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Autophagy and the unfolded protein response (UPR) activated in response to ER stress are two 
essential processes for maintaining cellular homeostasis and, finally, resolution of ER stress (for details 
see chapter 1.4 and 1.5).  

Genes involved in the UPR, including XBP1 (X-box binding protein-1) [36], AGR2 (anterior gradient 
protein-2) [37], and ORMDL3 (orosomucoid-1-like 3) [38, 39], have been associated with increased risk 
for IBD. In mouse models, genetic deletion of the transcription factor Xbp1 specifically in the intestinal 
epithelium results in spontaneous small intestinal inflammation and a pronounced hyper-reactivity of 
intestinal epithelial cells (IECs) towards microbes and cytokines [36]. In IECs, defects in XBP1 signaling 
result in dysfunction of antimicrobial peptide-secreting Paneth cells and in a reduction of Paneth cell 
numbers, culminating in impaired bacterial handling [36]. 

Polymorphisms in ORMDL3 have been first associated with asthma [40], and later also with IBD [39]. 
ORMDL3 is an ER-associated highly conserved protein that regulates sphingolipid synthesis and is 
functionally linked to the UPR, sensitivity to stress, and ER-to-Golgi transport.  

Another ER stress-related risk gene is AGR2, which encodes an ER-resident protein disulfide isomerase 
involved in protein folding. Detected AGR2 variants are linked to reduced AGR2 mRNA expression and 
confer risk for both CD and UC [37]. Agr2 deficient mice spontaneously develop ileocolitis and exhibit 
increased ER stress in IECs, lack of mucus in Goblet cells and an expansion of Paneth cells [41].  

1.3 The Gut Microbiome in Inflammatory Bowel Disease 

Despite the advances in the identification of genetic risk factors for IBD, the described risk loci explain 
less than one-quarter of the heritability of IBD, suggesting a strong role of the (internal and external) 
environment [14, 15, 42]. An association between the growing incidence of IBD and changed 
environmental factors related to Western lifestyle has been proposed. Western-style diet with high 
intake of animal proteins and saturated fat affects the gut microbiome by altering the microbial 
composition, which in turn might enhance disease risk [43, 44]. Furthermore, cohort studies have 
suggested that breastfeeding, larger family size and early life exposure to farm animals and pets are 
protective against IBD [45, 46]. The mentioned protective factors, characteristic for a more traditional 
lifestyle, have been shown to shape the gut microbiota, pointing towards a role of the intestinal 
microbes in disease pathogenesis. Indeed, dysbiosis of the intestinal microbiome, that is quantitative 
and qualitative changes in composition, represents a common hallmark of IBD [47-49]. Microbial 
composition of patients with IBD shows a reduced diversity and decreased stability compared with 
healthy individuals [48, 50]. Moreover, a shift from predominant protective microbes to potential 
harmful microbes has been observed in IBD patients [51].  

Several bacterial species, most notably the Bifidobacterium, Lactobacillus, and Faecalibacterium 
genera, have been proposed to exhibit protective effects against mucosal inflammation. Noteworthy, 
these species have been found to be underrepresented in IBD [50, 52, 53]. Various strains, generally 
considered as beneficial, such as Lactobacillus casei, Lactobacillus plantarum and Faecalibacterium 
prausnitzii downregulate the expression of pro-inflammatory cytokines [54]. Likewise, other bacterial 
strains induce the production of anti-inflammatory cytokines such as interleukin 10 (IL-10) [52]. 
 
In contrast to these beneficial bacteria, certain members of the intestinal microbiota might aggravate 
inflammation. Up to now, no single causative microorganism has been identified, however many 
studies have described a role of pathogens such as Clostridium difficile [55], Helicobacter species [56], 









https://www.nature.com/articles/nrm4024#df3




 

17 
 

material. These include aggrephagy (protein aggregates), xenophagy (pathogens), mitophagy 
(mitochondria), ribophagy (ribosomes) and endoplasmic reticulum autophagy (ER-phagy or 
reticulophagy) [135-140]. Selective autophagy requires, in addition to the core autophagy machinery, 
selective autophagy receptors (SARs), which label the specific cargo for degradation.  
 
SARs establish a link between their cargo and the autophagosome by simultaneously interacting with 
the cargo and LC3-like proteins on autophagic compartment [141, 142]. SARs bind to their cargo 
labelled with degradation signals, most commonly ubiquitin, via their ubiquitin-binding domain (UBD). 
The interaction of SARs with autophagosomes is established via LC3-interacting regions (LIR) [141, 
143]. 

1.5.3 Xenophagy 

Xenophagy is a type of selective macroautophagy that targets intracellular pathogens for lysosomal 
degradation. Mechanistically, xenophagy resembles canonical macroautophagy (see Fig. 1.2) including 
steps of initiation, elongation, substrate targeting, and lysosomal fusion [119]. Xenophagy is induced 
by cytoplasmic recognition of pathogen-associated molecular patterns (PAMPs) or damage-associated 
molecular patterns (DAMPs) [23, 144-147]. Subsequent to phagophore formation, bacteria are 
ubiquitinated or ubiquitin co-localization with the bacteria is mediated by ubiquitin ligases such as 
PARKIN [145]. As a result, autophagy receptors are able to recognize and bind to ubiquitin. These 
autophagy receptors interact with LC3 targeting the bacteria to autophagosomes [148]. Autophagy 
receptors include SQSTM1 (sequestosome-1)/p62, NDP52, and OPTN (Optineurin). The 
autophagosome matures and fuses with lysosomes degrading the invading pathogens. 

Bacterial pathogens have developed different strategies to evade xenophagy. Bacteria such as Listeria 
monocytogenes interfere with bacterial detection via autophagy factors to avoid xenophagy. Other 
bacteria including Salmonella enterica serovar Typhimurium are able to interfere with autophagosome 
formation and LC3 targeting. Another strategy commonly used by bacteria to evade xenophagy is to 
block autophagosome maturation and fusion with lysosomes. Interestingly, it was shown that AIEC 
infection specifically induces microRNAs that diminish the levels of ATG5 and ATG16L1, thereby 
restricting autophagy [73]. Additionally, during infection of neutrophil-like PLB-985 cells, AIEC are able 
to inhibit autophagy at the autolysosomal step, enabling bacterial survival and replication [149]. 

1.5.4 ER-phagy 

The fragmentation and delivery of ER fragments to lysosomal compartments for their degradation is 
termed ER-phagy [112]. The ER volume must be maintained under constitutive conditions, while 
regulated ER turnover aims to prevent or end excessive ER expansion in cells exposed to certain stress 
conditions. ER stress, nutrient deprivation, infection, accumulation of misfolded proteins, and 
activators of macroautophagy have been shown to induce ER-phagy [150-154]. The selectivity of this 
process is mediated by specific ER membrane-localized ER-phagy receptors such as FAM134B (family 
with sequence similarity 134), SEC62 (translocation protein SEC62), RTN3 (Reticulon 3), and CCPG1 
(Cell-cycle progression gene 1) that engage the macroautophagy machinery via LC3- interacting regions 
[150-154].  





https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/paneth-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lysozyme
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/goblet-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/goblet-cell


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/atg16l1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytokines
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2.5 Generation, Handling and Treatment of Mice 

2.5.1 Generation of Ormdl1-/-, Ormdl2-/-, & Ormdl3-/- Mice 

The murine Ormdl1 gene, located on chromosome 1, consists of 4 exons separated by 3 introns. For 
the generation of the knockout of Ormdl1, exon 2 containing the translation initiation codon 
(NM_145517) was targeted in collaboration with genOway SA (Lyon, France). The targeting vector 
containing the cDNA of exon 2 flanked by loxP sites and a neomycin resistance gene cassette flanked 
by flippase recognition target (FRT) sites (Fig. 2.1) was electroporated into 129Sv embryonic stem cells. 
Positive recombined embryonic stem cells were microinjected into C57BL/6 blastocysts. Blastocysts 
were transferred into pseudo-pregnant mice and resulting male chimeras were breed to C57BL/6 Flp 
deleter mice (C57BL/6-Tg(CAG-Flpe)2) for germline transmission and in vivo removal of selection 
markers. To obtain Ormdl1-/ - mice, animals were breed to Cre deleter mice (C57BL/6-
Gt(ROSA)26Sortm9(Cre/ESR1)) resulting in the excision of exon 2 by recombination of the two loxP site. 
Obtained mice were backcrossed for nine generations to a C57BL/6J background. 

The murine Ormdl2 gene is located in chromosome 10 and consists of 4 exons. Ormdl2-/ - mice were 
engineered by the UC Davis Mouse Biology Program (California, USA). The targeting vector designed 
with two loxP sites flanking exon 2 and 3, was electroporated into C57BL/6N embryonic stem cells. 
Positive recombined embryonic stem cells were microinjected into C57BL/6 blastocysts. Chimeras 
were breed with C57BL/6N-AtmBrd. 

Ormdl3-/ - mice were generated in collaboration with TaconicArtemis GmbH (Cologne, Germany). The 
targeting vector with exon 2 to 4 of the murine Ormdl3 gene (ensemble gene ID: 
ENSMUSG00000038150) flanked by loxP sites was electroporated into C57BL/6N Tac embryonic stem 
cells. Positive embryonic stem cells were identified by double positive selection with puromycin and 
neomycin. Chimeras were bred with Flp deleter mice (C57BL/6-Tg(CAG-Flpe)2Arte) for germline 
transmission and removal of selection markers. Ormdl3-/ - mice were generated by breeding Ormdl3 
conditional mice to Cre deleter mice (C57BL/6-Gt(ROSA)26Sortm9(Cre/ESR1)Arte). To avoid unspecific 
side effects, mice with a constitutive knockout allele were bred with C57BL/6N wild-type mice to 
remove the Cre recombinase 

 
Figure 2.1: Generation of Ormdl1-/-, Ormdl2-/-, and Ormdl3-/- mice. The targeting strategy for the generation 
of Ormdl1-/- (A), Ormdl2-/-, (B) and Ormdl3-/- (C) mice is depicted schematically.  
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CSNK2B, respectively, might represent a reasonable pharmacological approach in limiting intestinal 
inflammation. 

  



 

62 
 

4 ORMDL3 Engages the Autophagy Machinery to Facilitate Endoplasmic 
Reticulum Turnover and Bacterial Clearance 

Genome-wide association studies (GWAS) have identified ORMDL3 as a genetic risk factor of CD and 
UC [38, 39], and asthma [40], another disease of a mucosal barrier. ORMDL3, which localizes to the ER 
[39, 182], has been suggested to be involved in calcium homeostasis [182, 192, 195, 196], in regulating 
the UPR [39, 182, 192] and in sphingolipid metabolism [191, 198, 199, 201]. However, at present, there 
are no studies elucidating the role of ORMDL3 in intestinal homeostasis and IBD pathogenesis. 
Moreover, molecular functions of ORMDL proteins, in this regard, are largely unknown. Strikingly, the 
association of ORMDL3 with bronchial asthma [40] and IBD [38, 39] points towards a role of ORMDL3 
in shaping host-microbe interactions bearing in mind that both lung and intestinal epithelial cells are 
continuously exposed to microbes. Therefore, we aimed to investigate how ORMDL3 may shape host-
microbe interactions in the intestine and modulate disease progression. 

4.1 Results 

4.1.1 Ormdl3 and Ormdl1/3 Deficiency Impair Body Growth Whereas Simultaneous Deletion of Ormdl1, 
Ormdl2 and Ormdl3 Causes Embryonic Lethality 

To explore a possible function of ORMDL proteins in intestinal homeostasis, we generated Ormdl3-/ - 
and Ormdl1/3 double-deficient mice (see chapter 2.5.1). While Ormdl3-/ - mice were born at the 
expected Mendelian ratio (Fig. 4.1A) and showed normal life expectancy, Ormdl1/3 double-deficient 
mice were born at sub-Mendelian ratios (Fig. 4.1B) and exhibited a reduced lifespan. Strikingly, 
Ormdl3-

 

/ - and even more pronounced Ormdl1-/ -3-/ - animals exhibited decreased overall body size 
(Fig. 4.1C) accompanied by reduced body weight when compared to the wild type mice (Fig. 4.1D). 
Deficiency in Ormdl3 had no effect on the histological morphology of the ileum or the colon, as 
determined by inspection of HE stained sections (Fig. 4.1E). No signs of spontaneous intestinal 
inflammation were observed in Ormdl3-/ - and Ormdl1-/ -3-/ - animals up to 25 weeks of age. Noteworthy, 
because of the significant amino acid identity between the three murine ORMDL proteins [181], we 
hypothesized that there could be functional redundancy, however, we did not detect any 
compensatory upregulation of Ormdl1 and Ormdl2 in ileal and colonic tissues of Ormdl3-deficient 
animals (Fig. 4.1F,G). Next, we aimed to produce triple constitutive knockout mice of Ormdl1, Ormdl2 
and Ormdl3 (Ormdl1-/ -2-/ -3-/ -). As shown in Fig. 4.1H, several breeding attempts to obtain a triple-
negative mouse failed. These results suggest that ORMDL1, ORMDL2 and ORMDL3 exert overlapping 
functions essential for mouse development. 
 
 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2822118/#SD1
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4.1.2 Ormdl3 Expression is Shaped by the Microbial Community 

To determine the dynamics of Ormdl3 gene expression during postnatal development and to explore 
potential effects of the gut microbiota on Ormdl3 expression, we analyzed RNAseq data from intestinal 
epithelial cells of conventionally raised and germ-free mice at three different stages during postnatal 
development- week 1, week 4, and week 12-16 [295].We observed generally higher levels of Ormdl3 
in 1 week old newborn mice compared to 4 week or 12-16 week old mice (Fig. 4.2A) indicative of an 
important role of Ormdl3 in postnatal development. Notably, we detected a microbiota-dependent 
expression pattern of Ormdl3 demonstrated by a significantly decreased expression in conventionally 
raised mice compared to germ-free mice at 12-16 weeks of age (Fig. 4.2A,B). In vitro we detected a 
robust repressive effect of both E. coli LF82 and E. coli lipopolysaccharide (LPS) on Ormdl3 promoter 
activity in immortalized wild type mouse embryonic fibroblasts (WT iMEFs) (Fig. 3.2C,D), suggesting a 
role of TLR4 signaling in regulating Ormdl3 expression. In agreement with these findings, we measured 
decreased Ormdl3 mRNA levels upon E. coli LF82 infection (Fig. 4.2E). In contrast, bacteria-derived 
muramyl dipeptide (MDP) and flagellin exhibited only mild inhibitory activity on Ormdl3 promoter 
activity (Fig. 4.2C). Additionally, we monitored protein levels of all three ORMDL homologues upon E. 
coli LF82 infection in iMEF and intestinal epithelial cells by immunoblotting with a pan-specific 
ORMDL1/2/3 antibody (Fig. 4.2F-H). Consistent with reduced Ormdl3 promoter activity and decreased 
mRNA levels upon LF82 exposure, we found a time-dependent reduction in ORMDL protein levels upon 
infection.  
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Figure 4.2. Ormdl3 expression is regulated by the bacterial components. (A) and (B) Conventionally (con) or 
germ-free (GF) raised mice were sacrificed at 1 week, 4 weeks, and between 12-16 weeks of age and intestinal 
epithelial cells (IECs) from the ileum were collected and Ormdl3 expression was determined. (A) by RNA seq and 
(B) by qPCR. (C) Immortalized wild type MEF cells (iMEF) were stimulated with indicated bacterial components 
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Figure 4.4: ORMDL1 and ORMDL3 regulate structure and function of highly secretory cells in the intestine. 
(A) Transmission electron microscopy (TEM) of ileal crypts of 12-week old Ormdl3+/+, Ormdl3-/- and Ormdl1-/-3-/- 
mice. Left panel: scale bar, 4 µM; right panel: scale bar, 500 nm. (B) Representative images of mouse ileal sections 
(n=4 per genotype) stained for lysozyme (scale bar, 20 µm) and quantification. For quantification, a minimum of 100 
crypts/intestine were assessed. (C) Bacterial killing assay. Freshly isolated crypts (~20.000) were infected with 
E. coli LF82 (1x108 bacterial cells) and colony forming units (CFU) were determined 2h post infection. n=3. (D) 
Representative pictures of Periodic acid-Schiff (PAS)-stained colonic sections (scale bar, 50 µm). Downregulation 
of Muc2 in ileal (E) and colonic tissue (F) of E. coli LF82 infected Ormdl3-deficient mice (7d p.i.) as demonstrated 
by real-time PCR. No significant differences were observed in the control groups infected with E. coli K12. 
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Figure 4.6: Ormdl3-/- mice do not exhibit any signs of increased UPR activation in the intestine. (A) 
Immunoblot analysis of ileal sections of 20-week old mice from the indicated genotypes. (B) mRNA levels of ER 
stress markers in 20-week-old Ormdl3+/+ and Ormdl3-/- mice. (C) Immunoblot of small intestinal crypts from wild-
type, Ormdl3-/- and Ormdl1-/-3-/- mice (20 w) ex vivo infected for 2h with LF82 (1x108 cells). (D) qPCR of ileal tissue 
of 1-year-old animals.  

4.1.6 Simultaneous Lack of ORMDL3 & ORMDL1 Causes Severe Motor Defects in vivo 

However, both male and female Ormdl1-/ -3-/ - mice displayed abnormal limb-clasping reflexes (Fig. 
4.7A), they had difficulty walking in a straight line (Fig. 4.7B,C) and showed impaired motor 
coordination ability (Fig. 4.7D). The observed defects are often observed in mouse models of 
neurodegenerative disease [305, 306] and have also been described in in Atg5- and Atg7-conditional 
knockout mice [300, 301]. To identify the neurologic deficits in Ormdl1-/ -3-/ - mice, histological stainings 
of brain sections were inspected at various time points. We detected a progressive degeneration of 
the basal ganglia accompanied by a diffuse and progressive astrogliosis (data not shown). Consistent 
with glial activation in response to neuronal damage, immunoblotting for the glial marker GFAP (glial 
fibrillary acidic protein) and microglial marker IBA1 (ionized calcium-binding adapter molecule 1) was 
increased in Ormdl1/3 double-deficient mice (Figure 4.7E). These results highlight the functional 
redundancy of ORMDL1 and ORMDL3 in the central nervous system and the sensitivity of neurons to 
loss of ORDML1 and ORMDL3. In line with our previous findings, we did not detect increased levels of 
ER stress markers such as GRP78 (BIP) and p58IPK in brain sections of 18-23w old mice. However, 
immunoblotting of brain tissue revealed a significant increase in p62 (SQSTM1, sequestosome 1) (Fig. 
4.7E) pointing towards defective autophagy in Ormdl3- and Ormdl1/3-deficient mice. Notably, we 
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found increased levels of p62 not only in brain sections but also in other tissues such as lung, liver and 
ileum (Fig. 4.7F). 

 

Figure 4.7: Ormdl1-/-3-/- mice exhibit severe motor defects. (A) Limp-clasping reflexes in a wild type mouse 
(upper panel). Abnormal limb-clasping reflexes in a 10-week-old Ormdl1-/-3-/- mouse (lower panel). (B) The ink paw-
print test, in which the fore paws were marked in blue ink (blue circles) and the hind paws in red ink (red circles), 
revealed abnormal gait pattern in Ormdl1/3-deficient mice. (C) Stride length was measured in Ormdl3+/+ and 
Ormdl1-

 

/-3-/- animals (n=6). (D) Motor coordination was tested using a rotarod assay. Ormdl3+/+ (n=5) and Ormdl1-/-

3-/- (n=6) mice were placed on a rotating rod and the time spent on the rod was measured. (E) Immunoblotting of 
brain tissue of 18-23w old wild-type, Ormdl3-/- and Ormdl1-/-3-/- animals. (F) Immunoblot of lung, liver and ileal tissue 
of 8w old mice. 

4.1.7 Ormdl3- and Ormdl1/3 Deficiency Impairs Autophagy in Intestinal Epithelial Cells 

To study autophagic flux, we quantified the turnover of LC3BI to its phosphatidylethanolamine-
conjugated form LC3BII (Fig. 4.8A), a marker for autophagosome formation, in Ormdl1-/ -3-/ - and 
Ormdl1-

 

/ -2+/-3-/ - immortalized MEFs (iMEFs). Autophagy was induced by nutrient starvation and 
chemically by stimulation with the mTOR inhibitor rapamycin. Ormdl1-/ -3-/ - and Ormdl1-/ -2+/-3-/ - iMEFs 
showed a marked reduction in LC3 turnover and elevated p62 levels compared to WT iMEFs upon 
autophagy induction. Likewise, simultaneous siRNA mediated knockdown of Ormdl1 and Ormdl3 in 
intestinal epithelial cells resulted in reduced LC3 conversion upon autophagy induction by rapamycin 
compared to control cells (Fig. 4.8B). We next determined whether markers of autophagy were 
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abnormal in iMEFs upon bacterial autophagy induction. Recently, it was shown that functional 
autophagy is required to limit intracellular AIEC replication [74]. Indeed, LC3 conversion in Ormdl3-
deficient iMEFs was impaired upon infection with E. coli LF82 compared to Ormdl3+/+ cells (Fig. 4.8C). 
Functionally, LF82 infected Ormdl3-/ - and Ormdl1-/ -3-/ - iMEFs showed reduced bacterial killing in a 
gentamicin protection assay (Fig. 4.8D). Accordingly, E. coli LF82 infection of iMEFs resulted in higher 
numbers of bacteria localized within Ormdl3- and Ormdl13-deficient iMEFs compared to WT cells as 
determined by immunofluorescence staining of E. coli LPS and of cell membranes using AlexaFluor 555-
conjugated wheat germ agglutinin (Fig 4.8E). To further test this idea in primary cells, we isolated 
crypts, infected them in vitro with LF82 and monitored protein levels of the adaptor protein p62 and 
the autophagy protein ATG16L1 (Autophagy-related 16-like 1). We observed increased levels of both 
p62 and ATG16L1 accompanied by a reduced LC3 conversion in Ormdl3-/ - and Ormdl1-/ -3-/ - infected 
crypt lysates supporting the role of ORMDL proteins in autophagy (Fig. 4.8F).  
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Figure 4.8: ORMDL1 and ORMDL3 regulate autophagic flux upon nutrient starvation and bacterial infection. 
(A) WT, Ormdl1-/-3-/- and Ormdl1-/-2+/-3-/- iMEFs were stimulated with Rapamycin (100 nM) or nutrient-starved with 
EBSS for 2 h in the presence of Bafilomycin A (BafA, 100 nM). Protein lysates were probed by immunoblot for levels 
of the indicated proteins and the ratio of LC3II to LC3I was quantified. EBSS: Earle's Balanced Salt Solution. (B) 
Caco-2 cells were treated with siRNA targeting Ormdl1 and Ormdl3 (siORM13) or with non-targeting siRNA 
(siscrambled) and autophagy was induced by exposure to rapamycin (100 nM, 2h) in the presence of BafA, 100 nM. 
The LC3II/LC3I ratio is depicted. (C) iMEFs were infected with E. coli LF82 (multiplicity of infection MOI25) in the 
presence of BafA (100 nM) and LC3 turnover was quantified 2 h post infection. Starvation with HBSS and 
Rapamycin treatment (100 nM) served as positive control for autophagy induction. (D) Gentamicin protection assay. 
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Figure 4.9: ORMDL proteins as modulators of the secretory pathway and ER turnover. (A) Representative 
immunoblots of WT, Ormdl3-/- and Ormdl1-/-3-/- iMEFs transfected with VSVG(ts045)-GFP and incubated for 24 h at 
41°C. Cells were transferred to 32°C for the indicated times (30 min/60 min) before whole-cell extracts were 
prepared. Lysates were treated with or without endoglycosidase H (EndoH) and subjected to immunoblot analysis. 
R= EndoH-resistant; S= EndoH-sensitive. (B) Ratios of EndoH-R VSVG to total VSVG from 3 independent 













 

82 
 

Accumulation of the autophagy receptor p62 (SQSTM1, sequestosome 1) in several tissues points 
towards compromised autophagy in Ormdl3- and Ormdl1/3-deficient mice. Noteworthy, motor 
defects are often found in Atg gene knockout mice that also accumulate the autophagy receptor p62. 
Atg5 conditional knockout animals develop progressive deficits in motor function and mice lacking 
Atg7 in the central nervous system show abnormal limb-clasping reflexes, reduced motor coordination 
and die within 28 weeks of birth [300, 301].  

4.2.6 Ormdl3- & Ormdl1/3 Deficiency Impairs Autophagy in Intestinal Epithelial Cells 

Besides being involved in ER homeostasis, autophagy plays a key role in innate immune defense of the 
intestine by controlling bacterial interactions. Induction of xenophagy in intestinal epithelial cells 
represents a host defense mechanism against invading microbes [349]. Several studies provide 
evidence for a link between autophagy gene mutations and IBD. CD-associated polymorphisms in 
NOD2, ATG16L1 and IRGM affect xenophagy and defects in autophagy impair the ability of intestinal 
epithelial cells to restrict E. coli LF82 replication [67]. Our findings support the notion that the 
autophagy defects identified in Ormdl3- and Ormdl1/3-deficient mice might interfere with the ability 
of the intestinal epithelium to clear invading bacteria such as E. coli LF82. Consistent with this idea, in 
the absence of ORMDL3 or ORMDL1/3, we found elevated susceptibility to E. coli LF82 infection in vitro 
using iMEFs, ex vivo employing freshly isolated crypts and in vivo. Epithelial autophagy is triggered by 
invasive bacteria such as the E. coli LF82 strain used in this study, but also by S. typhimurium and E. 
faecalis [349]. In contrast, non-invasive bacteria, such as Lactobacillus salivarius do not activate 
autophagy in intestinal epithelial cells [349]. To monitor autophagic flux, we quantified the conversion 
of LC3BI to its LC3BII form, as a marker for autophagosome formation. ORMDL-deficient cells revealed 
a marked reduction in LC3 lipidation upon chemical autophagy induction, starvation and most 
importantly upon bacterial infection. Our findings strongly suggest that increased susceptibility to 
bacterial colonization observed in Ormdl3-deficient mice is not only attributable to the described 
defects in Paneth and Goblet cell function but also to defective xenophagy. Another distinctive 
hallmark of Atg-deficient cells is the upregulation of p62 levels and the formation of cytosolic p62 
aggregates [301, 350]. p62 becomes incorporated into the autophagosome and is degraded upon 
autolysosome formation, thus serving as marker for autophagic degradation. Inhibition of autophagy 
correlates with elevated p62 levels, reflecting the autophagic status [351-353]. Vice versa, decreased 
p62 levels indicate activation of autophagy. Indeed, lack of ORMDL proteins resulted in increased levels 
of p62 in several tissues, including the brain, lung and ileum. Similar results were observed using ex 
vivo and cell culture approaches. However, a more detailed analysis will be necessary to exclude 
transcriptional upregulation or defective proteasomal degradation of p62 under the tested conditions. 
To determine the extent of p62 oligomerization assessing both the Triton X-100-soluble and -insoluble 
fraction is necessary [354]. 

4.2.7 ORMDL Proteins Regulate ER membrane Trafficking 

Our findings in Ormdl3-/ - and Ormdl1-/ -3-/ - cells and the corresponding in vivo model suggest an 
important role of the ORMDL protein family in modulating ER turnover. We propose that ORMDL 
proteins, dependent on the cellular requirements, might trigger selective ER degradation via the 
autophagic machinery. 

Due to this intensive crosstalk between autophagy and the secretory pathway (reviewed in Davis et al. 
[155]), we hypothesized that ORMDL proteins might not only play a role in autophagy but also in 
regulating protein trafficking. The function of ORMDL proteins in the secretory pathway is supported 
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by the detected augmented transport of VSVG-GFP from the ER to the Golgi apparatus in Ormdl3- and 
Ormdl1/3-deficient iMEFs compared to wild type cells both under basal and stress conditions. 
Importantly, considering the lack of enhanced UPR activation in Ormdl3- and Ormdl1/3-deficient mice, 
combined with the ER expansion in Ormdl3-/ - and Ormdl1-/ -3-/ - intestinal epithelial cells, our results 
indicate that proteins of the ORMDL family might act as negative regulators of ER-Golgi trafficking. In 
S. cerevisiae, deletion of the lipid-regulator OPI1 results in ER expansion accompanied by enhanced 
protein secretion [338, 355]. Whether enhanced secretion actually is a direct consequence of the 
enlarged ER in Ormdl3- and Ormdl1/3-deficient cells needs to be further studied.  

The endoplasmic reticulum (ER) is the site of calcium storage, secretory protein and lipid biosynthesis. 
ER volume and activity must match cellular requirements. Stress conditions such as nutrient 
deprivation, accumulation of misfolded proteins, and infection trigger ER turnover. ER-phagy describes 
the selective degradation of the endoplasmic reticulum via the autophagy machinery. ER-phagy 
receptors engage the cytosolic macroautophagy machinery via LC3 interacting (LIR) regions, which 
associate with ubiquitin-like, cytosolic proteins of the Atg8/LC3/GABARAP family. Notably, upon 
autophagy induction, we detected co-localization of ORMDL3 with autophagosomal and lysosomal 
marker proteins. In line with these findings, overexpressed ORMDL3 interacted with LC3 suggesting 
the presence of LIR motifs within the amino acid sequence of ORMDL3. Indeed, bioinformatic protein 
sequence analysis of the ORMDL protein family identified several possible LIR motifs [356]. 
Remarkably, three of the identified motifs are conserved in all human and murine ORMDL proteins. 
Two identified possible LIR motifs, starting at amino acid 43 or 101, respectively, exhibit the core 
consensus sequence [F]xx[I/V]. The third predicted LIR motif, [G/A]-[M/T]-[Y]-[I/V]-[F]-[L], ranges from 
amino acid 59 to 64. The residues marked in bold (positions 3 and 6) represent the most crucial 
residues for the interaction with LC3 [356]. In this context, the topology of the ORMDL protein family 
must be considered. In yeast, transmembrane segment prediction identifies four transmembrane 
domains [181]. Likewise, Phyre2-based protein sequence analysis of the human and murine ORMDL 
proteins predicts four membrane-spanning domains [357]. On the contrary, based on experimental 
evidence, Cantero-Recasens et al. [182] propose a topology model for human ORMDL3 consisting of 
two transmembrane domains, with the N- and C-terminus facing the cytoplasm and a large loop within 
the ER lumen. Depending on the topology of ORMDL proteins, the LIR motif ranging from amino acid 
101 to 104, which probably localizes in the cytoplasm, might be essential for the interaction with LC3. 
However, detailed future studies will be required to elucidate the topology and to confirm the 
functional relevance of the predicted LIR motifs in the ORMDL protein family. 

The complex ER structure is comprised of ER tubules and ER sheets characterized by the presence of 
key proteins involved in ER-shaping and function [358, 359]. For example, CLIMP-63 (microtubule-
binding 63 kDa cytoskeleton-linking membrane protein) localizes to ER sheets, while reticulon domain-
containing proteins RTN1-4 are mainly found at ER tubules. In mammalian cells, ER subdomains are 
degraded by selective autophagy, facilitated by specific receptors. The ER-phagy receptor FAM134B, a 
member of the reticulon-homology-domain-containing FAM134 family, mediates the turnover of ER 
sheets [150]. In contrast, the long isoform of the reticulon family member RTN3 (RTN3L) functions as 
a selective receptor for the degradation of ER tubules [151]. SEC62, part of the SEC61 translocon 
complex [360], facilitates ER-phagy during recovery from ER stress [154]. Recently, CCPG1, an ER-
resident transmembrane protein that can bind to Atg8-family proteins and to FIP200 was described as 
ER-phagy receptor [152]. Remarkably, ER stress induces transcription of CCPG1 providing a direct 
connection between ER stress and ER-phagy. In vivo, CCPG1 protects against hyper-accumulation of 
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suggest that ORMDL proteins might serve as ER-phagy receptors by directly interacting with the 
autophagic machinery to initiate selective degradation of ER fragments. Thus, future studies are 
warranted to uncover the molecular regulation of the two proposed opposing functions of ORMDL 
proteins. 

4.3 Conclusions & Future Perspectives 

Genome-wide association studies (GWAS) have identified ORMDL3 as a genetic risk factor of CD and 
UC [38, 39]. Although impaired bacterial handling is considered to underlie IBD, the role of the IBD risk 
gene ORMDL3 in shaping host-microbe interaction has not been addressed so far. This study sheds 
light on the function of ORMDL3 in modulating host-microbe interactions and cellular homeostasis in 
the intestine. 

Our in vivo studies revealed that Ormdl3- and Ormdl1/3-deficiency, respectively, impair body growth 
and simultaneous deletion of Ormdl1, Ormdl2 and Ormdl3 causes embryonic lethality. Yet, the function 
of ORMLD proteins in embryonic development and organogenesis remains to be assessed and is 
subject of ongoing investigation. In this context, conditional knockout models including Tamoxifen-
induced deletion of Ormdl1, Ormdl2 and Ormdl3 and specific deletion of all three Ormdl genes in 
intestinal epithelial cells might represent key tools to determine the function of ORMDL proteins in 
pre-and postnatal development and to decipher the overlapping functions of the three ORMDL 
proteins. 

This thesis reveals a microbiota-driven transcriptional repression of Ormdl3 in germ-free-raised mice 
compared to wild-type mice. In vitro, we discovered a repressive effect of TLR4 signaling on the 
promoter activity of Ormdl3. With regard to the transcriptional regulation of ORMDL3, little is known 
and a more detailed analysis of TLR4-regulated ORMDL3 activity is required. 

On a cellular level, lack of ORMDL3 or ORMDL1/3 disturbs the structure and homeostasis of highly 
secretory cell types including Paneth and Goblet cells, thereby compromising mucosal defense. It will 
be important to elucidate whether the detected reduced Muc2 expression in Ormdl3 deficient mice 
impairs the mucus layer. Of note, functional defects of Paneth and Goblet cells might alter the 
microbial composition making 16S rDNA profiling of Ormdl3+/+, Ormdl3-/ - and Ormdl1-/ -3-/ - feces crucial. 
In line with impaired function of Paneth and Goblet cells, we find that Ormdl3-deficient mice are more 
susceptible to bacterial colonization. Importantly, we demonstrate that xenophagy is compromised in 
the absence of ORMDL3.  

Our findings in Ormdl3-/ - and Ormdl1-/ -3-/ - cells and the corresponding in vivo models suggest a role of 
the ORMDL protein family in modulating ER turnover. Highly secretory cells in the intestine showed a 
massive dilation of the ER lumen. Surprisingly, at the same time, we did not detect any signs of 
increased ER stress and UPR activation neither in vitro nor in vivo. In light of these findings, we propose 
a possible role of ORMDL proteins in regulating ER turnover. We propose that ORMDL proteins might 
function as selective ER-phagy receptors directing ER fragments towards the autophagy machinery for 
degradation. We detected an interaction of ORMDL3 with the autophagy machinery including LC3. 
Protein sequence analysis of the ORMDL protein family discovered several possible LIR motifs. 
However, detailed future studies are necessary to validate the functional relevance of the predicted 
LIR motifs and to decipher the molecular mechanism of ORMDL-mediated ER turnover. Likewise, the 
function of ORMDL2 in ER membrane trafficking has not been explored in this study. Based on the high 
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amino acid homology and the presence of similar LIR motifs in all three ORMDL proteins, we propose 
that ORMDL2 is equally involved in ER turnover. 

In light of impaired ER-phagy and xenophagy in the absence of ORMDL3, future studies might elucidate 
the possible crosstalk of ER-phagy and xenophagy. Strikingly, ER-phagy is induced by bacteria [364] 
and both xenophagy and ER-phagy engage the autophagic core machinery. Up to now, ATG7, ATG14, 
ATG16L1, BCN1, and FIP200 have been shown to be required for bacterial-induced ER-phagy [364]. 
ORMDL proteins may function as ER sensors detecting specific stress conditions such as bacterial 
infection. In turn, ORMDL proteins might trigger bacterial-induced ER-phagy. 

In conclusion, ORMDL proteins are important for cellular homeostasis by modulating ER membrane 
trafficking. In vivo, lack of ORMDL1 and ORMDL3 compromises autophagic flux, affects the ER 
morphology and function of highly secretory cells and impairs bacterial handling. Thus, we discover a 
crucial role of ORMDL proteins in shaping host-microbe interactions by regulating ER turnover and 
cellular homeostasis in the intestine.  



https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-folding
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/atf6
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secretory cells in the intestine of Ormdl3 and Ormdl1-/ -3-/ - mice exhibit a massive dilation of the ER 
lumen implicating a role of ORMDL proteins in regulating ER turnover. Strikingly, no signs of elevated 
ER stress and UPR activation were detected neither in vitro nor in vivo. Instead, we observed increased 
ER-Golgi trafficking and impaired degradation of ER fragments in the absence of ORMDL1 and 
ORMDL3. In light of these findings, we propose that ORMDL proteins might function as selective 
ER-phagy receptors directing ER fragments towards lysosomal degradation. 

Collectively, the findings of this thesis underline the extensive crosstalk between the UPR and 
autophagy. Both pathways and their synergistic interactions within the intestinal epithelium are 
essential for cellular homeostasis. Insights provided in this study may contribute to the development 
of new therapeutic approaches in IBD. 
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anfälliger für eine Besiedelung mit einem adhärenten E. coli Stamm sind. Die Abwesenheit von 
ORMDL3 schädigt die Struktur und Funktion von sekretorischen Zellen wie Paneth und Goblet Zellen, 
wodurch wiederrum antibakterielle Abwehrmechanismen beeinträchtigt sind. Interessanterweise 
konnten wir durch den Vergleich der Ormdl3 Expression von konventionell und keimfrei gehalten 
Mäusen beobachten, dass die Expression von Ormdl3 durch das Mikrobiom unterdrückt wird. In vitro 
beobachteten wir eine repressive Wirkung des TLR4 Signalweges auf die Expression von Ormdl3. 

Unsere Daten zeigen außerdem, dass eine Defizienz in Ormdl3 oder ein gleichzeitiges Fehlen von 
Ormdl1 und Ormdl3 das Körperwachstum beeinträchtigt. Darüber hinaus stellten wir fest, dass eine 
gleichzeitige Deletion von Ormdl1, Ormdl2 und Ormdl3 embryonal lethal ist. Interessanterweise 
wiesen die sekretorischen Zellen im Darm der Ormdl3-/ - und der Ormdl1-/ -3-/ -  Mäuse eine massive 
Expansion des ER Lumens auf. Überraschenderweise zeigten die Tiere aber keine Zeichen von 
erhöhtem ER Stress oder gesteigerter UPR Aktivierung. Dagegen konnten wir eine erhöhte 
Proteintransportrate vom ER zum Golgi-Apparat und gleichzeitig einen gestörten Abbau von ER 
Fragmenten beobachten. In Anbetracht dieser Ergebnisse vermuten wir, dass ORMDL Proteine als 
selektive Rezeptoren fungieren, die ER Fragmente dem Autophagieprozess zuführen. 

Zusammenfassend illustrieren die Ergebnisse dieser Arbeit die intensiven Überschneidungen, die 
zwischen der UPR und Autophagie stattfinden. Beide Signalwege sowie deren synergistische 
Interaktion innerhalb des intestinalen Epithels sind entscheidend an der Aufrechterhaltung der 
zellulären Homöostase beteiligt. Die in dieser Arbeit vorgestellten Erkenntnisse könnten zur 
Entwicklung neuer Therapiestrategien bei der Behandlung von CED beitragen. 
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8.2 Buffers and Solutions 

Table 11: List of applied buffers and solutions. 
 

buffer or solution  composition or company 
10x TAE buffer Carl Roth, Karlsruhe, Germany, cat. nr. T845.2 
10x TBS 200 mM Tris (pH 7.6), 1.37 M sodium chloride 
10x TGS buffer 25 mM Tris (pH 8.3), 192 mM glycine, 0.1 % (w/v) SDS 
5x SDS loading dye 250 mM Tris (pH 6.8), 10 % (w/v) SDS,  50 % (v/v) glycerol, 500 mM 

DTT 
Anode buffer 1   30 mM Tris, 20 % (v/v) methanol 
Anode buffer 2   300 mM Tris, 20 % (v/v) methanol 
Blocking solution 5 % (w/v) non-fat dry milk in TTBS 
Cathode buffer   25 mM Tris, 20 % (v/v) methanol, 40 mM 6-amino-ncaproic acid 
Cell fractionation 1 10 mM HEPES (pH 7.9), 10 mM potassium chloride, 1.5 mM magnesium 

chloride, 10 mM sodium floride 
Cell fractionation 2   20 mM HEPES (pH 7.9), 420 mM sodium chloride, 1.5 mM magnesium 

chloride, 0.2 mM EDTA, 25 % (v/v) glycerol, 10 mM sodium fluoride 
CO-IP binding and washing buffer PBS, 0.02 % (v/v) Tween20 
CO-IP elution buffer 50 mM Glycin (pH 2.8) 
DNA loading dye 50 % (v/v) glycerol, 0.1 % (w/v) bromophenol blue, 0.1 % (w/v) xylene 

cyanol 
ECL substrate GE Healthcare, Freiburg, Germany, cat. nr. RPN2109 
FCS PAA Laboratories/ GE Healthcare, Freiburg, Germany, cat. nr. PAA A15-

151 
Ketanest S 25mg/ml, 10ml Pfizer, New York, USA   
Loading gel 0.5 M Tris (pH 6.8), 0.4 % (w/v) SDS 
MOPS SDS Running Buffer (20X) Novex/Life Technologies, Darmstadt, Germany, cat. nr. NP001 
OPTI-MEM Gibco/Life Technologies, Darmstadt, Germany, cat. nr. 31985-047 
PBS 8 g/l sodium chloride, 0.2 g/l potassium chloride , 1.56 g/l disodium 

phosphate, 0.24 g/l monopotassium phosphate, pH 7.4 
RIPA 150 mM sodium chloride, 1 % (v/v) NP40, 0.5 % (w/v) deoxycholic acid, 

0.1 % (w/v) SDS, 50 mM Tris (pH 8.0) 
Rompun Bayer, Leverkusen, Germany 
Separation buffer 1.5 M Tris (pH 8.8), 0.4 % (w/v) SDS 
SmartLadder Eurogentec, Cologne, Germany, cat. nr. MW-1700-10 
Stacking buffer 0.5 M Tris (pH 8.8), 0.4 % (w/v) SDS 
Stripping buffer 62.5 mM Tris (pH 6.8), 2 % (w/v) SDS 
SYBR Safe DNA gel stain Life Technologies, Darmstadt, Germany cat. nr. S33102 
TEA 10 mM Tris, 1 mM EDTA 
TTBS 1x TBS, 0,1 % (v/v) Tween20 

8.3 Media 

Table 12: List of applied media. 
 

Media Composition or company 
DMEM Gibco/Life Technologies, Darmstadt, Germany cat. nr. 41966-029  
DMEM Glutamax Gibco/Life Technologies, Darmstadt, Germany cat. nr. 61965-059 
LB Agar   10 g/l tryptone, 5 g/l yeast extract, 5 g/l sodium chloride, 15 g/l agar 
LB Medium 10 g/l tryptone, 5 g/l yeast extract, 5 g/l sodium chloride 
MEF medium DMEM Glutamax, 1x Penicillin/Streptomycin, 1x NEAA, MEM 
NEAA, MEM Invitrogen/Thermo Scientific, Bremen, Germany  cat nr. 11140-035 
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8.4 Chemicals 

Table 13: List of applied chemicals. 
 

chemical  company 
2-Mercaptoethanol Sigma-Aldrich, Munich, Germany 
6-amino-n-caproic acid Sigma-Aldrich, Munich, Germany 
Acrylamide Bis Sol.30% Bio-Rad, Munich, Germany 
Ammonium persulfate (APS)   Sigma-Aldrich, Munich, Germany 
Amphotericin PAA Laberatories/ GE Healthcare, Freiburg, Germany 
Ampicillin Sigma-Aldrich, Munich, Germany 
Bovine serum albumin (BSA) Carl Roth, Karlsruhe, Germany 
Bromophenol blue   Sigma-Aldrich, Munich, Germany 
Deoxycholic acid Sigma-Aldrich, Munich, Germany 
Dimethylsulfoxid (DMSO)   Sigma-Aldrich, Munich, Germany 
Dithiothreitol (DTT) Th. Geyer, Renningen, Germany 
DSS reagent grade, molecular 
weight 36000-50000 

MP Biomedicals, Illkirch Cedex, France 

Dynabeads Protein G Life Technologies, Darmstadt, Germany 
EDTA Sigma-Aldrich, Munich, Germany 
Ethanol Merck, Darmstadt, Germany 
Glycerol Carl Roth, Karlsruhe, Germany 
Glycine Carl Roth, Karlsruhe, Germany 
HEPES   Sigma-Aldrich, Munich, Germany 
Isopropanol Merck, Darmstadt, Germany 
Kanamycin Merck, Darmstadt, Germany 
LE Agarose Biozyme, Hessisch Oldendorf, Germany 
Magnesium chloride Merck, Darmstadt, Germany 
Methanol Merck, Darmstadt, Germany 
Monopotassium phosphate Sigma-Aldrich, Munich, Germany 
Non-fat dry milk (NFDM) Bio-Rad, Munich, Germany 
Nonidet p 40 substitute Sigma-Aldrich, Munich, Germany 
Penicilin/Streptomycin Life Technologies, Darmstadt, Germany 
Potassium chloride Sigma-Aldrich, Munich, Germany 
Potassium dihydrogen phosphate   Merck, Darmstadt, Germany 
RNase-free water   Qiagen, Hilden, Germany 
Sodium chloride Merck, Darmstadt, Germany 
Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany 
Sodium fluoride Sigma-Aldrich, Munich, Germany 
Sodium phosphate dibasic Sigma-Aldrich, Munich, Germany 
SYBR safe   Life Technologies 
Tetramethylethylenediamine 
(TEMED) 

Sigma-Aldrich, Munich, Germany 

TRIS Merck, Darmstadt, Germany 
Triton-X Sigma-Aldrich, Munich, Germany 
Tween20 Carl Roth, Karlsruhe, Germany 
Xylene cyanol Sigma-Aldrich, Munich, Germany 
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8.9 Devices & Consumables  

Table 22: Devices used in this study. 
 

devices  company  
7900 HT Fast Real-Time PCR System  Applied Biosystems/Life Technologies, Darmstadt, 

Germany  
96-well thermocycler  Applied Biosystems/Life Technologies, Darmstadt, 

Germany  
ABI PRISM® 3700 sequencer   Applied Biosystems/Life Technologies, Darmstadt, 

Germany  
Analytic balance 870-15  Kern, Balingen, Germany  
Assistent Mini-Centrifuge SPROUT  Heathrow Scientific, Nottingham , United Kingdom  
Automated developer machine  Agfa, Mortsel, Belgium  
Axio Imager.Z1  Zeiss, Jena, Germany  
Cellometer Auto T4 Plus  PeqLab Biotechnologie GmbH, Erlangen, Germany  
Centrifuge for 15/50 ml tubes: Megafuge 16R  Thermo Scientific, Bremen, Germany  
Centrifuge for Eppendorf tubes: Fresco 21  Thermo Scientific, Bremen, Germany  
Certomat MV, vortex mixer   B. Braun Biotech Internat., Melsungen, Germany  
ChemiDoc XRS Imaging System  Bio-Rad, Munich, Germany  
Confocal microscope: TCS SP5  Leica Microsystems, Wetzlar, Germany  
Electronic pipet filler   Eppendorf, Hamburg, Germany  
Eppendorf Research®, adjustablevolume pipette   Eppendorf, Hamburg, Germany  
FACSCalibur flow cytometer  BD Biosciences, Heidelberg, Germany  
GeneAmp PCR System 9700  Applied Biosystems/Life Technologies, Darmstadt, 

Germany  
Gentle-MACSTM Dissociator  Miltenyi Biotec, Bergisch Gladbach, Germany  
Incubator for cell lines  Binder, Tuttlingen, Germany  
Incubator for E.coli in media: Orbital Incubator 
SI50  

Stuart Equipment, Staffordshire, United Kingdom  

Incubator for E.coli on agar plates: Incucell 111  MMM Group, Planegg, Germany  
Laminar flow workbench HERASafe KS  Thermo Scientific, Bremen, Germany  
Leica RM 2255 microtome   Leica Microsystems, Wetzlar, Germany  
Magnetic stirrer C-MAG HS 7 IKAMAG  IKA, Staufen, Germany  
Microwave R-239  SHARP, Hamburg, Germany  
Mini-Sub Cell GT  Bio-Rad, Munich, Germany  
Molecular Imager ChemiDoc XRS Imaging 
System  

Bio-Rad, Munich, Germany  

NanoDrop ND-1000 spectrophotometer   PeqLab Biotechnologie GmbH, Erlangen, Germany  
Power Pac 300  Bio-Rad, Munich, Germany  
SympHony Benchtop Meters  VWR, Darmstadt, Germany  
Tecan Infinite F200 pro plate reader   Tecan, Männedorf, Switzerland  
Thermomixer compact 5350  Eppendorf, Hamburg, Germany  
Trans-Blot® TurboTM Transfer System  Bio-Rad, Munich, Germany  
Tube roller SRT6  Stuart Equipment, Staffordshire, United Kingdom  
Vortex-Genie 2 Variable Speed  Sartorius, Göttingen, Germany  
Water bath 1003  GFL, Burgwedel, Germany  
Water purification system  TKA, Niederelbert, Germany  
Wide Mini ReadySub-Cell GT  Bio-Rad, Munich, Germany  
XCell SureLock® Mini-Cell  Life Technologies, Darmstadt, Germany  
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Table 24: List of candidates identified in the primary screen. 
 

GeneSymbol mean max min median sd 

ATF6 -15.229 -6.802 -23.17 -15.715 8.194816 

POLR2K -12.5627 -4.234 -21.929 -11.525 8.893021 

SHARP -8.21567 -5.098 -11.616 -7.933 3.268181 

CSNK2B -7.02367 -1.492 -15.74 -3.839 7.639238 

NETO2 -6.04367 -3.384 -10.179 -4.568 3.629904 

MMP3 -5.59667 -0.993 -12.685 -3.112 6.229438 

TLR4 -5.482 -0.99 -13.845 -1.611 7.249223 

RAN -5.294 -3.525 -8.2 -4.157 2.536431 

TRIM61 -4.876 -1.715 -10.874 -2.039 5.196946 

PARP2 -3.896 0.172 -7.356 -4.504 3.80065 

BTAF1 -3.42 -1.474 -6.998 -1.788 3.102614 

SLC30A3 -3.396 0.434 -9.92 -0.702 5.678429 

ACSL1 -3.357 -1.665 -5.103 -3.303 1.719636 

IL17R -3.22367 0.738 -9.182 -1.227 5.252771 

NALP11 -3.20833 -0.569 -5.909 -3.147 2.670528 

CYP51A1 -3.13533 -0.372 -7.469 -1.565 3.800173 

MGC8685 -2.992 0.274 -9.18 -0.07 5.361725 

POLR2F -1.96167 3.341 -6.452 -2.774 4.946779 

MTM1 -1.89833 2.035 -4.978 -2.752 3.583588 

SNF1LK -1.324 1.051 -3.853 -1.17 2.455624 

PRDM10 -0.97533 3.954 -5.924 -0.956 4.939028 

GNG7 -0.89067 1.232 -4.019 0.115 2.766184 

SBK1 -0.61 0.881 -1.698 -1.013 1.335896 

SLC35D2 -0.58733 4.999 -6.641 -0.12 5.834055 

PLCL1 -0.54767 0.568 -1.19 -1.021 0.969884 

ALG12 -0.38567 7.562 -5.499 -3.22 6.976569 

FARSLB -0.25333 0.252 -1.014 0.002 0.670511 

SOCS5 0.044667 1.298 -2.266 1.102 2.003494 

INPP5B 0.311 1.302 -0.958 0.589 1.155363 

RNF34 0.322667 4.676 -1.901 -1.807 3.77039 

ZNF265 0.324 3.193 -1.705 -0.516 2.55476 

NKTR 0.406333 2.704 -0.994 -0.491 2.005669 

ODF1 0.427 12.276 -7.302 -3.693 10.41899 

MGAT4B 0.452667 1.492 -0.944 0.81 1.256698 

NFIC 0.473667 2.085 -1.922 1.258 2.115513 

INPP5E 0.614667 1.46 -0.561 0.945 1.050214 

ATP5J 0.645333 6.821 -4.03 -0.855 5.578916 

C5R1 0.657 1.91 -0.508 0.569 1.2114 

GPR158L1 0.692333 3.648 -5.191 3.62 5.095135 

PPP1R14A 0.702333 9.11 -6.782 -0.221 7.986133 

UNC5D 0.805667 3.359 -4.063 3.121 4.218068 

K-ALPHA-1 0.814667 1.954 -0.543 1.033 1.262737 

NAGK 0.829 5.274 -1.831 -0.956 3.874264 

LGR7 0.833 4.371 -2.825 0.953 3.599501 

PTPRD 0.87 2.007 -0.028 0.631 1.038339 
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PAFAH1B1 0.971333 14.155 -9.975 -1.266 12.21959 

EZH1 1.053667 3.707 -1.882 1.336 2.805176 

CYP27A1 1.074 3.768 -3.337 2.791 3.851146 

RPA1 1.185667 6.565 -5.527 2.519 6.155278 

DHODH 1.193667 2.824 -1.133 1.89 2.068362 

KLK11 1.236667 2.769 -0.128 1.069 1.45576 

MYST2 1.237333 5.265 -1.634 0.081 3.591919 

DDX48 1.238333 3.566 -2.342 2.491 3.146903 

TNFRSF9 1.250667 4.831 -1.208 0.129 3.171905 

TIMM8B 1.288 2.517 -0.486 1.833 1.573935 

ARF3 1.298333 4.02 -0.082 -0.043 2.357113 

SHMT1 1.322667 4.218 -3.24 2.99 3.998805 

CELSR3 1.328667 5.476 -0.922 -0.568 3.596055 

GRM4 1.354667 2.957 -1.521 2.628 2.495827 

BIRC5 1.595333 5.942 -1.126 -0.03 3.804003 

KLK1 1.660667 4.024 -1.451 2.409 2.813167 

CCKBR 1.686 7.634 -1.619 -0.957 5.161743 

HM13 1.705 6.523 -1.156 -0.252 4.196921 

TTK 1.721333 6.035 -0.535 -0.336 3.73707 

PTER 1.772667 3.328 0.709 1.281 1.376987 

UNC5C 1.848 5.757 -0.644 0.431 3.427698 

MSH5 1.856667 2.679 0.723 2.168 1.014485 

GPR173 1.942 4.697 -1.952 3.081 3.46775 

LOC115294 1.946333 4.813 0.141 0.885 2.510322 

AOC2 1.965 11.033 -8.834 3.696 10.04598 

CCR3 2.053333 4.913 -1.961 3.208 3.579513 

MGST2 2.143667 10.759 -3.935 -0.393 7.668404 

PA2G4 2.227667 5.313 -3.335 4.705 4.826993 

FUSIP1 2.381667 5.865 0.078 1.202 3.068559 

PLA2G6 2.393333 6.347 -0.595 1.428 3.570258 

MGC15668 2.396333 6.453 -0.758 1.494 3.689212 

SFRS7 2.47 6.807 -4.748 5.351 6.293221 

AKR1B10 2.49 12.173 -3.965 -0.738 8.53954 

RBP2 2.499667 4.064 1.682 1.753 1.355217 

SLC22A17 2.598 4.578 0.972 2.244 1.828878 

FLJ22054 2.622333 6.341 -0.288 1.814 3.387619 

MTCH2 2.647 13.433 -3.377 -2.115 9.362238 

SCO1 2.652667 5.257 -1.722 4.423 3.811453 

CSNK1D 2.749 4.425 0.122 3.7 2.303748 

TRIM43 2.848 3.715 2.021 2.808 0.847708 

CPSF2 2.879 6.304 -1.154 3.487 3.765991 

ADAMTS13 2.885667 6.303 -1.056 3.41 3.707413 

MKNK2 2.911333 4.791 0.717 3.226 2.055147 

PIK3R2 2.954667 10.981 -3.589 1.472 7.397293 

GABRB2 3.050333 14.924 -4.103 -1.67 10.3546 

MYO9B 3.122 7.577 0.161 1.628 3.92725 

FOLR3 3.133667 15.273 -3.931 -1.941 10.55995 
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MYF6 3.365667 6.002 2.018 2.077 2.283322 

KRTHA3A 3.684667 14.854 -3.454 -0.346 9.79696 

HMGCS2 3.74 15.112 -2.51 -1.382 9.864577 

TXNDC5 3.952333 12.355 -0.366 -0.132 7.277863 

ELA2B 3.962 8.272 -0.285 3.899 4.278848 

PTCH2 3.981 4.754 2.567 4.622 1.226337 

PVRL2 4.078667 13.918 -2.773 1.091 8.73739 

GPR107 4.152667 10.018 -1.668 4.108 5.843128 

VCP 4.478333 6.028 2.486 4.921 1.812017 

TBDN100 4.529667 15.906 -1.244 -1.073 9.852565 

QPCT 4.568333 14.04 -0.232 -0.103 8.202958 

AGXT2L1 4.822 14.135 -0.406 0.737 8.085517 

SSBP1 4.838333 9.216 1.453 3.846 3.975498 

KIAA1173 4.861333 13.406 0.061 1.117 7.418712 

PPIL2 4.879333 12.599 -0.219 2.258 6.799178 

CCNG1 4.91 16.289 -1.426 -0.133 9.875687 

CRYL1 4.931333 16.357 -1.188 -0.375 9.903264 

ESRRBL1 4.999667 11.639 0.478 2.882 5.874127 

CREB5 5.070333 8.078 0.82 6.313 3.785209 

GTF2A1 5.073 14.515 -1.702 2.406 8.43104 

TESK1 5.104667 9.248 1.553 4.513 3.88147 

TAPBP 5.234667 11.491 -3.006 7.219 7.449425 

GPR110 5.267 15.786 -1.186 1.201 9.187571 

ATP5A1 5.334333 13.316 -0.048 2.735 7.050995 

RUVBL1 5.339667 8.119 3.928 3.972 2.407074 

KCNH5 5.381333 13.374 0.089 2.681 7.042134 

P66beta 5.565333 18.092 -2.077 0.681 10.93571 

PIP3AP 6.054333 18.406 -0.518 0.275 10.7042 

ELP3 6.238667 15.378 1.2 2.138 7.928778 

CAMK1D 6.287333 13.363 2.71 2.789 6.127834 

SLC20A2 6.318667 17.814 -1.808 2.95 10.23556 

SNRPD1 6.414667 11.96 -0.718 8.002 6.486343 

LOXL2 6.424333 21.054 -0.932 -0.849 12.66973 

VDAC2 6.491 17.132 0.95 1.391 9.218014 

MSI2 6.496333 17.038 -0.3 2.751 9.255928 

HIAT1 6.717333 15.662 1.105 3.385 7.829744 

KIAA0759 6.744667 16.502 -1.303 5.035 9.024784 

ATP6V1H 7.049 18.051 -0.84 3.936 9.822706 

BCS1L 7.427333 17.407 -0.772 5.647 9.219338 

NUP62 7.565333 24.206 -1.369 -0.141 14.42431 

SMARCA3 7.798333 15.551 1.896 5.948 7.013028 

GRK7 7.822 21.456 -1.764 3.774 12.12773 

FLJ11164 7.871 20.986 0.762 1.865 11.3713 

PRSS8 7.953333 27.247 -3.585 0.198 16.81553 

RTN4IP1 7.979667 22.685 -0.606 1.86 12.79474 

TPST1 8.023667 21.153 0.271 2.647 11.43223 

SUPT6H 8.763333 27.383 -3.967 2.874 16.4839 
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LBR 9.104333 30.364 -2.834 -0.217 18.45785 

ADCY5 9.405667 26.521 -1.297 2.993 14.97672 

PPIA 9.440333 29.734 -4.756 3.343 18.03533 

TRIP 9.604667 30.346 -2.006 0.474 18.00527 

CCKAR 9.613667 28.044 -0.867 1.664 16.01123 

UBL5 9.893 17.217 5.022 7.44 6.456966 

PRPF8 10.242 14.565 2.397 13.764 6.805764 

SNRPB 10.36767 23.36 1.819 5.924 11.43736 

GCKR 10.577 27.842 -0.879 4.768 15.21619 

RANBP2L1 10.707 24.868 2.423 4.83 12.3227 

GABRG1 11.21333 30.373 -0.056 3.323 16.67855 

TREM2 13.59633 28.583 -0.277 12.483 14.46218 

SYVN1 13.853 28.209 0.805 12.545 13.74874 

WIG1 16.24567 31.245 -0.534 18.026 15.96413 

RAB3IP 17.21233 45.207 0.867 5.563 24.35753 

ACTN4 21.06767 36.646 1.979 24.578 17.59807 

AKAP9 21.14767 65.968 -2.278 -0.247 38.82883 

YWHAQ 22.59633 49.14 -0.67 19.319 25.06621 
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Table 25: List of candidates identified in the second screen. 
 

GeneSymbol mean max min median sd 

ATF6 -15.229 -6.802 -23.17 -15.715 8.194816 

POLR2K -12.5627 -4.234 -21.929 -11.525 8.893021 

SHARP -8.21567 -5.098 -11.616 -7.933 3.268181 

CSNK2B -7.02367 -1.492 -15.74 -3.839 7.639238 

NETO2 -6.04367 -3.384 -10.179 -4.568 3.629904 

MMP3 -5.59667 -0.993 -12.685 -3.112 6.229438 

TLR4 -5.482 -0.99 -13.845 -1.611 7.249223 

RAN -5.294 -3.525 -8.2 -4.157 2.536431 

TRIM61 -4.876 -1.715 -10.874 -2.039 5.196946 

PARP2 -3.896 0.172 -7.356 -4.504 3.80065 

BTAF1 -3.42 -1.474 -6.998 -1.788 3.102614 

SLC30A3 -3.396 0.434 -9.92 -0.702 5.678429 

ACSL1 -3.357 -1.665 -5.103 -3.303 1.719636 

IL17R -3.22367 0.738 -9.182 -1.227 5.252771 

NALP11 -3.20833 -0.569 -5.909 -3.147 2.670528 

CYP51A1 -3.13533 -0.372 -7.469 -1.565 3.800173 

MGC8685 -2.992 0.274 -9.18 -0.07 5.361725 

CCR3 2.053333 4.913 -1.961 3.208 3.579513 

MGST2 2.143667 10.759 -3.935 -0.393 7.668404 

PA2G4 2.227667 5.313 -3.335 4.705 4.826993 

FUSIP1 2.381667 5.865 0.078 1.202 3.068559 

PLA2G6 2.393333 6.347 -0.595 1.428 3.570258 

MGC15668 2.396333 6.453 -0.758 1.494 3.689212 

SFRS7 2.47 6.807 -4.748 5.351 6.293221 

AKR1B10 2.49 12.173 -3.965 -0.738 8.53954 

RBP2 2.499667 4.064 1.682 1.753 1.355217 

SLC22A17 2.598 4.578 0.972 2.244 1.828878 

FLJ22054 2.622333 6.341 -0.288 1.814 3.387619 

MTCH2 2.647 13.433 -3.377 -2.115 9.362238 

SCO1 2.652667 5.257 -1.722 4.423 3.811453 

CSNK1D 2.749 4.425 0.122 3.7 2.303748 

TRIM43 2.848 3.715 2.021 2.808 0.847708 

CPSF2 2.879 6.304 -1.154 3.487 3.765991 

ADAMTS13 2.885667 6.303 -1.056 3.41 3.707413 

MKNK2 2.911333 4.791 0.717 3.226 2.055147 

PIK3R2 2.954667 10.981 -3.589 1.472 7.397293 

GABRB2 3.050333 14.924 -4.103 -1.67 10.3546 

MYO9B 3.122 7.577 0.161 1.628 3.92725 

FOLR3 3.133667 15.273 -3.931 -1.941 10.55995 

MYF6 3.365667 6.002 2.018 2.077 2.283322 

KRTHA3A 3.684667 14.854 -3.454 -0.346 9.79696 

HMGCS2 3.74 15.112 -2.51 -1.382 9.864577 

TXNDC5 3.952333 12.355 -0.366 -0.132 7.277863 

ELA2B 3.962 8.272 -0.285 3.899 4.278848 

PTCH2 3.981 4.754 2.567 4.622 1.226337 
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PVRL2 4.078667 13.918 -2.773 1.091 8.73739 

GPR107 4.152667 10.018 -1.668 4.108 5.843128 

VCP 4.478333 6.028 2.486 4.921 1.812017 

TBDN100 4.529667 15.906 -1.244 -1.073 9.852565 

QPCT 4.568333 14.04 -0.232 -0.103 8.202958 

AGXT2L1 4.822 14.135 -0.406 0.737 8.085517 

SSBP1 4.838333 9.216 1.453 3.846 3.975498 

KIAA1173 4.861333 13.406 0.061 1.117 7.418712 

PPIL2 4.879333 12.599 -0.219 2.258 6.799178 

CCNG1 4.91 16.289 -1.426 -0.133 9.875687 

CRYL1 4.931333 16.357 -1.188 -0.375 9.903264 

ESRRBL1 4.999667 11.639 0.478 2.882 5.874127 

CREB5 5.070333 8.078 0.82 6.313 3.785209 

GTF2A1 5.073 14.515 -1.702 2.406 8.43104 

TESK1 5.104667 9.248 1.553 4.513 3.88147 

TAPBP 5.234667 11.491 -3.006 7.219 7.449425 

GPR110 5.267 15.786 -1.186 1.201 9.187571 

ATP5A1 5.334333 13.316 -0.048 2.735 7.050995 

RUVBL1 5.339667 8.119 3.928 3.972 2.407074 

KCNH5 5.381333 13.374 0.089 2.681 7.042134 

P66beta 5.565333 18.092 -2.077 0.681 10.93571 

PIP3AP 6.054333 18.406 -0.518 0.275 10.7042 

ELP3 6.238667 15.378 1.2 2.138 7.928778 

CAMK1D 6.287333 13.363 2.71 2.789 6.127834 

SLC20A2 6.318667 17.814 -1.808 2.95 10.23556 

SNRPD1 6.414667 11.96 -0.718 8.002 6.486343 

LOXL2 6.424333 21.054 -0.932 -0.849 12.66973 

VDAC2 6.491 17.132 0.95 1.391 9.218014 

MSI2 6.496333 17.038 -0.3 2.751 9.255928 

HIAT1 6.717333 15.662 1.105 3.385 7.829744 

KIAA0759 6.744667 16.502 -1.303 5.035 9.024784 

ATP6V1H 7.049 18.051 -0.84 3.936 9.822706 

BCS1L 7.427333 17.407 -0.772 5.647 9.219338 

NUP62 7.565333 24.206 -1.369 -0.141 14.42431 

SMARCA3 7.798333 15.551 1.896 5.948 7.013028 

GRK7 7.822 21.456 -1.764 3.774 12.12773 

FLJ11164 7.871 20.986 0.762 1.865 11.3713 

PRSS8 7.953333 27.247 -3.585 0.198 16.81553 

RTN4IP1 7.979667 22.685 -0.606 1.86 12.79474 

TPST1 8.023667 21.153 0.271 2.647 11.43223 

SUPT6H 8.763333 27.383 -3.967 2.874 16.4839 

LBR 9.104333 30.364 -2.834 -0.217 18.45785 

ADCY5 9.405667 26.521 -1.297 2.993 14.97672 

PPIA 9.440333 29.734 -4.756 3.343 18.03533 

TRIP 9.604667 30.346 -2.006 0.474 18.00527 

CCKAR 9.613667 28.044 -0.867 1.664 16.01123 

UBL5 9.893 17.217 5.022 7.44 6.456966 
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PRPF8 10.242 14.565 2.397 13.764 6.805764 

SNRPB 10.36767 23.36 1.819 5.924 11.43736 

GCKR 10.577 27.842 -0.879 4.768 15.21619 

RANBP2L1 10.707 24.868 2.423 4.83 12.3227 

GABRG1 11.21333 30.373 -0.056 3.323 16.67855 

TREM2 13.59633 28.583 -0.277 12.483 14.46218 

SYVN1 13.853 28.209 0.805 12.545 13.74874 

WIG1 16.24567 31.245 -0.534 18.026 15.96413 

RAB3IP 17.21233 45.207 0.867 5.563 24.35753 

ACTN4 21.06767 36.646 1.979 24.578 17.59807 

AKAP9 21.14767 65.968 -2.278 -0.247 38.82883 

YWHAQ 22.59633 49.14 -0.67 19.319 25.06621 
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Table 26: List of final hits identified in the third screen. 
 

GeneSymbo
l 

EntrezI
D 

Replicate1.m
ean 

Replicate1.
max 

Replicate1.
min 

Replicate1.me
dian 

Replicate1.
sd 

POLR2K 5440 -5.30767 -4.568 -6.06 -5.295 0.746081 

SPEN 23013 -5.18767 -4.938 -5.362 -5.263 0.221811 

RAN 5901 -4.67367 -3.301 -5.822 -4.898 1.275384 

SLC30A3 7781 -3.284 -2.074 -3.92 -3.858 1.048349 

CSNK2B 1460 -2.58767 0.13 -5.863 -2.03 3.03517 

ACSL1 2180 -2.351 -2.138 -2.522 -2.393 0.195415 

CYP51A1 1595 -2.03967 -1.494 -2.441 -2.184 0.489721 

GTF2A1 2957 2.148333 3.214 1.227 2.004 1.001332 

ATP6V1H 51606 2.877667 3.922 1.171 3.54 1.490307 

PRPF8 10594 3.245 4.391 2.111 3.233 1.140047 

SNRPB 6628 3.943667 6.318 1.152 4.361 2.608163 

RTN4IP1 84816 4.011333 7.391 1.161 3.482 3.148551 

MFSD14A 64645 4.04 5.812 1.163 5.145 2.513776 

SUPT6H 6830 4.289333 8.937 0.937 2.994 4.154325 

SRSF7 6432 4.319333 6.415 2 4.543 2.215982 

UBL5 59286 5.473 7.23 3.224 5.965 2.047818 

VDAC2 7417 5.762 7.753 3.534 5.999 2.119461 

PRSS8 5652 6.567333 10.381 2.38 6.941 4.013567 

SNRPD1 6632 6.742 11.686 1.822 6.718 4.932044 
LOC100996
657 

1.01E+
08 6.954667 8.239 5.154 7.471 1.606006 

GABRB2 2561 7.488333 9.984 5.513 6.968 2.280465 

NUP62 23636 9.588333 13.815 7.112 7.838 3.678356 
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