only Ig-Ctrl cells showed significant upregulation of Caspase 3 

(1,7 ± 0,21). For WT and Ig-Ctrl cells originating from iPSC#2 Caspase 3 expression remained elevated 

when cells were treated with EV-3 before rotenone-induced stressing (2,65 ± 1,46 and 2,23 ± 0,51 

respectively). BCL-2 transcript levels were not altered by any of the treatments. CRLF3 KO cells showed 

no significant differential expression of any of the examined GOIs. Contrary to cells originating from 

iPSC#1, WT and Ig-Ctrl cells derived from iPSC#2 showed upregulation of CRLF3 both in rotenone 

and EV-3 + rotenone exposed cells. These differences in expression however, were not statistically 

relevant. 

When analysing the log2 of relative gene expression for direct comparison of GOIs in iPSC#2 derived 

neuron-like cells, differential expression becomes more evident (Fig 4-6 B). Both WT and Ig-Ctrl cells 

show significant upregulation of early and late apoptosis markers when cells receive rotenone (WT cell: 

BAX 0,84 ± 0,33 , Caspase 3 1,07 ± 0,71 ; Ig-Ctrl cells: BAX: 0,87 ± 0,46 , Caspase 3: 0,76 ± 0,21). For 

both lines BAX expression dropped when cells were pre-treated with EV-3, however expression in WT 

cells remains significantly upregulated (WT 0,37 ± 0,29 , Ig-Ctrl 0,35 ± 0,42). Caspase 3 expression 

remained significantly upregulated in WT and IG-Ctrl cells receiving EV-3 prior to rotenone (1,16 ± 0,9 

and 1,12 ± 0,45 respectively). CRLF3 KO cells do not show upregulation of either apoptosis marker 

investigated. However, BCL-2 transcript levels were significantly downregulated both in purely 

rotenone treated and EV-3 + rotenone treated cells (-0,37 ± 0,233 and -0,38 ± 0,25 respectively). 
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Figure 4-6: Gene expression analysis for 

representative pro- and anti-apoptotic genes and 

CRLF3 in iPSC-derived neurons of iPSC#2. A: qPCR-

based relative gene expression of pro-apoptotic BAX 

and Caspase 3, anti-apoptotic BCL-2 and CRLF3 in 

WT, Ig-Ctrl and CRLF3 KO in rotenone ± EV-3-

treated neurons (12 h EV-3 treatment, followed by 18 

h rotenone exposure) is normalized to untreated 

controls. n=3 for each cell line. Graphics show average 

± STDV; statistics with pairwise permutation test and 

Benjamini-Hochberg correction for multiple 

comparison. Significant differences (p<0.05) are 

indicated by differing lettering. B: Same data as in (A) 

illustrated as log2 for direct comparison of GOI up- and 

down regulation between different treatments of WT, 

Ig-Ctrl and KO neurons. Relative gene expression in 

pharmacologically treated cultures were only 

compared to respective untreated controls. Graphics 

show average ± STDV; statistics with t-test. Significant 

differences are indicated by asterisk. 
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Discussion 

Both Bax and Caspase 3 are established proteins within the apoptotic machinery (reviewed in Elmore, 

2007). Initiation and progress of apoptosis has furthermore been correlated with differential gene 

expression of these proteins (Persad et al., 2004; Naseri et al., 2015; He, Sun and Huang, 2018; Hu et 

al., 2021). Our data suggest that 18 h rotenone-induced stress leads to overexpression of both “early” 

and “late” pro-apoptotic genes (namely BAX and Caspase 3, respectively) in WT cells. It is highly 

intriguing that in contrast to iPSC#1 WT cells, iPSC#1 Ig-Ctrl neuron-like cells seem to initiate 

apoptosis later, which is underlined by the lack of Caspase 3 overexpression but a pronounced 

overexpression of the early apoptosis marker BAX. Since active caspases are rapidly degraded within 

the cell (Tawa et al., 2004), the overexpression of caspases is essential for the progression of apoptosis 

and has been described in multiple other studies (Yakovlev et al., 1997, 2001; Clark et al., 2000). For 

both WT and Ig-Ctrl cells, EV-3 prevented rotenone-induced elevation of Caspase 3 and/or BAX and 

even reduced expression levels below untreated controls while increasing expression of anti-apoptotic 

BCL-2. This data suggests that EV-3 mediates neuroprotection by upregulation of anti- and 

downregulation of pro-apoptotic genes, equipping the cells to counteract apoptotic processes induced 

by rotenone. The counteracting of Bcl-2 to Bax and Caspase-3 is well established within studies covering 

the mechanisms of apoptosis (Newmeyer et al., 2000; Liang, Yan and Schor, 2001; Vazanova et al., 

2018) (reviewed in (Elmore, 2007)). Interestingly, the iPSC#1 KO cells analysed in this study do not 

display these protective gene expression profiles. CRLF3 KO cells show a rather dysregulated 

transcriptional program, indicated by a high variance amongst the different samples. Rotenone treatment 

did not result in overexpression of BAX but in a clear overexpression of Caspase 3. Neither BAX nor 

anti-apoptotic BCL-2 are differentially expressed when KO cells are treated with EV-3, however, quite 

strikingly Caspase 3 remained strongly overexpressed as in cells that were exposed to rotenone only. 

The lack of BCL-2 overexpression in EV-3 treated cells further underlines the absence of any EV-3 

mediated cell-protective effects. iPSC-derived neurons originating from the second iPSC line analysed 

in this study unfortunately do not follow these expression patterns. However, it is to be noted that 

differentiation efficiencies for cells originating from iPSC#2 were lower in comparison to cells 

originating from iPSC#1. Given that samples for molecular analysis were taken as bulk from the 

experimental plate, the cell population analysed in qPCR and Western blot analysis was composed not 

only of neurons. As mentioned above, optimal concentrations of EV-3 may vary between different 

tissues within the same organism. We cannot exclude that EV-3 concentrations used in this study had 

deleterious effects on other cell types like glia or neuronal-precursor cells, which might be present in 

the mixed neuronal population we generated. The presence of non-neuronal cell types might account for 

the contradictory expression data we observed with iPSC#2. 

 

Studies on the mechanisms of Epo/EpoR-mediated cell protection demonstrated elevated EpoR 

expression under physiologically stressful conditions (Mohyeldin et al., 2007; Merelli et al., 2019b; Su 

et al., 2019). Hence, we asked whether CRLF3 expression in iPSC-derived neurons was similarly 

affected by rotenone-induced stress. CRLF3 expression was not significantly altered by rotenone or 

rotenone plus EV-3 in any of the studied cell lines of iPSC#1. While expression is slightly elevated in 

WT and Ig-Ctrl cells when cells receive rotenone, these effects are not statistically relevant. In contrast, 

the cellular abundance of CRLF3 protein significantly increased in rotenone-stressed WT and Ig-Ctrl 

cells originating from iPSC#1 (see Chapter 4, Fig 4). Increased CRLF3 protein levels without elevated 

levels of respective transcripts might be achieved by storage of crlf3 transcript with blocked translation 

(Hinnebusch and Natarajan, 2002; Jovanovic et al., 2015; Perl et al., 2017; Courel et al., 2019). By a 

mechanism termed “translation-on-demand” stored transcripts can be rapidly translated for fast cell 

responses in harmful conditions (reviewed in (Liu, Beyer and Aebersold, 2016)). These mechanisms 

have been generally described for proteins relevant in cell survival processes and rapid cell responses 

(Beyer et al., 2004; Liu, Beyer and Aebersold, 2016). It is also possible that CRLF3 protein is stored 

within the intracellular membrane of the cells, allowing fast translocation to the outer membrane. This 

mechanisms has been previously described for EpoR, potentiating the intracellular effects of  Epo/EpoR 

binding (Becker et al., 2010). However, if this were the sole mode of activity for CRLF3, the 

intercellular protein portion would have been detected by western blot. Taking all of the presented data 

into consideration, we hypothesize that proper functioning and presence of CRLF3 plays a crucial role 

in many aspects of functional, healthy organisms, including development, cell maintenance and, 

obviously, cell protection and regeneration of damaged tissue.   
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General Discussion 
 
Non-hematopoietic functions of Epo are well established and recognized within the scientific 

community. Epo has been described to play crucial roles in neurodevelopment (Jacobs et al., 2021; 

Khalid et al., 2021), neuroprotection and as a promising drug to treat various diseases (reviews: (Kaur 

et al., 2021; Vittori et al., 2021). Clinical trials administering Epo to patients with traumatic brain injury, 

schizophrenia, multiple sclerosis, depression and Alzheimer’s disease have shown beneficial effects 

with respect to recovery and slowing of disease progression. In light of the promising results from these 

studies, the community started considering Epo as a serious candidate for treatment. However, the 

canonical, EpoR-mediated functions of Epo cause severe side effects concerning thrombosis and 

promotion of tumor growth (Ehrenreich et al., 2009; Pedroso et al., 2012). Our lack of understanding 

the full scope of Epo’s biological modes of action hinder progress in the development of Epo-based 

treatments outside of anaemia patients. 

 

One open question concerns the identity of Epo receptor/s responsible for its cytoprotective actions. 

While studies have identified both a EpoR homodimer and a heterodimer build of EpoR and ß-common 

receptor (ßcR) to stimulate neuroprotection (Brines et al., 2004; Chamorro et al., 2013; Miller et al., 

2015; Bonnas et al., 2017; Ding et al., 2017; Wakhloo et al., 2020) these receptors only account for 

some reported anti-apoptotic functions of Epo. Evidence that recombinant human Epo (rhEpo) elicits 

neuroprotection in insects (Ostrowski, Ehrenreich and Heinrich, 2011; Miljus et al., 2014; Hahn et al., 

2017; Heinrich, Günther and Miljus, 2017; Hahn et al., 2019) in the absence of both EpoR and ßcR 

indicated the presence of additional Epo-responsive receptors possibly shared by insects and mammalian 

species.  

 

The cytokine receptor-like factor 3 (CRLF3) 

was identified to bind rhEpo and initiate anti-

apoptotic cellular responses in insects (Hahn 

et al., 2017; Hahn, et al., 2019). Epo-mediated 

neuroprotection coincided with the presence 

of CRLF3 in insect species, both being absent 

in flies. The CRLF3 cytokine receptor is 

widely present in eumetazoans and highly 

conserved throughout evolution. Nonetheless, 

its ligands and functions are widely 

uncharacterized. In recent years altered 

regulation of CRLF3 expression was 

associated with multiple human diseases, 

including amyotrophic lateral sclerosis 

(Cirulli et al., 2015), autism spectrum 

disorders (Wegscheid et al., 2021) and 

Leishmania infections (Castellucci et al., 

2021). However, evidence for Epo/CRLF3-

mediated neuroprotection in vertebrate 

species was missing.  

Understanding the activation and downstream 

effectors of CRLF3 and other tissue-

protective receptors could aid in the design of 

synthetical Epo-like cytokine ligands, which 

would selectively activate tissue-protective 

processes without coactivation of unwanted 

side effects of Epo itself. Furthermore, the 

identification of other natural CRLF3 ligands 

is worth investigating in the context of 

neuroprotection studies.  

Figure 1 depicts the general mechanism of Epo-mediated neuroprotection in insects. Even though we 

knew that CRLF3 was activated by rhEpo and elicited anti-apoptotic effects in insect neurons by 

Figure 1: General scheme for Epo/EV-3 mediated 

neuroprotection in insects. Recombinant human Epo binds the 

orphan CRLF3 receptor leading to transphosphorylation of 

constitutively bound JAK. JAK in return activates STAT. No 

evidence for involvement of other pathways could be 

demonstrated. 
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intracellular JAK/STAT signaling (Miljus et al., 2014; Hahn et al., 2017; Hahn et al., 2019), we did not 

fully understand how Epo was able to inhibit apoptosis and allow damaged neurons to regenerate. 

Furthermore, activation of CRLF3 by rhEpo can be considered an “artificial model”, given that 

invertebrate species do not express Epo or any cytokine with detectable sequence similarity. The 

endogenous ligand of CRLF3 was unknown across all animal species, terming CRLF3 an orphan 

receptor.  

 

AChE is a molecular target of Epo-mediated anti-apoptotic effects 

Epo-mediated anti-apoptotic mechanisms in vertebrates involve activation of STAT5, PI3K, NFkB and 

AKT amongst others (Pregi et al., 2009; Wenker et al., 2010; Jia et al., 2014; Si et al., 2019). For insects, 

the involvement of JAK/STAT has been demonstrated, however, no involvement of PI3K or AKT could 

be observed (Miljus et al., 2014). Furthermore, pro- and anti-apoptotic mechanisms involved in this 

system were unknown. 

 

The enzyme acetylcholinesterase (AChE; ace) has only recently emerged as a crucial player in vertebrate 

apoptosis, disease and non-synaptic cell homeostasis (Small, Michaelson and Sberna, 1996; Karczmar, 

2010; Zhang and Greenberg, 2012; Rotundo, 2017; Toiber et al., 2008; Walczak-Nowicka and Herbet, 

2021). Within the apoptotic machinery, the esterase acts as a promotor for apoptosome formation. The 

apoptosome is a large multiprotein complex consisting of Apaf-1, cytochrome c, and procaspase 9, and 

is generally regarded as the point-of-no-return in apoptosis. It was demonstrated that cytochrome c  only 

interacts with Apaf-1 after association with AChE and that the absence of AChE inhibits apoptosome 

formation (Park, Kim and Yoo, 2004; Park et al., 2008; Zhang and Greenberg, 2012). Furthermore, 

AChE was described to translocate to the nucleus and act as a DNase during apoptosis (Du et al., 2015).  

 

Since many crucial cell regulatory mechanisms are well conserved throughout evolution, and adapted 

in their complexity corresponding to the organisms, I hypothesized that AChE has similar pro-apoptotic 

functions in insects as in vertebrates. The data presented in this thesis demonstrates that both locusts and 

beetles require AChE in their apoptotic programs. While the AChE isoform relevant for mammalian 

apoptosis remains controversial (some studies describe AChE-S (Zhang et al., 2002a; Du et al., 2015) 

others describe AChE-R (Härtel, Gleinich and Zimmermann, 2011) to be relevant in apoptosis 

progression), the data collected here points towards a combinational role of both types of esterases 

present in insects. 

Given that Epo positively regulates the erythrocytic AChE splice variant in mammals during erythrocyte 

differentiation (Xu et al., 2018), I hypothesized that a similar mechanism might take place in Epo-

mediated neuroprotection, but in a negative regulatory manner. In the mammalian system, the positive 

feedback loop of Epo on AChE-E expression was mediated by GATA-1 (Xu et al., 2019). GATA factors 

have been described in insects (Uvell and Engström, 2007) and might account for ace transcription 

regulation in insects as well. Indeed, I was able to demonstrate that hypoxic stress induced 

overexpression of the pro-apoptotic AChE in insect neurons and that this overexpression is prevented 

by pre-treatment with protective concentrations of rhEpo. This is the first evidence that Epo/CRLF3 

exerts a negative regulatory mechanism on pro-apoptotic AChE expression in a neuroprotection model. 

Since AChE involvement in apoptosis, as well as Epo(-like-ligand)-mediated neuroprotection, seem to 

be conserved it is possible that Epo regulates pro-apoptotic AChE in vertebrate species. This inhibitory 

action might account for reports in which Epo interrupted the apoptotic machinery and rescued 

vertebrate cells (Siren et al., 2001; Kretz et al., 2005).  

 

Deorphanizing CRLF3 – A quest for an unknown cytokine 

As mentioned previously, invertebrate species do not express Epo, and lack homologs of vertebrate 

identified Epo-responsive receptors. Nonetheless, the presence of cytokines involved in cellular 

responses, in particular immunity, is well-established in insects (Beschin et al., 2001; Ottaviani, 

Malagoli and Franchini, 2004; H. S. Wang et al., 2007; Altincicek, Knorr and Vilcinskas, 2008; Duressa 

et al., 2015; Kodrík et al., 2015; Shears and Hayakawa, 2019; Watari et al., 2019). Many insect cytokines 

are released from the fat body and travel with the hemolymph through the open body cavity of the 

organism. Hemocytes and the solute composition of hemolymph fluid are highly dynamic and can react 

rapidly to exogenous and endogenous insults (Hillyer and Christensen, 2002; C. Wang et al., 2007; 

Welchman et al., 2009; Kingsolver, Huang and Hardy, 2013). Considering that CRLF3 is expressed in 

insect neurons, myocytes and hemocytes (Hahn et al., 2019; Knorr et al., 2021), we hypothesized that 
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the unknown ligand might be present in the insect hemolymph, allowing the cytokine to interact with its 

different target locations. Cytokines are considered a monophyletic group in evolution, nonetheless, this 

group of humoral factors shares little sequence and structural similarities amongst each other. This 

characteristic makes bioinformatical approaches for the identification of novel cytokines challenging. 

Functional approaches seem to have greater chances for the identification of cytokine/cytokine receptor 

signalling. However, unambiguous identification of cytokine functions is problematic considering the 

pleiotropic effects and promiscuous interactions of cytokine ligands with different cytokine receptors. 

During my work on the modes of CRLF3 action, I made use of our previous knowledge on its activation 

by rhEpo. Performing direct comparisons of cell survival in hypoxia-challenged neuron cultures, I 

demonstrated that locust hemolymph mediates similar neuroprotective effects as rhEpo does. This data 

allowed me to deduce the presence of an Epo-like cytokine in the insect hemolymph. Further evidence 

pointed towards equivalent biological functions, given that, similar to Epo, this unknown ligand acted 

in a dose-dependent manner and the protective functions were entirely dependent on the presence of 

CRLF3.  

Given the nature of cytokines, it is unlikely that only one ligand can activate CRLF3 (already noticeable 

with Epo, EV-3 and the hemolymph-contained cytokine being able to). The evidence that two protein 

fractions collected from hemolymph show neuroprotective properties, both mediated via CRLF3, 

suggests the presence of more than one insect endogenous ligand contained within hemolymph. Even 

though I am not able to give a full characterization of these ligands, it is undoubted that they share 

profound similarities with Epo, investigated in the experimental approaches performed here. If 

recombinant expression studies are successful, it would be highly intriguing to test the effects of the 

insect CRLF3 ligand on human neuroprotection models, especially on human cells that express CRLF3. 

Given that rhEpo can activate insect CRLF3, it is possible that vice versa, the insect neuroprotective 

cytokine could also activate anti-apoptotic mechanisms in mammalian cells. 

 

 

Prospects for Epo-mediated neuroprotection in humans 

With the increasing association of dysregulated CRLF3 in human diseases, the potential importance of 

this receptor in cell survival and homeostasis becomes apparent. From an evolutionary perspective, 

CRLF3 emerged together with the nervous system in cnidarians and prevailed in all major groups of 

animal species, including humans (Hahn et al., 2019). The fact that this receptor withstood evolutionary 

pressure over millions of years raises the question: Why? What makes this receptor so pivotal within 

the nervous system to not be eliminated during evolution? CRLF3 belongs to the same class of cytokine 

receptors as EpoR (Liongue and Ward, 2007) and includes the conserved cytokine binding domain 

(WSXWS) and a constitutive intracellular JAK binding site typical for this receptor family (Boulay, 

O’Shea and Paul, 2003; Liongue and Ward, 2007). Our previous experiments furthermore highlight, that 

both CRLF3 sequence and function were conserved (seeing that human Epo can activate the insect 

receptor). In light of our previous studies on Epo/CRLF3-mediated neuroprotection in insects, it was 

highly intriguing to study the potential involvement of CRLF3 in human neuroprotection.  

 

Using iPSC versatility to generate a model of human neuronal apoptosis, I am able to show that CRLF3 

activation is a potent survival mechanism for neurons in physiologically harmful conditions in vitro. In 

humans, the administration of rhEpo can lead to co-activation of homodimeric EpoR and heterodimeric 

EpoR/ßcR. While CSF2RB (ßcR) expression was not detected in human iPSC-derived neurons, EpoR 

expression was clearly present. In light of this, administering Epo itself could result in co-activation of 

EpoR in iPSC-derived neurons, undermining potential effects of CRLF3 activation. In order to avoid 

this co-activation, I administered EV-3, a naturally occurring human Epo splice variant. EV-3 was 

previously shown to protect mouse and insect neurons from stress-induced apoptosis to similar levels as 

Epo (Bonnas et al., 2017; Hahn et al., 2017; Heinrich, Günther and Miljus, 2017). In the present context, 

usage of EV-3 was of particular interest, given that it is endogenously present in humans and does not 

activate erythropoietic responses by binding to EpoR (Bonnas et al., 2017). Using CRISPR/Cas9 I was 

able to abolish CRLF3 in two independent human iPSC lines and analyse the corresponding responses 

to EV-3 in the mutants under physiological stress. My data demonstrate that while WT (and Isogenic 

Control) cells were protected by EV-3 from chemically induced hypoxic stress, KO cells lacking CRLF3 

were not protected. This data is the first evidence that human CRLF3 is a neuroprotective receptor that 

stimulates anti-apoptotic processes. Furthermore, molecular analysis of all cell lines used in this study 

revealed that CRLF3 KO cells showed highly dysregulated gene expression patterns and higher 
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susceptibility to exogenous insults. Together with data from other groups reporting CRLF3 associated 

alterations in human diseases, these results indicate that CRLF3 might be responsible for tissue 

protection under challenging conditions and plays a role in general cell homeostasis under normal 

conditions. The data presented here elucidated the involvement of basic pro- and anti-apoptotic proteins 

regulated by EV-3/CRLF3 in human neurons. Both WT and Ig-Ctrl cells showed an upregulation of the 

early pro-apoptotic Bax gene when challenged with rotenone. WT cells furthermore upregulated 

Caspase 3, which is involved in the apoptosis execution pathway. For both WT and Ig-Ctrl cells 

upregulation of the pro-apoptotic proteins was inhibited by EV-3 treatment. Instead, I observed a 

significant upregulation of anti-apoptotic Bcl-2. CRLF3 KO cells on the other hand demonstrated the 

strongest Caspase 3 upregulation amongst the tested cell lines. Treatment with EV-3 did not abolish 

increased Caspase 3 expression and did not affect anti-apoptotic Bcl-2 expression. Even though I am 

able to make a basic molecular analysis of the mechanisms occurring upon EV-3 treatment during stress, 

more efforts have to be put into unravelling the exact mechanism behind it. In insects, CRLF3 is also 

activated by the Epo-mimetic P16, resulting in neuroprotection (Hahn, 2019). This mimetic, together 

with others, should be considered for testing in human neurons in order to exclude specific interaction 

of only EV-3 with CRLF3. Additionally, the generated transgenic human iPSC can further be utilized 

to study CRLF3 functions in other human tissues and cell types. Given that CRLF3 is expressed in a 

vast majority of human tissue, it is likely that general tissue-protective properties could be attributed to 

the receptor. Moreover, the emerging complexity and relevance of organoid technologies could further 

be employed together with these cells in order to recapitulate the relevance of CRLF3 in organ 

development and functioning.  

 

 

A hypothetical model for cytokine/CRLF3-mediated neuroprotection 

The work presented in this thesis extends our knowledge of Epo- and Epo-like cytokine-mediated 

neuroprotective mechanisms. We are now able to draw a clearer picture of the underlying mechanisms 

and biological modes of action. We have identified an additional receptor that mediates neuroprotective 

effects of Epo, connected anti-apoptotic mechanisms of CRLF3 activation with downregulation of 

AChE and showed that insect hemolymph contains endogenous CRLF3 ligands that will be identified 

in future studies. Figure 2 is an adaption of Figure 1, with the addition of the new findings presented 

here. 

Figure 2: Our current knowledge on 

CRLF3-mediated neuroprotective effects 

in insect cells. An endogenous Epo-like 

ligand can bind CRLF3 on neurons and 

activates JAK/STAT signalling pathway. 

The activation of CRLF3, JAK and 

STAT leads to supressed expression of 

pro-apoptotic ace-1, allowing neurons to 

survive physiological insults.  
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Seeing that vertebrate Epo-mediated neuroprotection and transduction pathways could be validated in 

insect species and that EV-3/CRLF3 mediated neuroprotection 

in insects could be reproduced in human neuron-like cells, it is 

likely that the cytokine-mediated neuroprotection system is an 

evolutionarily ancient and conserved mechanism of 

cytoprotection. In order to make these findings and their 

implications more accessible, I would like to introduce a 

hypothetical model, condensing all available information into 

one hypothetical chimeric insect/human cell. Figure 3 depicts 

this hypothetical cell, with a currently unknown pathway shown 

in grey.  

 

In harmful conditions, an Epo-like cytokine (ELC) is released 

into the circulatory system and will bind CRLF3 located on the 

hypothetical cell membrane. CRLF3 might be built up as a 

homodimer or a heterodimer, with the second component 

currently unknown. Interaction of ELC and CRLF3 will lead to 

intracellular transphosphorylation of constitutively bound JAK, 

which in return will activate STAT as a transcription factor. 

STAT will translocate into the nucleus and activate transcription 

of anti-apoptotic proteins. Simultaneously other intracellular 

transduction pathways will be activated, further strengthening 

the anti-apoptotic functions of ELC. A candidate transcription 

factor activated as a result of this cascade might be part of the 

family of GATA transcription factors.  

GATA transcription factors are generally known to either inhibit 

or activate gene expression depending on the family member 

and their target (Ogilvie et al., 2000; Zhao et al., 2006; Obara et 

al., 2008; Rogers et al., 2008; Jun et al., 2013). Epo itself has 

previously been described to act on multiple of the GATA 

transduction activation family members (Ogilvie et al., 2000; 

Zhao et al., 2006; Obara et al., 2008; Rogers et al., 2008; Jun et 

al., 2013). GATA transcription factors have been described in 

invertebrate species (Uvell and Engström, 2007). However, an 

involvement in Epo-mediated insect neuroprotection has to be 

validated in the future. The hypothetical ECL might act similarly 

and activate a GATA family member, which in return will also 

translocate into the nucleus, where it will bind the promoter 

region of pro-apoptotic ace genes, inhibiting transcription. The 

transcriptional regulation by STAT and GATA will shift the 

balance of pro- and anti-apoptotic genes toward anti-apoptotic proteins, allowing the cell to sustain itself 

during physiological stress.  

 

Both Epo and the endogenous insect cytokine show toxic effects when applied in too high 

concentrations. While protective functions of Epo are well studied, barely any information can be found 

on underlying mechanisms of Epo overdosage. My data shows that toxic concentrations of Epo 

reactivate pro-apoptotic ace-1 gene expression. This means that neuroprotective concentrations of 

Epo/unknown ligand /ELC bind CRLF3 and inhibit ace gene expression, but toxic concentrations of 

these cytokines lead to overexpression of ace by means yet unknown. It cannot be excluded that a yet 

unidentified alternative receptor/s with lower binding affinities might be responsible for these effects.  

Figure 3: A hypothetical model for 

Epo/Epo-like ligand-mediated 

neuroprotection. This scheme summarized 

all known transduction pathways leading to 

cytoprotection from different organisms 

and across different taxa. An Epo-like-

cytokine (ELC) binds CRLF3 located on the 

membrane of this hypothetical cell and 

activates JAK/STAT transduction 

pathways. STAT will subsequently activate 

a potential GATA transcription factor and 

translocate into the nucleus. STAT will bind 

the promotor region of anti-apoptotic genes 

(aApt) and increase expression of such. 

Meanwhile the potential GATA 

transcription factor will also translocate to 

the nucleus, binding the promotor region of 

pro-apoptotic ace genes, inhibiting their 

expression. By this interplay, the balance 

between pro- and anti-apoptotic proteins is 

switched towards anti-apoptotic, allowing 

the hypothetical cell to survive insults. 
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Final remarks 

With increasing numbers of patients suffering from neurodegenerative and -physiological diseases, the 

lack of appropriate treatments becomes more evident. High hopes were set into Epo after first studies 

identified neuroprotective and regenerative properties of this natural cytokine. Albeit striking evidence 

of beneficial functions, severe side effects of Epo administration hinder clinical application in the 

context of neuroprotection and regeneration. Even though non-erythropoietic Epo mimetics stimulate 

similar protective effects while lacking erythropoietic and tumorigenic effects, our understanding of the 

cytokines’ full potential, transduction pathways and regulatory properties is far from being complete. 

The work presented in this thesis does not complete the picture of Epo-mediated neuroprotective 

mechanisms, but it contributes substantial knowledge to the field.  

Our understanding of cytokine evolution and cell survival strategies is limited, because it is generally 

considered troublesome to translate invertebrate studies to vertebrate species. However, the data 

presented here highlight the importance of understanding evolution and the underestimated conservation 

of crucial cell homeostasis mechanisms. By translating our knowledge of invertebrate Epo-mediated 

neuroprotection into mammalia it was shown that the insect Epo-responsive CRLF3 receptor is also a 

neuroprotective receptor in humans. Furthermore, it builds a new target for clinical approaches in the 

context of neuro-physiological and -degenerative disease treatments. 
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Vector maps for recombinant protein expression 

 

 
Supp. Figure 1: pET28a+ expression vector used for recombinant expression studies stated in Chapter 3.1. ORF= Open 

reading frame 

 

 

 

 

 
Supp. Figure 2: Schematic of pET28a+ vector carrying locust CRLF3 CDS for recombinant expression.  
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Mass spectrometry data 

 

 

Sum PEP 
Score 

Coverage 
[%] 

# 
Peptide

s 

# 
PSM

s 

# 
Unique 
Peptide

s 

Fragment 10 
stressed 

Fragment 16 
stressed Fragment 19 Ctrl 

Description 
F10.
1 

F10.
2 

F10.
3 F16.1 F16.2 

F19.
1 

F19.
2 

F19.
3 

Q9U943 APLP_LOCMI 1145,715 56 164 2114 164 High High High High High High High High 

Q25313 DFP_LOCMI  88,102 29 9 1257 9 High High High High High High High High 

E0WBM7 E0WBM7_LOCMI 376,697 70 53 1071 12 High High High High High High High High 

A0A2R2Q2F2 A0A2R2Q2F2_LOCMI 314,587 71 47 901 7 NF High NF High High High High High 

A0A2Z6FI57 A0A2Z6FI57_LOCMI 382,936 67 53 700 51 NF NF NF High High High High High 

A0A4Y5R7W2 A0A4Y5R7W2_LOCMI 299,496 42 44 503 44 High High High High High High High High 

A0A1L5LBJ0 A0A1L5LBJ0_LOCMI 302,5 36 36 388 36 High High High High High NF High High 

E0WBM8 E0WBM8_LOCMI 147,226 67 23 366 6 High High High High High High High High 

C0LV92 C0LV92_LOCMI 194,705 46 32 264 32 High High High High High High High High 

D6WVY4 D6WVY4_TRICA 145,77 64 16 104 11 High NF High High High NF NF High 

Q94607 Q94607_LOCMI 80,61 32 18 97 18 High High High High High High High High 

W8EC24 W8EC24_LOCMI 65,165 28 12 89 12 NF NF NF High High High High High 

A0A1L7XZ70 A0A1L7XZ70_LOCMI 70,078 42 20 81 17 High High High High High High High High 

H8YU84 H8YU84_LOCMI 86,894 63 13 71 13 High High High High High NF High NF 

P10762 APL3_LOCMI 42,763 21 6 65 6 High High High High NF High High NF 

D6WFR9 D6WFR9_TRICA 28,386 16 3 62 3 NF NF NF NF NF NF NF NF 

A0A6G5XGE6 A0A6G5XGE6_LOCMI 36,659 34 8 57 3 High High High NF NF NF NF NF 

X5MPI2 X5MPI2_LOCMI 25,797 24 3 50 3 NF High High High High High High High 

F4YUJ0 F4YUJ0_LOCMI 37,873 57 12 44 9 High High NF NF NF NF NF NF 

D6WSV2 D6WSV2_TRICA 87,401 47 14 40 5 NF NF NF NF NF NF NF NF 

Q86QM8 Q86QM8_LOCMI 60,036 20 10 39 3 High High High NF NF NF NF NF 
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A0A139W9W1 
A0A139W9W1_TRICA 23,508 9 5 36 2 NF NF High NF NF NF NF NF 

Q6SXP5 Q6SXP5_LOCMI 53,193 20 14 35 14 High High High NF NF High High NF 

D6WYT2 D6WYT2_TRICA 22,568 25 5 34 3 NF NF NF NF NF High High NF 

D6W835 D6W835_TRICA 9,128 12 3 33 1 High High NF NF NF High NF NF 

D6WPR3 D6WPR3_TRICA 72,695 48 14 33 5 NF NF NF NF NF NF NF NF 

F4YUJ2 F4YUJ2_LOCMI 29,182 49 10 31 6 High NF NF NF NF NF NF NF 

E0WBM9 E0WBM9_LOCMI 25,103 16 10 30 10 High High High High High High NF NF 

V9Q315 V9Q315_LOCMI 19,751 43 8 30 7 High High High High High High High NF 

D6WJW7 D6WJW7_TRICA 14,958 16 4 30 1 NF NF NF NF NF NF NF NF 

P61210 ARF1_LOCMI 29,182 53 7 29 4 High High High NF NF NF NF NF 

A0A139WAS5 A0A139WAS5_TRICA 60,298 22 10 28 3 NF NF NF NF NF NF NF NF 

D6WBL0 D6WBL0_TRICA 93,045 51 13 27 3 NF NF NF NF NF NF NF NF 

P41509 FABPM_LOCMI 58,02 60 10 27 10 NF High NF NF NF NF NF NF 

A0A139W9I4 A0A139W9I4_TRICA 15,182 34 4 27 1 NF NF High NF High NF NF NF 

A0A1B3PEJ4 A0A1B3PEJ4_LOCMI 43,848 37 13 26 13 NF NF NF High High NF NF NF 

A0A139WAX1 A0A139WAX1_TRICA 12,052 5 3 26 1 NF NF NF NF NF High NF NF 

A0A6G9W3U8 
A0A6G9W3U8_LOCMI 43,188 41 13 25 13 NF NF NF High NF High High High 

V9Q487 V9Q487_LOCMI 11,45 24 5 24 2 NF NF NF High NF NF High NF 

DYPNLAELK 
0,066279
9 

0,0036449
1 1 1 5 NF High NF NF High NF High NF 

A6M9J4 A6M9J4_LOCMI 26,396 25 7 24 7 High High High High NF NF NF NF 

F4YUJ3 F4YUJ3_LOCMI 16,415 38 6 22 3 NF NF NF NF NF NF NF NF 

A0A6G5XI97 A0A6G5XI97_LOCMI 65,498 37 11 21 1 NF NF NF NF NF NF NF NF 

A0A139WNV6 A0A139WNV6_TRICA 21,981 5 5 20 5 High High NF High NF NF High High 

D7EKP1 D7EKP1_TRICA 14,984 18 4 20 4 NF High High NF High NF NF NF 

E7BTM5 E7BTM5_LOCMI 40,437 49 9 18 9 NF NF NF NF NF NF NF NF 

A0A139WNV5 A0A139WNV5_TRICA 18,669 26 4 18 1 NF NF NF NF NF NF NF NF 

E0WBM6 E0WBM6_LOCMI 20,423 15 8 17 7 NF NF NF High High NF NF NF 
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A0A0A1EAU6 A0A0A1EAU6_LOCMI 33,794 24 4 16 4 NF NF NF NF NF NF NF NF 

D6WI91 D6WI91_TRICA 1,596 2 1 15 1 High High NF High High NF High High 

F4YUJ4 F4YUJ4_LOCMI 21,609 27 6 15 3 NF NF NF NF NF NF NF NF 

A0A0B5GZN2 A0A0B5GZN2_LOCMI 16,57 21 4 14 4 High NF NF NF NF High High NF 

Q8T8P6 Q8T8P6_LOCMI 26,364 21 7 13 7 NF NF NF High High NF High NF 

D6WHK2 D6WHK2_TRICA 6,659 8 1 13 1 NF NF NF High High High High High 

A0A0B5HB40 A0A0B5HB40_LOCMI 9,615 2 3 13 3 NF High High High High High NF NF 

D6W9I6 D6W9I6_TRICA 13,155 11 6 12 6 High High High NF NF NF NF NF 

A0A139WMW3 
A0A139WMW3_TRICA 12,993 9 3 12 3 High NF NF NF NF NF NF High 

O96558 O96558_LOCMI 21,094 18 5 12 5 High High High NF NF NF NF NF 

D6WP52 D6WP52_TRICA 12,141 18 3 12 1 NF NF High NF NF NF NF NF 

F4YUJ6 F4YUJ6_LOCMI 16,02 34 5 11 5 High High NF NF NF NF NF NF 

D2A4R3 D2A4R3_TRICA 36,232 18 7 10 7 NF NF NF NF NF NF NF NF 

D6W8B6 D6W8B6_TRICA 13,687 46 5 10 5 NF NF NF NF NF NF NF NF 

W8E8J1 W8E8J1_LOCMI 18,699 12 5 10 5 NF NF NF NF NF High High High 

D6WQP8 D6WQP8_TRICA 9,11 20 3 10 1 NF NF NF NF NF NF NF NF 

X5MBK6 X5MBK6_LOCMI 7,397 9 1 10 1 High NF NF High NF NF NF NF 

L7WRS4 L7WRS4_LOCMI 16,953 9 4 10 4 NF High NF High High NF NF NF 

D6WRR0 D6WRR0_TRICA 19,736 9 7 10 7 NF NF NF NF High NF NF High 

A0A139WEI6 A0A139WEI6_TRICA 4,941 2 2 9 2 NF NF NF High High NF NF NF 

A0A1L4A1S1 A0A1L4A1S1_LOCMI 23,577 14 7 9 7 NF NF NF NF NF High High NF 

W8EH35 W8EH35_LOCMI 19,548 11 6 9 6 NF NF NF High High NF High High 

D6WV64 D6WV64_TRICA 5,519 10 2 9 1 NF High NF NF NF NF NF NF 

D6WJQ8 D6WJQ8_TRICA 7,379 15 3 8 3 High High High NF NF NF NF NF 

L0APJ7 L0APJ7_LOCMI 18,399 10 5 8 5 NF High NF High NF High High NF 

D6WHK3 D6WHK3_TRICA 1,496 1 1 8 1 NF High High NF High NF NF High 

L7SU46 L7SU46_LOCMI 7,726 9 3 7 3 NF NF NF NF NF High High High 

A0A139WJ47 A0A139WJ47_TRICA 18,932 5 4 7 4 High High High NF NF NF NF NF 

D6WTD3 D6WTD3_TRICA 22,439 11 6 7 6 NF NF NF NF NF NF NF NF 
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D7GXZ9 D7GXZ9_TRICA 3,521 10 2 7 2 High High High NF NF NF NF NF 

Q0ZLZ3 Q0ZLZ3_LOCMI 13,682 36 4 6 4 NF NF NF NF NF NF NF NF 

D2A4Q0 D2A4Q0_TRICA 7,831 16 2 6 2 NF NF NF NF NF NF NF NF 

A0A0F7IQ20 A0A0F7IQ20_LOCMI 20,283 16 4 6 4 NF NF NF NF NF NF NF NF 

D6WCX5 D6WCX5_TRICA 10,818 5 2 6 2 NF NF NF NF NF NF NF NF 

A0A6G5XH10 A0A6G5XH10_LOCMI 13,038 7 4 6 4 NF NF NF High NF NF NF NF 

V9Q318 V9Q318_LOCMI 12,523 29 5 6 4 NF NF NF NF NF NF NF NF 

D7EIM3 D7EIM3_TRICA 5,621 11 2 6 2 High High High NF NF NF NF NF 

D6WKA5 D6WKA5_TRICA 13,772 12 4 6 4 NF NF High NF NF NF NF NF 

E2GDJ8 E2GDJ8_TRICA 11,535 12 2 6 1 NF NF NF NF NF NF NF NF 

X5MFI1 X5MFI1_LOCMI 4,673 5 1 5 1 NF NF NF NF NF NF High High 

X5MNU7 X5MNU7_LOCMI 5,596 5 1 5 1 NF NF NF NF NF NF High NF 

G8XSQ5 G8XSQ5_LOCMI 17,963 5 3 5 2 NF NF NF NF NF NF NF NF 

D2A0P2 D2A0P2_TRICA 4,294 2 2 5 2 High High NF High NF NF NF NF 

V9Q3X9 V9Q3X9_LOCMI 7,703 14 3 5 2 NF NF NF NF NF NF NF NF 

V9TLV5 V9TLV5_LOCMI 20,5 4 4 5 4 NF NF NF NF NF NF NF NF 

A0A4D5SEZ2 A0A4D5SEZ2_LOCMI 13,187 19 4 5 4 NF NF NF NF NF NF NF NF 

D6WZ25 D6WZ25_TRICA 13,666 29 2 4 1 NF NF NF NF NF NF NF NF 

D2A4R4 D2A4R4_TRICA 12,151 8 2 4 2 NF NF NF NF NF NF NF NF 

M1PFE4 M1PFE4_LOCMI 9,708 31 3 4 3 NF NF NF NF NF NF High NF 

E5DWM0 E5DWM0_LOCMI 12,124 23 4 4 4 NF NF NF NF NF NF NF NF 

D6WU92 D6WU92_TRICA 7,683 9 2 4 2 NF NF NF NF NF NF NF NF 

D6X0W4 D6X0W4_TRICA 2,715 3 1 4 1 High NF High NF NF High High NF 

D6WB91 D6WB91_TRICA 11,8 11 1 4 1 NF NF NF NF NF NF NF NF 

A0A139W8V5 A0A139W8V5_TRICA 11,77 6 2 4 1 NF NF NF NF NF NF NF NF 

D2A0S3 D2A0S3_TRICA 8,602 12 3 4 3 NF NF NF NF NF NF NF NF 

A0A139WNN1 
A0A139WNN1_TRICA 5,447 2 2 4 2 NF High High NF NF NF NF NF 

A0A139WLA3 A0A139WLA3_TRICA 11,906 4 2 4 1 NF NF NF NF NF NF NF NF 

A0A6B9BK63 A0A6B9BK63_LOCMI 13,61 10 3 4 3 NF NF NF NF High NF NF NF 
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W0C415 W0C415_LOCMI 3,29 9 1 4 1 NF High NF NF NF NF NF NF 

K4Q3F5 K4Q3F5_LOCMI 14,138 9 4 4 4 NF NF NF NF NF NF NF NF 

V9Q3X5 V9Q3X5_LOCMI 4,706 12 3 4 3 NF NF NF NF NF NF NF NF 

D6WA84 D6WA84_TRICA 3,189 7 1 4 1 High NF NF NF NF NF NF NF 

D6W7G0 D6W7G0_TRICA 6,435 1 1 4 1 NF NF NF NF NF High NF NF 

A0A139WAL9 A0A139WAL9_TRICA 1,547 3 1 4 1 NF NF NF NF NF NF NF High 

A0A139WG19 A0A139WG19_TRICA 10,394 17 2 4 2 NF NF High NF NF NF NF NF 

Q3LB77 Q3LB77_LOCMI 10,28 25 4 4 4 NF NF NF NF NF NF NF NF 

D7EI38 D7EI38_TRICA 10,525 27 2 3 2 NF NF NF NF NF NF NF NF 

D2A5H8 D2A5H8_TRICA 13,903 8 2 3 2 NF NF NF NF NF NF NF NF 

A0A139WNJ1 A0A139WNJ1_TRICA 2,308 2 1 3 1 NF High High NF High NF NF NF 

D6WGX8 D6WGX8_TRICA 7,539 8 2 3 2 NF NF NF NF NF NF NF NF 

D6WLU7 D6WLU7_TRICA 4,919 12 3 3 3 NF NF NF NF NF NF NF NF 

E7CIJ0 E7CIJ0_LOCMI 2,101 13 1 3 1 High NF NF NF NF High NF NF 

D2A5W6 D2A5W6_TRICA 1,4 1 1 3 1 High High High NF NF NF NF NF 

A0A139WCQ8 A0A139WCQ8_TRICA 6,76 1 1 3 1 NF NF NF NF NF NF NF NF 

D6WSI9 D6WSI9_TRICA 8,84 7 3 3 1 NF NF NF NF NF NF NF NF 

D2A651 D2A651_TRICA 1,221 2 1 3 1 NF NF NF High NF NF NF NF 

V9Q2Q3 V9Q2Q3_LOCMI 3,423 9 2 3 2 High High NF NF NF NF NF NF 

D6X1D2 D6X1D2_TRICA 5,492 17 1 3 1 NF NF NF NF NF NF NF NF 

A0A3Q8CKT9 A0A3Q8CKT9_LOCMI 4,032 11 1 3 1 NF NF High NF High NF High NF 

S4VDE6 S4VDE6_LOCMI 9,915 7 3 3 1 NF NF NF NF NF NF NF NF 

A0A139WF25 A0A139WF25_TRICA 1,998 3 1 3 1 NF NF NF High NF NF NF NF 

D6WR75 D6WR75_TRICA 2,094 5 1 3 1 High NF High NF NF NF NF NF 

A0A1P8BK01 A0A1P8BK01_LOCMI 5,607 1 2 3 2 NF High High NF NF NF NF NF 

T1VXB0 T1VXB0_LOCMI 5,11 3 2 3 2 NF NF NF NF NF High High High 

D6WHC6 D6WHC6_TRICA 8,764 8 1 3 1 NF NF NF NF NF NF NF NF 

A0A1S6Q344 A0A1S6Q344_LOCMI 7,351 6 2 3 2 NF NF NF NF NF NF High NF 

D2A198 D2A198_TRICA 12,867 7 3 3 3 NF NF NF NF NF NF NF NF 
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D6W9B0 D6W9B0_TRICA 5,182 4 1 2 1 NF NF NF NF NF High High NF 

A0A139WJ64 A0A139WJ64_TRICA 3,913 5 1 2 1 NF NF NF NF NF NF NF NF 

D6WA44 D6WA44_TRICA 3,72 6 1 2 1 NF NF NF High NF NF NF NF 

D6X550 D6X550_TRICA 8,211 16 2 2 2 NF NF NF NF NF NF NF NF 

D2A142 D2A142_TRICA 3,651 4 2 2 2 NF NF NF NF NF NF NF NF 

X5MFH0 X5MFH0_LOCMI 2,442 6 1 2 1 NF NF NF High NF NF NF NF 

W8EH13 W8EH13_LOCMI 5,051 5 2 2 2 NF NF NF NF NF High NF NF 

X5MBK1 X5MBK1_LOCMI 6,786 9 1 2 1 NF NF NF NF NF NF NF NF 

A9LC94 A9LC94_LOCMI 4,298 2 1 2 1 NF NF NF NF NF NF NF High 

D6WC52 D6WC52_TRICA 1,181 3 1 2 1 NF NF NF NF NF NF NF NF 

D6WNV1 D6WNV1_TRICA 1,746 2 1 2 1 NF NF NF NF NF High NF NF 

D6WAC0 D6WAC0_TRICA 2,671 8 1 2 1 NF NF NF NF NF NF NF NF 

D6WAC2 D6WAC2_TRICA 3,101 7 1 2 1 NF High NF NF NF NF NF NF 

D6WY26 D6WY26_TRICA 1,465 1 1 2 1 NF NF NF High High NF NF NF 

D6WKA1 D6WKA1_TRICA 3,299 11 2 2 2 NF NF NF NF NF NF NF NF 

D6W7V9 D6W7V9_TRICA 4,57 12 2 2 2 NF NF NF NF NF NF NF NF 

V9Q3Y3 V9Q3Y3_LOCMI 3,789 9 2 2 2 NF High NF NF NF NF NF NF 

C0KJJ6 C0KJJ6_LOCMI 1,592 2 1 2 1 NF High High NF NF NF NF NF 

A0A1B0Y0A8 A0A1B0Y0A8_LOCMI 2,584 2 1 2 1 NF High High NF NF NF NF NF 

H8YU82 H8YU82_LOCMI 5,59 4 1 2 1 NF NF NF NF High NF High NF 

D6X4H8 D6X4H8_TRICA 2,842 1 1 2 1 NF NF NF NF NF NF NF NF 

D7EK09 D7EK09_TRICA 1,259 4 1 2 1 NF NF NF NF NF NF NF NF 

D6WQ48 D6WQ48_TRICA 1,251 2 1 2 1 NF NF NF NF NF NF NF NF 

D6WMJ9 D6WMJ9_TRICA 4,638 6 1 2 1 High NF NF NF NF NF NF NF 

C0KJJ8 C0KJJ8_LOCMI 2,218 2 1 2 1 High NF High NF NF NF NF NF 

A0A6G5XGQ5 
A0A6G5XGQ5_LOCMI 3,104 4 1 2 1 NF NF NF NF NF NF NF NF 

A0A139WJ91 A0A139WJ91_TRICA 3,352 1 2 2 2 NF High High NF NF NF NF NF 

D2A203 D2A203_TRICA 1,178 2 1 2 1 NF NF NF NF NF NF NF NF 

V5RE76 V5RE76_LOCMI 5,778 5 2 2 2 NF NF NF High NF NF NF NF 
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A0A139WI27 A0A139WI27_TRICA 2,115 3 1 2 1 NF NF NF NF High NF NF NF 

D6X2X9 D6X2X9_TRICA 1,826 1 1 2 1 NF NF NF High NF NF NF NF 

D6WLS9 D6WLS9_TRICA 2,019 5 1 2 1 NF NF NF NF NF NF NF NF 

A0A139WC21 A0A139WC21_TRICA 2,148 1 1 2 1 High High NF NF NF NF NF NF 

D2A3W2 D2A3W2_TRICA 3,621 5 1 2 1 High NF NF High NF NF NF NF 

B1NMW4 B1NMW4_9EURO 3,449 8 1 2 1 NF NF NF NF NF NF NF NF 

L7WSJ0 L7WSJ0_LOCMI 4,358 14 2 2 2 High NF NF NF NF NF NF NF 

A0A023ZYJ9 A0A023ZYJ9_TRICA 2,837 5 1 2 1 NF High NF NF NF NF NF NF 

D6WTD4 D6WTD4_TRICA 1,6 2 1 2 1 NF NF NF NF NF NF High High 

D2A4T5 D2A4T5_TRICA 1,725 4 1 2 1 High NF NF NF NF NF NF NF 

J7G7F5 J7G7F5_9EURO 2,62 10 1 2 1 NF NF NF NF NF NF NF NF 

A0A139WDE4 A0A139WDE4_TRICA 1,863 1 1 2 1 NF NF NF NF NF NF High NF 

D6WPP3 D6WPP3_TRICA 4,164 3 1 2 1 NF NF NF NF NF NF NF NF 

D6WUV2 D6WUV2_TRICA 3,686 10 2 2 2 NF NF NF NF NF NF NF NF 

D6WKP5 D6WKP5_TRICA 3,163 2 1 2 1 NF NF NF High High NF NF NF 

A0A139WHJ3 A0A139WHJ3_TRICA 8,449 1 2 2 2 NF NF NF High NF NF NF NF 

D6X0G0 D6X0G0_TRICA 10,26 13 2 2 2 NF NF NF NF NF NF NF NF 

X5MI43 X5MI43_LOCMI 2,023 9 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WLM4 
A0A139WLM4_TRICA 1,395 3 1 1 1 NF NF NF NF NF NF NF High 

X5MFH4 X5MFH4_LOCMI 3,64 8 1 1 1 NF NF NF NF NF NF NF NF 

D6WD83 D6WD83_TRICA 3,146 4 1 1 1 High NF NF NF NF NF NF NF 

A0A139WDN6 
A0A139WDN6_TRICA 1,48 1 1 1 1 NF NF High NF NF NF NF NF 

D6WS19 D6WS19_TRICA 1,138 4 1 1 1 High NF NF NF NF NF NF NF 

V9Q2Q7 V9Q2Q7_LOCMI 1,69 5 1 1 1 NF NF NF NF NF NF NF NF 

D6WEM3 D6WEM3_TRICA 1,324 4 1 1 1 NF NF NF NF NF NF NF NF 

C0KJJ5 C0KJJ5_LOCMI 2,397 2 1 1 1 NF NF High NF NF NF NF NF 

D6WBX0 D6WBX0_TRICA 1,582 1 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WDC8 A0A139WDC8_TRICA 1,428 4 1 1 1 NF NF NF NF NF NF NF NF 
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D6WJB9 D6WJB9_TRICA 3,958 7 1 1 1 NF NF NF NF NF NF NF NF 

D6WMI1 D6WMI1_TRICA 1,402 1 1 1 1 NF NF NF NF NF NF NF NF 

D6WXI4 D6WXI4_TRICA 1,559 6 1 1 1 NF NF High NF NF NF NF NF 

V5RF49 V5RF49_LOCMI 4,932 4 1 1 1 NF NF NF NF NF NF NF NF 

D2A297 D2A297_TRICA 5,885 12 1 1 1 NF NF NF NF NF NF NF NF 

H8YU83 H8YU83_LOCMI 1,526 1 1 1 1 NF NF NF NF NF NF High NF 

A0A0G3F535 A0A0G3F535_LOCMI 1,925 4 1 1 1 NF NF NF High NF NF NF NF 

A0A139WJG0 A0A139WJG0_TRICA 1,309 0 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WPG1 A0A139WPG1_TRICA 3,599 0 1 1 1 NF NF NF NF NF NF High NF 

D6WUS6 D6WUS6_TRICA 5,251 5 1 1 1 NF NF NF NF NF NF NF NF 

D6WRY5 D6WRY5_TRICA 1,222 3 1 1 1 NF NF NF NF NF NF NF NF 

D6W7E6 D6W7E6_TRICA 3,539 4 1 1 1 NF NF NF NF NF NF NF NF 

D6W794 D6W794_TRICA 1,407 4 1 1 1 NF NF NF NF NF NF NF NF 

D2A013 D2A013_TRICA 1,604 4 1 1 1 NF NF NF NF NF NF NF NF 

D6WFE2 D6WFE2_TRICA 2,112 5 1 1 1 NF NF NF NF NF NF High NF 

D6W9B2 D6W9B2_TRICA 2,164 4 1 1 1 NF NF NF NF NF NF NF NF 

A0A222NTC4 A0A222NTC4_LOCMI 1,654 7 1 1 1 NF NF NF NF NF NF High NF 

D6WW84 D6WW84_TRICA 1,194 3 1 1 1 NF NF NF NF NF NF NF NF 

W8EH07 W8EH07_LOCMI 2,857 5 1 1 1 NF NF NF NF NF NF High NF 

D6WDF4 D6WDF4_TRICA 1,673 3 1 1 1 NF NF NF NF NF NF NF NF 

D1ZZ88 D1ZZ88_TRICA 4,246 3 1 1 1 NF NF NF NF High NF NF NF 

B0FJK9 B0FJK9_LOCMI 2,848 3 1 1 1 NF NF NF NF NF NF High NF 

A0A139WCJ6 A0A139WCJ6_TRICA 1,392 3 1 1 1 NF NF NF NF NF NF NF NF 

D6X293 D6X293_TRICA 1,279 1 1 1 1 NF NF NF NF High NF NF NF 

A0A139WBH3 A0A139WBH3_TRICA 1,76 3 1 1 1 NF NF NF NF NF NF NF NF 

D6WEK6 D6WEK6_TRICA 4,281 3 1 1 1 NF NF NF High NF NF NF NF 

D7EKM4 D7EKM4_TRICA 4,899 5 1 1 1 NF NF NF NF NF NF NF NF 

D6X202 D6X202_TRICA 2,677 1 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WIK4 A0A139WIK4_TRICA 1,841 2 1 1 1 NF NF NF NF NF NF NF NF 

X5MBK8 X5MBK8_LOCMI 2,581 3 1 1 1 NF NF NF NF NF NF NF NF 
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D6WRR8 D6WRR8_TRICA 1,387 1 1 1 1 NF NF NF High NF NF NF NF 

V5RDW2 V5RDW2_LOCMI 6,671 3 1 1 1 NF NF NF NF NF NF NF NF 

D6WVU4 D6WVU4_TRICA 2,259 4 1 1 1 NF NF NF NF NF NF NF NF 

D6X4W2 D6X4W2_TRICA 1,437 2 1 1 1 NF NF NF NF NF NF NF NF 

D6WB31 D6WB31_TRICA 1,81 7 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WD26 A0A139WD26_TRICA 2,907 1 1 1 1 NF NF NF NF NF NF NF NF 

D6WR02 D6WR02_TRICA 1,271 4 1 1 1 NF NF NF NF NF NF NF NF 

D6WTQ4 D6WTQ4_TRICA 5,022 12 1 1 1 NF NF NF NF NF NF NF NF 

D6WFZ1 D6WFZ1_TRICA 2,983 4 1 1 1 NF High NF NF NF NF NF NF 

A0A139W942 A0A139W942_TRICA 1,246 0 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WPQ7 A0A139WPQ7_TRICA 1,672 1 1 1 1 NF NF NF NF NF NF NF NF 

A0A139W8C1 A0A139W8C1_TRICA 1,692 2 1 1 1 NF NF NF NF NF NF NF NF 

D6WM75 D6WM75_TRICA 3,287 2 1 1 1 NF NF NF NF NF NF NF NF 

D6W7D3 D6W7D3_TRICA 2,001 2 1 1 1 NF NF NF High NF NF NF NF 

D6WCL3 D6WCL3_TRICA 2,2 7 1 1 1 NF NF NF NF NF NF NF NF 

D6X3F5 D6X3F5_TRICA 1,22 5 1 1 1 High NF NF NF NF NF NF NF 

D6X4R1 D6X4R1_TRICA 1,647 2 1 1 1 NF NF NF NF NF NF NF NF 

D6WYY8 D6WYY8_TRICA 1,321 2 1 1 1 NF NF NF High NF NF NF NF 

D1ZZP5 D1ZZP5_TRICA 4,199 3 1 1 1 NF NF NF NF NF NF High NF 

D6WL33 D6WL33_TRICA 3,42 8 1 1 1 NF NF NF NF NF NF NF NF 

D2A090 D2A090_TRICA 2,775 6 1 1 1 High NF NF NF NF NF NF NF 

D7EIU4 D7EIU4_TRICA 3,468 2 1 1 1 NF NF NF NF High NF NF NF 

D6X4D8 D6X4D8_TRICA 3,68 9 1 1 1 NF NF NF NF NF NF NF NF 

D6WFQ2 D6WFQ2_TRICA 1,283 2 1 1 1 NF NF NF NF NF NF NF NF 

D6WSR2 D6WSR2_TRICA 2,818 8 1 1 1 NF NF NF NF NF NF NF NF 

D6WIT1 D6WIT1_TRICA 1,137 4 1 1 1 NF NF NF NF NF NF NF NF 

V9Q3Y6 V9Q3Y6_LOCMI 2,943 4 1 1 1 NF NF NF NF NF NF NF NF 

D6WBM8 D6WBM8_TRICA 6,249 8 1 1 1 High NF NF NF NF NF NF NF 

D6WW25 D6WW25_TRICA 2,079 4 1 1 1 NF NF NF High NF NF NF NF 

D7EIK6 D7EIK6_TRICA 1,208 2 1 1 1 NF NF NF NF NF NF NF NF 
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D6WCG2 D6WCG2_TRICA 1,289 2 1 1 1 NF NF NF NF NF NF NF NF 

D6WN12 D6WN12_TRICA 2,135 6 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WAR2 A0A139WAR2_TRICA 1,489 4 1 1 1 NF NF High NF NF NF NF NF 

A0A1L7NZM8 A0A1L7NZM8_LOCMI 2,687 3 1 1 1 High NF NF NF NF NF NF NF 

D7ELD3 D7ELD3_TRICA 2,948 2 1 1 1 NF NF NF High NF NF NF NF 

A0A139W8B2 A0A139W8B2_TRICA 4,76 2 1 1 1 NF NF NF NF NF NF NF NF 

D6X3U4 D6X3U4_TRICA 2,415 3 1 1 1 NF NF NF NF NF NF NF NF 

D6WGS1 D6WGS1_TRICA 1,204 4 1 1 1 NF NF NF NF NF NF NF NF 

D2A5J2 D2A5J2_TRICA 1,147 17 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WMQ2 
A0A139WMQ2_TRICA 1,267 0 1 1 1 NF NF NF NF NF NF NF High 

X5MPI3 X5MPI3_LOCMI 1,394 4 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WL15 A0A139WL15_TRICA 2,532 3 1 1 1 NF NF NF NF NF NF NF NF 

D6WRI6 D6WRI6_TRICA 7,04 14 1 1 1 NF NF NF NF NF NF NF NF 

A0A1B1MRN4 
A0A1B1MRN4_LOCMI 1,654 6 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WIH0 A0A139WIH0_TRICA 2,211 1 1 1 1 NF NF High NF NF NF NF NF 

D6WGA0 D6WGA0_TRICA 2,541 6 1 1 1 NF NF NF NF NF NF NF NF 

A0A139WEI4 A0A139WEI4_TRICA 2,676 2 1 1 1 NF NF NF High NF NF NF NF 

D6WTN7 D6WTN7_TRICA 1,494 1 1 1 1 NF NF NF NF NF NF NF NF 

D6X3T6 D6X3T6_TRICA 1,142 1 1 1 1 NF NF NF High NF NF NF NF 
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Methods iPSC molecular analysis 

 

Analysis of gene expression and CRLF3 abundance 

In order to further analyse gene expression patterns for pro- and anti-apoptotic genes within iPSC-

derived neurons, Real-time quantitative PCR (qPCR) was run. CRLF3 protein abundance was analyses 

via Western blot and staining for CRLF3 in iPSC-derived neurons. 

 

RNA isolation and cDNA synthesis 

For all treatment groups within survival assays two wells of a 6-well plate were pelleted for further 

molecular analysis. RNA was isolated by means of Trizole/Chloroform protocol as described in Knorr 

et al. (Knorr et al., 2020). In brief, 1 ml Trizole (Thermo Fisher Scientific; #15596026) was added to 

each cell pellet and cells were disrupted in a tissue lyser. 200 µl Chloroform (Labsolute; #2475) was 

added and the samples were shaken vigorously for 20 sec in tissue lyser. Samples were incubated on ice 

for 15 min before centrifugation at 12.000 x g for 15 min at 4°C. The top translucent phase of each 

sample was transferred to a fresh Eppendorf cup and mixed with 1 ml ice-cold 75% EtOH. Samples 

were incubated at -20°C for at least 1 h before centrifugation at 10.000 x g for 15 min at 4°C. The 

resulting RNA pellet was washed three times in ice-cold EtOH before pellets were dried and 

resuspended in 30 µl ddH2O. RNA concentrations were measured by Nanodrop (Thermo Fisher 

Scientific).  

cDNA was synthesised using the LunaScript RT SuperMixKit (New England BioLabs; #E3010) 

according to the manufactures instructions. For all samples 1 µg RNA was reverse transcribed.  

 

qPCR 

qPCR analysis for BAX, Caspase 3, BCL-2 and CRLF3 were run using specific primers (see 

oligonucleotide list Table 1). B-Actin was used as housekeeping gene (HKG). All primers were analysed 

for their efficiencies previously. All samples were loaded in triplicates and (-) RT controls and water 

were run as negative controls on every plate. qPCRs reactions were prepared with final concentrations 

of 5 µl Luna® Universal qRT-PCR Master Mix (New England Bio- Lab; #M3003), 0,1 mM forward 

and reverse primers and 10 ng cDNA. qPCRs were pipetted in a 96-well clear well plates (StarLab; 

#E1403-5200) and run using a Bio-Rad CFX Connect Real-Time system (Bio-Rad; #1855201). The 

following qPCR program was employed for specific gene amplification (see table 2).  

 
Table 9: Oligonucleotides used in this study 

Application Gene Oligonucleotide 5'-3' Tm Accession number 

qPCR Bax-fwd CGAGTGGCAGCTGACATGTT 61°C 
ENST00000293288.12 

qPCR Bax-rev TCCAGCCCATGATGGTTCTG 
 

qPCR Caspase 3-fwd GGAGGCCGACTTCTTGTATG 
61°C 

ENST00000308394.9 

qPCR Caspase 3-rev TGCCACCTTTCGGTTAACCC 
 

qPCR BCL-2-fwd CGTTATCCTGGATCCAGGTG 
61°C 

ENST00000398117.1 

qPCR BCL-2-rev GTGTGTGGAGAGCGTCAAC 
 

qPCR bActin-fwd GCGAGAAGATGACCCAGATC 
61°C 

ENST00000674681.1  

qPCR bActin-rev GGGCATACCCCTCGTAGATG 
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Table 2: qPCR program used for this study 

 Step Temperature [°C] Time [s]  

 Initial denaturation 95 180  
P

C
R

 

re
ac

ti
o

n
 

Denaturation 95 10 

x40 Annealing   61 30 

Elongation 72 30 

M
el

ti
n

g
 c

u
rv

e Denaturation 95 60  
Annealing   55 60  

Melting curve 55 10 

0.5 °C per 

cycle up to 

95 °C 

 

Ct values were analysed using the Pfaffl method (Pfaffl, 2001) and data was normalized to the 

corresponding HKG value of each sample and further to the corresponding gene of interest (GOI) control 

value. Relative gene expression data is represented as Bar plots showing the geometric mean and 

standard deviations. 

 

Western blot 

Western blot analysis of iPSC-derived neurons was performed as described previously. Quantification 

of protein band intensities was performed using ImageJ. Band intensities were normalized to the 

corresponding αTubulin band intensity of each sample and then towards control samples within 

treatment groups. Data is shown as bar plots representing the average band intensities measured together 

with the calculated standard deviation.  
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