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ZUSAMMENFASSUNG 

Chronisch entzündliche Darmerkrankungen (CED) sind immunvermittelte Erkrankungen 

des Gastrointestinaltrakts, welche durch komplexe Interaktion verschiedener Faktoren wie 

genetische Prädisposition und Umwelteinflüsse charakterisiert sind. Die Störung der Integ-

rität intestinaler Epithelzellen ist einer der kritischen Faktoren für die Entstehung von CED. 

Im Hinblick auf epitheliale Dysfunktion konnten in Epithelzellen spezifische, zelluläre Stress-

antworten, sogenannte „unfolded protein responses“ (UPR), des endoplasmatischen Reti-

kulums (ER) und des Mitochondriums detektiert werden, die mit der Entstehung von CED 

assoziiert scheinen. Diese Signalwege werden durch Akkumulation ungefalteter Proteine 

im ER beziehungsweise Mitochondrium aktiviert und führen in weiterem Verlauf zur Expres-

sion von „C/EBP homologous protein“ (CHOP), einem Transkriptionsfaktor, der stark mit 

der Induktion von Apoptose assoziiert erscheint. Bisher konnte kein funktioneller Zusam-

menhang zwischen UPR-vermittelter CHOP Expression und CHOP-induzierter epithelialer 

Apoptose in CED gezeigt werden. In der vorliegenden Arbeit sollten die Folgen einer er-

höhten CHOP Expression in einer gewebsspezifischen Auflösung untersucht werden. Hier-

für wurden transgene ChopIEC Tg/Tg Mäuse generiert, welche CHOP im Darmepithel überex-

primieren. 

Es konnte gezeigt werden, dass eine erhöhte Expression von CHOP die Proliferations-

kapazität von Dickdarmepithelzellen negativ beeinflusst. Dieser Effekt schien unabhängig 

von Apoptose zu sein, konnte jedoch einer durch CHOP-induzierten Verzögerung der Zell-

zyklus-Progression zugeordnet werden. Des Weiteren konnte festgestellt werden, dass die 

durch CHOP reduzierte Zellproliferation mit einer verminderten Zellmigration einherging. 

Obwohl ChopIEC Tg/Tg Mäuse diesen Effekt unter normalen Bedingungen kompensieren 

konnten, konnte bei mechanischer Schädigung der Mukosa eine verringerte Regenerati-

onsfähigkeit des Dickdarmepithels beobachtet werden. Darüber hinaus zeigten sich  

ChopIEC Tg/Tg Mäuse anfälliger gegenüber einer Dextran Natriumsulfat (Dextran Sodium Sul-

phate, DSS)-induzierten Kolitis, die sich bereits in der frühen Entzündung durch verstärkte 

Immunzellinfiltration manifestierte und sich des Weiteren in der Regenerationsphase durch 

eine verzögerte Heilung der Mukosa auszeichnete.  

Zusammenfassend deuten unsere Ergebnisse darauf hin, dass eine verstärkte Expres-

sion von CHOP im Darmepithel das Risiko für die Entstehung von CED erhöht. Im Hinblick 

auf mögliche Therapieansätze sollte beachtet werden, dass CHOP als potentielles Zielpro-

tein nicht nur Mechanismen der Apoptose beeinflusst, sondern vielmehr die Proliferation 

und damit die Regenerationsfähigkeit des Epithels limitiert.
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ABSTRACT 

Inflammatory bowel diseases (IBD) are immune-mediated disorders of the gastrointestinal 

tract that are characterized by complex interactions of different factors, including genetic 

predisposition and environmental impacts. The disruption of intestinal epithelial integrity is 

one of the crucial factors considering causative triggers of IBD. With regard to epithelial 

dysfunction, specific cellular stress responses of the endoplasmic reticulum (ER) and the 

mitochondrion, also known as unfolded protein responses (UPR), could be detected in ep-

ithelial cells that have been associated with the development of IBD. These signaling path-

ways are activated upon accumulation of unfolded proteins in ER and mitochondrion, re-

spectively, which subsequently leads to the expression of C/EBP homologous protein 

(CHOP), a transcription factor highly associated with the induction of apoptosis. Up to now, 

no functional correlation between UPR-related CHOP expression and CHOP-induced epi-

thelial apoptosis has been shown in the onset of IBD. In this study, we aimed to investigate 

the consequences of enhanced CHOP expression in a tissue-specific resolution. Therefore, 

we generated transgenic ChopIEC Tg/Tg mice that conditionally overexpress CHOP in intesti-

nal epithelial cells (IECs).  

It has been shown that enhanced expression of CHOP negatively affected the prolifera-

tive capacity of colonic epithelial cells. This effect was most likely independent of apoptosis, 

but was rather associated with a CHOP-induced delay in cell cycle progression. Further-

more, it has been demonstrated that CHOP-induced decrease in cell proliferation was cor-

related with reduced cell migration. Even though ChopIEC Tg/Tg mice were able to compensate 

this effect under normal conditions, transgenic mice exhibited an impaired regenerative abil-

ity of the colonic epithelial lining in response to mechanically induced mucosal tissue dam-

age. In addition, ChopIEC Tg/Tg mice were more susceptible to Dextran Sodium Sulphate 

(DSS)-induced colitis that already became evident in early inflammation due to enhanced 

immune cell infiltration and was further characterized by delayed mucosal healing during 

recovery.  

In conclusion, our data suggest that high expression of CHOP in the intestinal epithelium 

increases the risk of IBD. With regard to potential therapeutic approaches, it should be con-

sidered that targeting CHOP protein not only affects mechanisms of apoptosis, but rather 

limits the proliferative capacity and regenerative ability of intestinal epithelial lining.    
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1 Introduction 

Since decades scientists dedicated their work to the examination of molecular regulation 

patterns that cause the development and maintenance of diseases. Much knowledge was 

gained from intensive studies of pathological findings, thereby translating the disease-phe-

notype into susceptibility loci 1, 2. The decoding of the human genome opened the door for 

genome wide association studies (GWAS) that allow the investigation of patient cohorts for 

unknown genetic variants 3-5. Although GWAS successfully identified novel genetic risk loci 

and new molecular markers for diagnostic application, the etiology of complex disorders 

remains elusive 6, 7. It is largely unknown to which extend genetic predispositions do impact 

on inherited risk, as distinct environmental factors contribute to the outcome of disease-

phenotypes 8, 9. Therefore, studies with genetically modified animal models provide im-

portant insights into the architecture of complex mechanisms by elucidating the gene-gene 

and gene-environment interactions, respectively 10, 11.  

Complex diseases, such as chronic illness has become more prevalent in the developing 

world 12-14. Among those, IBD have been observed with steadily rising incidence rates in 

North America and Western Europe strongly associated with environmental triggers result-

ing from modern lifestyle, such as diet, changes in enteric microbiota, smoking, and stress 

14-17. The understanding of how these environmental factors do implicate in inherited genetic 

risk will hopefully lead to new therapeutic approaches to decrease the burden of chronic 

diseases. 
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1.1 Inflammatory bowel diseases 

IBD including the major subtypes Crohn’s disease (CD) and ulcerative colitis (UC) are 

chronic relapsing, immune-mediated disorders of the gastrointestinal tract that are triggered 

by complex interactions of genetic predisposition and environmental factors (Figure 1) 18-22. 

The precise etiology of IBD is still unknown, but GWAS with IBD patients as well as exper-

imental studies with human samples and genetically engineered mouse models identified 

distinct genetic susceptibility loci for CD and UC, respectively, that affect the maintenance 

of gut homeostasis 23-29. 

 

Figure 1. Disease-phenotype of the IBD subtypes CD and UC. 

The development of IBD is triggered by complex interactions of genetic predisposition and environ-
mental factors, thus leading to sustained immunologic dysfunction that drives the disease-phenotype 
of CD and UC. Chronic inflammation appears in any part of the gastrointestinal tract in CD, while it 
is restricted to the colon in UC. Here, colitis usually starts in the rectum and spreads proximally in 
severe UC.  

Up to now, 163 IBD loci have been reported to influence innate and adaptive immune 

mechanisms relevant for intestinal barrier functions and microbial defense 27, 28, 30-36. Even 

though there is considerable overlap in the susceptibility loci between CD and UC (110 out 

of 163), the two forms of IBD distinguish in the immune-mediated response to environmental 

factors, including commensals and pathogens (Figure 2) 33, 37. Immunologic dysfunction may 

be further triggered by disease-specific epithelial cell responses, such as autophagy, apop-

tosis/necroptosis, ER stress, and oxidative stress 28, 36, 38, 39. In this regard, changes in epi-

thelial integrity, including intestinal permeability, epithelial cell proliferation or apoptosis, cel-

lular redox equilibrium, and alterations in synthesis and secretion of antimicrobial sub-

stances are frequently associated with sustained UPR of the ER and mitochondria (mt) 28, 

40-42.  
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Figure 2. Contribution of immune and inflammatory response to CD and UC. 

Cell-mediated, humoral, and innate immune responses distinctly influence the disease-phenotype of 
CD and UC. T-cell reactivity is enhanced in CD, but either normal or decreased in UC. Here, en-
hanced neutrophil infiltration could be observed. Regarding the cytokine profile, CD is characterized 
by TH17 response including the increased expression of interleukin (IL)-23, IL-17, IL-2, IFN, IL-12, 
but also other cytokines, such as IL-1 and IL-6, respectively. Cytokines, such as IL-10, IL-5, IL-13 
are prominent in UC defining a non-TH1 T-cell response. Humoral immune response could be ob-
served in UC indicating an autoimmune responsiveness. Disturbances of innate immune mecha-
nisms have been implicated in CD showing an altered processing of intracellular bacteria as well as 
decreased synthesis of defensins.  

1.2 Unfolded protein responses 

Both unicellular and multicellular organisms are highly dependent on molecular mecha-

nisms that allow a fast adaptation to environmental changes to enhance cell survival. In this 

context, the intestinal homeostasis is highly dependent on the maintenance of intestinal 

epithelial integrity. The intestinal epithelial layer comprises distinct cell types, such as ab-

sorptive epithelial cells, enteroendocrine cells, Goblet cells, Paneth cells, and stem cells 

whose optimal cell function is steadily challenged by external environmental factors, includ-

ing diet and the microbiota 43. In particular, the capacity to adapt to high levels of protein 

demand often decides cell fate, consequently affecting whole tissue homeostasis 44-46. The 

UPR describes a physiological process contributing to the protein folding capacity of eukar-

yotic cells 47. Herein, protein folding is supported by heat-shock proteins (HSP), also called 

chaperones, that bind to unfolded polypeptides enhancing their stabilization during protein 

structure formation 48. Several protein families, such as specifically modified membrane pro-

teins as well as secretory proteins, are synthesized along the ER and Golgi apparatus net-

work 49. In the cytoplasmic compartment protein folding is facilitated by HSP70, while struc-

ture formation in the ER is promoted by glucose-regulating peptide (GRP) 78 50, 51. 

Both HSP70 and GRP78 are ubiquitously expressed, but are associated with other proteins 
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defining a sensing complex for unfolded proteins. HSP70 forms complexes with the tran-

scription factor heat shock factor (HSF) 1, while GRP78 is associated with the three ER 

transmembrane proteins activating transcription factor (ATF) 6, PKR-like ER kinase 

(PERK), and inositol requiring enzyme 1 (IRE1) 50, 51. In case of enhanced protein demand 

mis- and malfolded proteins can aggregate in the cytoplasm and the ER, respectively. Con-

sequently, chaperones dissociate from their binding partners to support protein refolding. 

The release of the sensor proteins HSF1, ATF6, PERK, and IRE1 initiates the signaling 

cascade of the cytosolic UPR and the ER UPR, respectively 50-52. Subsequently, specifically 

activated transcription factors facilitate the restoration of cellular homeostasis inducing the 

expression of UPR-related genes, such as chaperones (Figure 3) 53.  

 

Figure 3. Model of UPR in restoration of cell homeostasis. 

Under physiological conditions, specific sensors for incompletely folded proteins form inactive com-
plexes with associated chaperones. Upon accumulation of malfolded protein aggregates chaperones 
dissociate from their binding partners supporting protein structure formation. The release of the sen-
sor proteins initiates a signaling cascade termed as UPR. The UPR leads to the activation and/or 
synthesis of specific transcription factors that in turn induce the expression of UPR-related genes, 
such as chaperones, to restore cellular homeostasis.  

When the accumulation of mis- and malfolded proteins exceeds the cellular protein folding 

capacity, sustained UPR activation aims towards apoptosis to eliminate unhealthy cells 54, 

55. In this context, unresolved UPR signaling might cause defective apoptosis strongly as-

sociated with the pathophysiology of IBD 56. 

 

UPR activation

sensor

chaperone

transcription factors

target genes

unfolded protein

proteins involved in UPR

nucleus

restoration of cell homeostasis



  INTRODUCTION 

5 

1.3 UPR in IBD-associated processes 

It is well known that ER stress plays a critical role in the pathogenesis of various dis-

eases, such as diabetes, Alzheimer’s disease, IBD, and cancer 28, 57-61. GWAS with IBD 

patients have identified several ER stress-related genes, such as cytoplasmic polyadenyl-

ation element binding protein 4 (CPEB4), ORM1-like 3 (ORMDL3), serine incorporator 3 

(SERINC3), and X-box binding protein 1 (XBP1) as genetic factors that may affect the risk 

of IBD by deregulating ER UPR and apoptotic signaling under inflammatory conditions 26, 28, 

36, 62, 63. While dysfunction in the UPR-related XBP1 has been linked to the development of 

enteric inflammation, consequences of deregulated ORMDL3 (ER Ca2+ homeostasis), 

CPEB4 (polyadenylation and translation of proteins), and SERINC3 (ER-Golgi stress) in 

IBD remain elusive 28, 63-66. However, ER stress signaling has been observed in underlying 

mechanisms of IBD implicating in goblet cell homeostasis, Paneth cell function, autophagy, 

and TH17 cell-driven immune responses (Figure 4) 28, 39, 67-70.  

 

 

Figure 4. ER stress-associated processes in intestinal inflammation. 

ER stress signaling has been found in IBD-associated processes using genetically modified mice 
with defects in goblet cell homeostasis, Paneth cell function, and autophagy. Genes identified as 
genetic risk variants for IBD are labeled with *.  

With regard to corresponding mouse models, ER stress in goblet cells has been linked 

to spontaneously developing colitis in Mucin 2 (MUC2)-deficient mice (Winnie, Eeyore, IL-

10-/-Winnie+/-, IL-10+/- Winnie) 68 71, 72. Furthermore, ER stress signaling has been observed 

in mice coping with spontaneous enteritis induced by disruption of goblet cell and Paneth 

cell function (Agr2-/-, Xbp1∆IEC) 28, 73. Of note, Paneth cell depletion has been further de-

scribed in mouse models with defects in signaling pathways of autophagy. In this context, 
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signs of ER stress have been evaluated in intestinal inflammation in mice harbouring an 

IEC-specific deletion of autophagy protein 5 (Atg5∆IEC) and hypomorphic mutation in au-

tophagy-related protein 16-1 (Atg16L1HM), respectively 74, 75.  

It was previously reported that IEC-specific ER UPR further interrelates with IBD-asso-

ciated mtUPR (Figure 5) 40.  

 

 

Figure 5. ER and mtUPR converge at the level of CHOP expression. 

Both ER and mtUPR are initiated by aggregates of unfolded proteins leading to specific downstream 
signaling that is mediated by the ER-associated ER stress transducers PERK, ATF6, and IRE1 as 
well as mtUPR-dependent activation of PKR, respectively. Upon ER and mtUPR, the expression of 
chaperones, such as GRP78 and CPN60, is enhanced supporting adaptation by increasing the pro-
tein folding capacity of the organelles. Herein, the induction of CPN60 is driven by mtUPR-related 
CHOP protein expression. In contrast, CHOP protein expression appears highly associated with un-
solved ER stress that consequently leads to the elimination of the unhealthy cell by initiating pro-

apoptotic signaling (adapted from Rath et al., 2012). 

The mtUPR is suggested to be activated by increased efflux of peptides into the cytosol 

promoted by the degradation of unfolded proteins from the mitochondrial matrix through the 

protease ClpP 76. As a consequence, mitochondrial chaperones, such as chaperonin 60 

(CPN60), are induced, thus promoting mitochondrial protein folding 77. With regard to UPR 

signaling, mtUPR and the ER UPR converge at the level of CCAAT/enhancer-binding pro-

tein (C/EBP) homologous protein (CHOP) expression - one of the transcription factors 

highly associated with UPR-mediated apoptosis 55, 78-80. CHOP, also called growth arrest- 

and DNA damage-inducible gene 153 (GADD153), is a basic leucine zipper (bZIP) tran-
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scription factor rarely expressed under physiological conditions. CHOP is induced in re-

sponse to stress, including hypoxia, nutrient deprivation, and protein mis- and malfolding in 

the ER and mitochondria, respectively 40, 81-85. In the context of UPR, CHOP is reported to 

initiate cell apoptosis in late ER stress signaling, but, on the contrary, leads to an early 

increase of CPN60 in mtUPR 78, 79, 86. Regarding the onset of inflammatory responses the 

cell-specific functions and consequences of ER UPR and mtUPR in IBD are poorly under-

stood. Accordingly, the significance of CHOP expression in maintaining cellular homeosta-

sis or inflammation-driven tissue pathology is completely unknown. 

 

1.4 CHOP expression in ER UPR  

1.4.1 The ER UPR 

Being responsible for the correct folding of secretory proteins, membrane proteins, and 

proteins for the Golgi apparatus, lysosomes and others, as well as post-translational modi-

fications, such as N-glycosylation and intra- and intermolecular disulfide bonds, respec-

tively, the ER strongly contributes to cellular homeostasis by regulating distinct mechanisms 

to overcome harmful ER stress 87-89. ER stress is defined as the unhealthy condition that is 

triggered by an enhanced demand of proteins that exceeds the protein folding capacity of 

the organelle, thus leading to the accumulation of aggregated proteins negatively influenc-

ing the ER function 89-93. Mis- and malfolded proteins are recognized by the three ER stress 

transducers ATF6, IRE1, and PERK that initiate a signaling network known as the ER UPR 

94-97. Under physiological conditions, these sensor proteins form inactive complexes with 

the luminal bound chaperone GRP78 that consequently dissociates from its binding partner 

when incomplete protein folding leads to ER stress 98-101. The dissociation of GRP78 results 

in oligomerization of both transmembrane protein kinases IRE1 and PERK followed by au-

tophosphorylation and specific downstream signaling. In contrast, liberated ATF6 translo-

cates to the Golgi apparatus, where the activated transcription factor nATF6 is released 

after subsequent proteolysis through the site-1 protease (S1P) and the site-2 protease 

(S2P). The ER UPR comprises distinct interacting mechanisms to regain organelle and cell 

homeostasis (Figure 6). First, early ER stress responses diminish the accumulation of mal-

folded proteins by inducing a PERK signaling-dependent shut-off of protein translation En-

hanced degradation of mRNA encoding for various ER-located proteins is further mediated 

by the PERK-dependent regulated IRE1-dependent decay (RIDD) 94, 102-104. Second, IRE1α-

dependent JUN N-terminal kinase (JNK) pathway enables the activation of autophagy 

strongly suggested to eliminate protein aggregates and damaged ER, respectively, through 

the lysosomal pathway 105. The removal of incompletely folded proteins is further supported 
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by the ER-associated degradation (ERAD), which is highly associated with mechanisms 

underlying protein quality control 95, 106, 107.  

 

 

Figure 6. Downstream signaling in ER UPR. 

First ER stress responses ameliorate protein load through degradation of mRNA by IRE1-mediated 
RIDD as well as PERK signaling-dependent translational inhibition. Upon activation and/or synthesis 
of ER UPR-related transcription factors XBP1, nATF6, and ATF4, the expression of distinct genes is 
regulated supporting protein folding, ERAD, protein quality control, lipid synthesis, and autophagy.  

When ER stress could not be resolved, sustained UPR signaling leads to the expression 

of pro-apoptotic genes that trigger the elimination of exhausted cells. Herein, the induction 

of CHOP expression is crucially involved in cell fate 54, 80. Upon ER stress, CHOP is tran-

scriptionally regulated by the activation of PERK and ATF6, respectively, but also signaling 

downstream of IRE1 contributes to CHOP expression 102, 108, 109. 
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1.4.2 Regulation of CHOP expression in ER UPR 

In response to ER stress, distinct transcription factors are synthesized or activated along 

the signaling axis of IRE1, ATF6, and PERK, such as XBP1, nuclear ATF6 (nATF6), and 

ATF4 90, 99, 102. These transcription factors bind to several promoter elements, such as ER 

stress element (ERSE) I and II, UPR element (UPRE), cAMP response element (CRE), 

antioxidant response element (ARE), and amino-acid-regulatory element (AARE) I and II, 

thus driving the expression of UPR-related genes 110-114. During prolonged ER stress re-

sponses, elimination of unhealthy cells is mediated by at least three pro-apoptotic pathways, 

such as activation of the JNK pathway, activation of ER-associated capsase-12, and tran-

scriptional activation of CHOP 86, 115. At least one AARE and two ERSE motifs could be 

identified in the human CHOP promoter, whereas latter reveal high homology with ERSE 

motifs found in the promoter region of other UPR-related genes, such as GRP78, GRP94, 

protein disulfide isomerase (PDI), and calreticulin 111, 116-118. 

Regarding the three branches of the ER UPR, the PERK pathway appears most relevant 

in CHOP induction (Figure 7) 102, 119. The type I transmembrane kinase PERK is activated 

through the dissociation of GRP78 from its luminal domain 96. Upon oligomerization and 

autophosphorylation, activated PERK in turn mediates phosphorylation of substrate pro-

teins, thus initiating distinct signaling pathways that contribute to the resolution of ER stress 

95, 120-123. Herein, eukaryotic initiation factor-2α (eIF2α) is phosphorylated on Ser51 that con-

sequently results in an attenuation of general protein synthesis, even though there is limited 

translation of several short upstream open reading frames (uORF). Accordingly, ATF4 

mRNA is translated due to its small uORF within the 5’ untranslated region 124. The tran-

scription factor ATF4 can bind to the AARE core sequence 5’-AATGCATCA-3’ which trig-

gers the expression of CHOP in late ER stress responses 86. Although both nATF6 and 

XBP1 have been shown to induce the expression of CHOP in response to ER stress, stud-

ies in PERK-/- cells and eIF2αS51A cells, respectively, strongly suggested that CHOP induc-

tion is mainly regulated by the PERK/eIF2α pathway 102, 119.  

However, induction of CHOP expression through nATF6 and XBP1 is mediated by bind-

ing of these transcription factors to the CACG part of the ERSE consensus sequence 5’-

CCAAT-N9-CCACG-3’. In mammalian cells, ATF6 termed for the two isoforms ATF6α and 

ATF6β, but further represents a group of ATF6 homologues bZIP transcription factors in-

cluding LUMEN/CREB3, CREB4, OASIS/CREB3L1, BBF2H7/CREB3L2, and 

CREBH/CREB3L3, respectively, that are similarly processed upon ER UPR 125, 126. Liber-

ated ATF6 translocates to the Golgi apparatus, where it is transformed into an active bZIP 

transcription factor nATF6 through proteolytic processing catalyzed by the two proteases 

S1P and S2P 99. ATF6-dependent signaling is mediated through the binding of nATF6 to 
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distinct promoter elements, such as ERSE I and II, UPRE, and CRE. Accordingly, nATF6 

induces the expression of genes encoding UPR-related components for protein folding, 

such as GRP78, and protein degradation, respectively 108, 127. Activation of CHOP transcrip-

tion is triggered by both nATF6 dimers and heterodimers formed with constitutively ex-

pressed NF-Y that binds to the CCAAR part of the ERSE motif. Furthermore, the activation 

of the ATF6 branch contributes to CHOP expression by the induction of unspliced XBP1 

(XBP1u) transcription, one of the main targets of activated IRE1.  

The IRE1 pathway displays the most conserved UPR signaling pathway in eukaryotic 

cells 90. Notably, higher eukaryotes possess two forms of IRE1. IRE1α is ubiquitously ex-

pressed, while IRE1β appears tissue-specifically expressed in epithelial cells 109, 128-131. Like 

PERK, IRE1 is known as an atypical type I transmembrane protein kinase that further re-

veals endoribonuclease activity 90. Upon ER stress, GRP78 dissociation uncovers the ER 

luminal dimerization domain of IRE1 that drives the oligomerization and subsequently the 

activation of IRE1 by autophosphorylation of the cytosolic RNase domain 132, 133. The active 

endoribunuclease converts XBP1u mRNA into the spliced form XBP1s. The removal of a 

26 nucleotide intron leads to a frame shift in the coding sequence of XBP1 resulting in the 

translation of the 54 kDa bZIP transcription factor XBP1 with potential transcriptional activity 

51, 64.  

 

 
Figure 7. Induction of CHOP mRNA expression during ER UPR according to Oyadomori et al. 
(2007). 

The promoter site of Chop presents at least one AARE motif and two ERSE motifs, through which 
the expression of CHOP is regulated upon ER stress signaling. Binding to the AARE results from 
activation of the UPR branch PERK/ATF4, while binding to ERSE is promoted by the induction of the 
ATF6 and IRE1 signaling pathways, respectively. nATF6 binds as dimers and/or heterodimers 
formed with constitutively expressed NF-Y, while XBP1 exclusively binds to the ERSE motif as het-
erodimers with NF-Y. Arrows indicate specific binding sites of nATF6/XBP1 (CACG) and NF-Y 
(CCAAR) within the ERSE motif. 

XBP1 can bind to both the ERSE and UPRE sequence 5’-TGACGTGG-3’ in interaction 

with NF-Y, thus leading to the expression of genes encoding for chaperones, such as 

IRE1PERK ATF6

XBP1ATF4 nATF6
uXBP1
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ERSE1
CHOP

CCAAR CACG

NF-Y



  INTRODUCTION 

11 

GRP78, and genes contributing to ERAD, ER quality control, and membrane biogenesis 110, 

134-137. Even though XBP1/NF-Y complexes reveal low affinity to ERSE motifs, CHOP ex-

pression may also occur in response to IRE1 activation 109.  

Taken together, the expression of CHOP is strongly suggested to be regulated by the 

ER UPR branch PERK/eIF2α. In this regard, EIF2α kinases, such as PERK, RNA-activated 

protein kinase (PKR), general control nonderepressible kinase 2 (GCN2), and heme-regu-

lated inhibitor kinase (HRI), are commonly known to implicate in translational inhibition un-

der stress conditions 96, 138-141. Of those, PKR has been clearly demonstrated to contribute 

to ER stress-mediated apoptosis through the activation of the signaling pathway 

eIF2α/ATF4/CHOP 142. Most recently, PKR has been shown to impact on intestinal inflam-

mation upon mitochondrial stress signaling. In this context, studies on interrelated signaling 

pathways revealed that ER UPR and mtUPR converge at the level of CHOP expression 40.  

 

1.5 CHOP expression in mtUPR 

In mammalian cell culture, mtUPR can be specifically induced by the transfection of trun-

cated ornithine transcarbamylase (OTC∆). As a consequence, OTC∆-driven mtUPR causes 

the expression of genes encoding mitochondrial Cpn60 and Cpn10, but further leads to the 

expression of CHOP 78, 143, 144. CHOP as well as CHOP dimer partner C/EBPβ were found 

to be regulated by the mtUPR responsive element AP-1, which in turn strongly suggested 

interrelated mitochondrial and nuclear signaling pathways at the level of JNK2 activation 78. 

CHOP/C/EBPβ dimers were shown to induce further mtUPR responsive genes, whereas 

gene activation seemed to be tightly regulated by conserved mtUPR elements (MURE) 

flanking corresponding promoter sites 78, 79. Binding of CHOP to the Cpn60 promoter con-

tributes to Cpn60 induction 78, 144. Thus, CHOP expression is strongly suggested to be an 

early event upon mtUPR, which is in stark contrast to the expression patterns of CHOP in 

response to ER UPR signaling. 
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1.6 Molecular features of CHOP 

CHOP, also termed GADD153 and DNA-damage-inducible transcript 3 (DDIT3), is a 

bZIP transcription factor that belongs to the family of C/EBPs 81, 145. CHOP is a ~29 kDa 

protein comprising a N-terminal putative transactivation domain and a C-terminal bZIP do-

main that contains a DNA-binding basic region and a leucine zipper dimerization domain 81, 

146. CHOP is known to be rarely expressed under physiological conditions, but is induced in 

response to cellular stress, such as hypoxia, nutrient deprivation, as well as ER and mtUPR 

81-85, 144. The expression of CHOP is mainly regulated at the transcriptional level, but mRNA 

as well as protein levels are tightly controlled by post-transcriptional and post-translational 

regulation patterns (Figure 8). At the transcriptional level, the induction of CHOP expression 

correlates with increasing cellular stress. In this context, CHOP expression has been shown 

to be dependent on stress underlying mechanisms controlling both activation and inhibition 

of Chop promoter 118, 147. Post-transcriptional regulation of CHOP expression is mediated 

by mRNA stability . The highly conserved 5’-untranslated region (UTR) of CHOP mRNA has 

been implicated in the regulation of CHOP translation, while binding of conserved 3’-UTR 

to Methionyl-tRNA Synthase pre-mRNA was suggested to impact on the mRNA stability of 

CHOP 148, 149.  

 

 

 
Figure 8. Regulatory mechanisms underlying the expression and transcriptional activation 
of CHOP. 

CHOP expression is regulated at the transcriptional, post-transcriptional, and post-translational level. 
Transcriptional activation of CHOP protein is mainly mediated by phosphorylation and heterodimer 
formation. Green labeled regulatory elements lead to the reduction, red labeled elements to an in-
crease of CHOP expression and transcriptional activation, respectively.  
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Distinct post-translational modifications have been described affecting CHOP protein ex-

pression levels as well as its transcriptional activation. In this regard, phosphorylation of 

CHOP protein appears crucial for both regulation patterns. Inhibitory effects on the tran-

scriptional activation has been shown for CHOP phosphorylation through casein kinase II 

(CKII) 150. In contrast, phosphorylation of CHOP on serine-residues 79/82 (human) and 

78/81 (rodents) by p38 mitogen activated protein (MAP) kinase has been demonstrated to 

enhance the transcriptional activation of CHOP protein upon ER stress 151. The transcrip-

tional activation of CHOP is further dependent on heterodimer formation, which in turn pro-

tects CHOP against proteasomal degradation 81, 152-157. CHOP protein constitutively under-

goes polyubiquitination that is triggered by phosphorylation of the N-terminal portion 153. 

Polyubiquitination and subsequent degradation by the proteasome is suppressed by dimer 

formation with other C/EBPs, whereas formation of CHOP dimers has not been reported so 

far 152 146.  

However, various regulatory mechanisms seem to limit the expression of CHOP under 

physiological conditions, while both expression and transcriptional activation are tightly con-

trolled in response to stress. In this regard, CHOP has been strongly suggested to be a key 

regulator of cell fate. 

 

1.7 Consequences of CHOP protein expression 

CHOP has been originally described as a DNA damage-inducible gene highly associated 

with cell growth arrest 81, 158-160. Shortly thereafter, CHOP has been linked to ER stress-

induced apoptosis upon sustained UPR signaling 54, 108. In this context, CHOP is suggested 

to be crucially involved in the interplay between disease-related ER stress and apoptosis in 

degenerative disorders 60, 161-163. With regard to intestinal inflammation, down-regulation of 

CHOP mRNA and protein expression in inflamed mucosal tissue indicated that regulation 

of CHOP is most likely dissociated from UPR signaling as well as ER stress-mediated apop-

tosis in UC patients 28, 164, 165. In contrast to that, studies on complete CHOP knock-out mice 

(CHOP-/-) demonstrated that CHOP deficiency leads to protection against intestinal apop-

tosis associated with reduced inflammation in response to DSS- and 2,4,6-trinitrobenzene-

sulfonic acid (TNBS)-induced colitis 166. Following these discrepancies, recently published 

data further indicated that CHOP implicates in the protection of hyperoxia-induced lung in-

jury in mice, thus demonstrating that even the effects of enhanced CHOP expression are 

not restricted to cell death-promoting mechanisms 167. In this regard, CHOP has been 

shown to be regulatory involved in mechanisms underlying the proliferative capacity of cells 

independent of cell death-promoting signals 160, 168.  
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However, it is worth mentioning that changes in both proliferation and apoptosis have 

been observed in IECs of UC patients 169, 170. Even though CHOP expression has not been 

correlated to epithelial cell-specific proliferation and/or apoptosis so far, it is sufficiently char-

acterized in terms of apoptosis and has been further described in the context of proliferative 

regulation.  

 

1.7.1 CHOP and apoptosis 

Strong evidence accumulated demonstrating a pro-apoptotic role for CHOP protein 54, 

171. Herein, both transcriptional activation and nuclear translocation of CHOP appear de-

pendent on heterodimer formation, but seem rather enhanced by stress-induced protein 

phosphorylation on serine-residues 78 and 81 through the MAP kinase p38 81, 151, 155-157. 

Dimers are most prominently formed with both isoforms of C/EBPβ - liver activating protein 

(LAP) and liver inhibitory protein (LIP), but also with C/EBPα and members of the ATF fam-

ily, including ATF3 and ATF4, which promotes the binding of unique DNA recognition sites 

inducing the expression of specific genes downstream of CHOP 172. Genes, such as Bcl-2, 

Bim, Ero1α, Gadd34, DR5, and Trb3, have been reported to be regulated by CHOP protein, 

thus driving apoptosis in unhealthy cells (Figure 9) 80, 173-176.  

 

 
Figure 9. Pro-apoptotic signaling downstream of CHOP. 

ER stress-induced CHOP protein expression leads in turn to the regulation of CHOP target genes, 

such as Bcl-2, BIM, Ero1α, Gadd34, Trb3, and DR5, highly associated with pro-apoptotic signaling.  
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According studies in mammalian cell lines demonstrated that the presence of CHOP/LIP 

heterodimers leads to down-regulation of pro-survival Bcl-2 156, 173. Although direct implica-

tions of CHOP in Bcl-2 suppression remain elusive, decreased expression of Bcl-2 subse-

quently results in enhanced levels of BH3-only proteins, such as BIM and PUMA both con-

tributing to mitochondrial permeabilization and apoptosis 177. Furthermore, up-regulation of 

BIM has been shown to contribute to ER stress-mediated apoptosis, whereas elevated BIM 

levels were induced by decreased proteasomal degradation as well as increased gene ex-

pression triggered by CHOP-C/EBPα heterodimers 178.  

CHOP-mediated apoptosis is widely cited in response to unresolved ER stress, which is 

further associated with oxidative stress 80. Under physiological conditions, the oxidative en-

vironment of the ER lumen supports post-translational modification of proteins, such as di-

sulfide bond formation. ERO1 proteins, including ERO1α, appear mechanistically involved 

in maintaining an adequate redox state in the ER lumen 179. Upon prolonged ER stress, 

CHOP-induced Ero1α expression might contribute to hyperoxidizing conditions in the ER 

lumen, thus promoting H2O2 leakage into the cytosol and subsequent formation of cytotoxic 

reactive oxygen species (ROS) 80, 180. As a consequence, oxidative stress can cause more 

severe cellular stress and cell death by amplifying CHOP expression in response to en-

hanced PKR activation 40, 180. It has been demonstrated that both ER stress as well as ER-

related oxidative stress appeared sufficiently decreased upon eIF2α-mediated translation 

attenuation. Upon UPR signaling, translational inhibition is reversed by GADD34 whose 

cellular expression is tightly controlled by proteasomal degradation 121, 122, 181. Thus, CHOP-

dependent accumulation of GADD34 highly enhances the protein load subsequently lead-

ing to oxidative stress and apoptosis 80, 182. 

Further genes that have been described in causing ER stress-mediated cell death are 

DR5 and Trb3. DR5 and Trb3 are expressed in a CHOP-dependent manner when cells 

were treated with the ER stress inducers thapsigargin and tunicamycin, respectively 175, 176. 

Although less is known about the pro-apoptotic mechanisms of Trb3, DR5 is strongly sug-

gested to have an effect on the conformational change of Bax that in turn promotes cell 

death through the release of apoptogenic proteins including cytochrome c 176, 183, 184.  

Under physiological conditions, apoptosis is described as a tightly regulated process that 

enables tissue regeneration in order to overcome cellular dysfunction 185. In this regard, the 

renewal of the intestinal epithelial layer is characterized by strictly controlled proliferative 

and apoptotic events promoting a balance between turnover and shedding of epithelial cells 

186. As a consequence, both defective apoptosis and/or proliferation could cause an imbal-

ance in tissue regeneration, thus leading to changes in epithelial integrity. 
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1.7.2 CHOP and proliferation 

The intestinal epithelium is renewed every 3-5 days 187. Self-renewal is organized by 

stem cell compartments located in the crypts of the small and large intestine, respectively 

188 . Intestinal stem cells have been well characterized as crypt base-located Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5)-positive cells that give origin to all 

cell types of the epithelial layer, including absorptive epithelial cells (enterocytes), goblet 

cells, Paneth cells, and enteroendocrine cells (Figure 10) 43, 188. In principle, Lgr5-positive 

cells divide to adjacent transit-amplifying (TA) cells that in turn loose their proliferative ca-

pacity during terminal differentiation. Within 3-4 days, mature epithelial cells migrate toward 

the intestinal lumen, undergo programed cell death, and are finally shed into the lumen the 

time when dead cells had been replaced by new ones 186. In contrast to that, cells differen-

tiated into Paneth cells remain located in the crypt base to constitute the niche for Lgr5-

positive cells 189. 

 

Figure 10. Cell types in small and large intestine. 

The intestine comprises distinct cell types, such as crypt base-located stem cells, transit-amplifying 
cells, and differentiated cells, such as absorptive epithelial cells, enteroendocrine cells, mucus-pro-
ducing goblet cells, and Paneth cells.  

It was recently reported that UPR signaling implicates in the differentiation of IECs 42. In 

this context, it has been shown that TA cells contain higher basal mRNA expression levels 

of ER stress responsive genes than Lgr5-positive stem cells 42, 190. Increased expression of 

Grp78, Atf6, Xbp1, Perk, Atf4, and CHOP was highly associated with down-regulation of 

stem cell marker, such as Ascl2, Oflm4, and Myc. In turn, induction of ER stress in stem 

cells led to the loss of stemness, which was strongly attributed to signaling downstream of 
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PERK 42. In this regard, previous studies demonstrated that ER stress-dependent eIF2α 

phosphorylation promotes cell cycle arrest by inhibiting the translation of Cyclin D 191-193. 

Cell cycle arrest has further been shown to be induced in response to enhanced CHOP 

protein expression 160. Although an implication of CHOP in intestinal epithelial stemness 

and/or proliferative potential of IECs remains elusive, previous studies described a role for 

CHOP in the inhibition of Wnt/TCF signals 194. Wnt signaling has been demonstrated to play 

an essential role in the epithelial stem cell compartment of the intestine 195. In principle, 

activation of the canonical Wnt pathway leads to the induction of distinct target genes, such 

as c-Myc and Cyclin D, thus supporting cell cycle progression and proliferation, respectively 

(Figure 11) 196-198.  

 

Figure 11. Canonical Wnt signaling leads to the expression of genes promoting cell cycle 
progression. 

(A) Wnt binding to Fizzled receptors initiates a signaling cascade that mediates the stabilization and 

nuclear translocation of β-catenin. Subsequently, β-catenin forms transcriptionally active complexes 
with TCF proteins, thus inducing the expression of Wnt target genes, such as c-Myc, Ccnd1, and 

TCF. (B) In the absence of Wnt binding, β-catenin is phosphorylated by GSK3β, which induces β-
catenin degradation through the proteasome. Transcriptional activation of TCF proteins is sup-
pressed by complex formation with groucho.  

Wnt binding to membrane-associated Fizzled receptors initiates a signaling cascade that 

mediates stabilization and nuclear translocation of β-catenin. Nuclear β-catenin forms tran-

scriptionally active complexes with members of the T cell factor (TCF) family, which pro-
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motes the expression of Wnt target genes. In the absence of Wnt binding, β-catenin under-

goes proteasomal degradation in the cytoplasm, while TCFs form inactive complexes with 

repressors, such as groucho. Modification of the Wnt signaling cascade through the deple-

tion of TCF4 and β-catenin, respectively, as well as overexpression of Dickkopf (DKK) 1 

leads to the loss of  proliferative potential of intestinal crypts 195, 199, 200. Studies in Xenopus 

laevis revealed that high CHOP protein expression inhibited the embryonic development. 

In this context, CHOP is strongly suggested to impact on Wnt signaling at the level of TCF, 

thus suppressing the expression of Wnt target genes, including c-Myc 194.  

Taken together, CHOP is an important regulator of proliferation and apoptosis. Dysreg-

ulation of both cellular events have been strongly associated to imbalanced epithelial turn-

over rates, thus negatively affecting epithelial integrity 201. In this regard, mechanisms un-

derlying the regulation of CHOP protein expression, including ER stress signaling could be 

crucially involved in the onset of inflammation, thereby contributing to the disease pheno-

type of IBD.  
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2 Study objective 

While both ER UPR and mtUPR have been implicated in chronic intestinal inflammation, 

functional correlation between interrelated signaling pathways and inflammation-related dis-

ease susceptibility remains to be elucidated at a tissue-specific level. Despite the fact that 

ER UPR and mtUPR converge at the level of CHOP expression, the significance of this 

transcription factor in maintaining cellular homeostasis or promoting inflammation-associ-

ated tissue pathology is completely unclear. Since CHOP mRNA and protein expression 

appears down-regulated under inflammatory conditions in UC, we suggested that UPR-re-

lated CHOP expression is regulated in an apoptosis-independent fashion.  

Hence, we aim to investigate the functional consequences of enhanced CHOP protein ex-

pression in a tissue-specific resolution beyond single cell-mediated effects obtained in cell 

culture. We generated ChopIEC Tg/Tg mice overexpressing CHOP protein in the intestinal ep-

ithelium that were characterized under normal and disease-related conditions of experi-

mental colitis, thus elucidating the relevance of UPR-related CHOP protein in the disease-

conditioning of intestinal inflammation.  
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3 Material and methods 

3.1 Molecular biological methods 

Generation of HA-tagged CHOP 

The plasmid construct pBluescript containing HA-tagged CHOP was generated by Emanuel 

Berger. It was provided to Taconic for the generation of the ChopRosa26 flox/flox mouse model. 

Total RNA was extracted from C57BL/6N embryo 7.5 dpc (Macherey-Nagel GmbH & 

Co.KG, Düren, Germany) and cDNA library was generated by using SuperScript® Reverse 

Transcriptase (Life Technologies, Karlsruhe, Germany). Cloning of Gadd153 cDNA was 

performed by using primer pairs for_5’-tatcatgttgaagatgagcgggtg-3’, rev_5’-caat-gtaccgtc-

tatgtgcaagcc-3’ and for_5’-agaattcaccatggcagctgagtccctgc-3’, rev_5’-agcggccgct-gcttggtg-

cagg-3’ (Sigma-Aldrich, Taufkirchen, Germany). PCR product and HA-tag oligomer were 

digested with NotI and ligated using Quick Ligation Kit following manufacturer’s instructions 

(New England Biolabs, Frankfurt, Germany). Ligation product was amplified by using pri-

mers for_5’-agaattcaccatggcagctgagtccctgc-3’, rev_5’-aggatccctaagcgtaatctggaa-catcg-

tatggg-3’ and inserted into pBluescript xy by using EcoRI and BamHI restriction sites (New 

England Biolabs, Frankfurt, Germany).  

 

Generation of pcDNA3.1(-)-Hygro-CHOP-HA and mutated plasmid constructs 

For mammalian cell culture experiments, CHOP-HA was cut off pBluescript and inserted 

into pcDNA3.1(-)-Hygro by using EcoRI and BamHI restriction sites. Site-directed mutagen-

esis of CHOP-HA was performed by overlap extension PCR using Phusion Hot Start II High-

Fidelity DNA Polymerase (New England Biolabs, Frankfurt, Germany). PCR reactions were 

performed using cycle conditions: 1x 3 min at 95°C; 25x 1 min at 95°C, 1 min at 52°C, 1 

min at 72°C; 1x 7 min at 72°C. Primers that were used for the generation of CHOP-HA 

mutants [S14/15A], [S30/31A], [S78/81A], [S14/15A, S30/31A], and [S14/15A, S30/31A, 

S78/81A] are listed in Table 1.  

PCR products were digested using restriction enzymes BamHI and XhoI and ligated with 

pcDNA3.1(-)-Hygro. Sequencing of plasmid constructs was performed by GATC. Sequence 

data and alignments are listed in Supplementary materials.  
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Table 1. Primers used for site-directed mutagenesis of CHOP-HA 

 

 

Gene expression analysis 

Total RNA was isolated using column-based NucleoSpin® RNAII kit (Macherey-Nagel 

GmbH & Co. KG, Düren, Germany) according to the manufacturer’s instructions. Comple-

mentary DNA was prepared using random hexamer primers and SuperScript™ First-Strand 

Synthesis System (Life Technologies GmbH, Karlsruhe, Germany). Quantification of gene 

expression was performed on LightCycler® 480 System using the Universal ProbeLibrary 

System (Roche Diagnostics GmbH, Mannheim, Germany) and gene-specific primers 

(Sigma-Aldrich, Taufkirchen, Germany) (Table 2 and 3). 

 

Table 2. Primer list for qPCR analysis 1 

 

construct primer ID primer sequence 5'-3'

S14/15A 1392 tcaccttggagacggtggccgcctgggagctggaagcc

1393 ggcttccagctcccaggcggccaccgtctccaaggtga

S30/31A 1394 gatctgcaggaggtcctggccgcagatgaaattgggggcac

1395 gtgcccccaatttcatctgcggccaggacctcctgcagatc

S78/81A 1809 acacgcacatcccaagcccctcgcgctccagattccagtcagag

1810 ctctgactggaatctggagcgcgaggggcttgggatgtgcgtgt

Chop-HA XhoI 
seq (all)

1377 gtctcgagaccatggcagctgagtc

ATF6-HA (all) 596 agcggccgcacttgggactttgagc

gene primer ID primer sequence 5'-3' probe #

GAPDH 703, 704 tccactcatggcaaattcaa, tttgatgttagtggggtctcg 9

Chop 774, 775 agctagctgtgccactttcc, gggaagcaacgcatgaag 2

endo Chop 664, 665 gatgcacttccttctggaaca, gcgacagagccagaataaca 91

Reg3β 1302, 1303 caccatggaggacaagaatgaagc, ccacagacctggtttgatgcaga 99

Ero1α 874, 875 tcgaagtgcaaaggaaatga, gcgtccagattttcagctct 48

Gadd34 755, 756 agctgaatccaaatcgctgt, tctgtactggaaatgccttcct 6

ATF3 878, 879 gctggagtcagttaccgtcaa, cgcctccttttcctctcat 80

BIM 762, 763 ggagacgagttcaacgaaactt, aacagttgtaagataaccatttgagg 41

Trb3 757, 758 gtcgctttgtcttcagcaact, tcatctgatccagtcatcacg 67

Bcl-2 1052, 1053 gggatgcctttgtggaact, gctgagcagggtcttcagag 2
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Table 3. Primer list for qPCR analysis 2 

 

 

Microarray analysis 

Total RNA was prepared from primary colonic epithelial cells of ChopIEC Tg/Tg mice and wild-

type controls with an age of 12 weeks (n = 8 per group) as well as DSS-treated male mice 

(3d 2% DSS, 5d 2% DSS plus 5d H2O, n = 5-6) with column-based NucleoSpin® RNAII kit 

(Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer’s in-

structions. RNA concentration and quality was determined by spectrophotometric analysis 

(ND-1000, PEQLAB Biotechnologie GmbH, Erlangen, Germany). RNA integrity number 

(RIN) was >8 for all samples (Agilent bioanalyzer, Alpha Metrix Biotech GmbH, Rödermark, 

Germany). Labeling of total RNA (100ng) was performed with the Ambion WT Expression 

kit (Life Technologies, Bleiswijk, The Netherlands), samples were hybridized to Affymetrix 

GeneChip Mouse Gene 1.1 ST arrays (Affymetrix, Santa Clara CA) and scanned on an 

Affymetrix GeneTitan instrument. Probes are annotated using up-to-date databases and 

assigned to unique gene identifiers, in this case Entrez IDs. The probes present on the 

mouse Gene 1.1 ST arrays represent 21.225 Entrez IDs. Arrays were normalized with the 

Robust Multi-array Average method. Only probe sets with normalized signal intensities 

above 20 on at least five arrays, interquartile range > 0.15 and at least 7 probes per probeset 

were selected for further analysis. Enriched pathways and gene ontology (GO) groups were 

identified by using the GeneRanker tool in the Genomatix Genome Analyzer. Additional 

analysis on GO terms was performed by using WEB-based GEne SeT AnaLysis Toolkit 202. 

Heat map generation and hierarchical clustering analysis was performed by using MultiEx-

periment Viewer (TM4 microarray software suite) 203.  

 

gene primer ID primer sequence 5'-3' probe #

Ki-67 1546, 1547 gctgtcctcaagacaatcatca, ggcgttatcccaggagact 80

Hes1 971, 972 acaccggacaaaccaaagac, cgcctcttctccatgatagg 99

Ccnd 1759, 1760 tttctttccagagtcatcaagtgt, tgactccagaagggcttcaa 72

Myc 1761, 1762 cctagtgctgcatgaggaga, tccacagacaccacatcaattt 77
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3.2 Cell culture methods 

Cell lines and media 

Cell culture experiments were performed using the colonic epithelial cell line ptk6 (passage 

40-50) kindly provided by R. Whitehead (Vanderbilt University, Nashville) 204. Non-differen-

tiated ptk6 cells were grown in RPMI 1640 medium containing 5% FCS, 1% insulin/trans-

ferrin/selenium, interferon-γ (2ng/ml), and 2 mM L-glutamine (all Life Technologies, Karls-

ruhe, Germany) under a humidified atmosphere and 5% CO2 at 33°C. For differentiation, 

ptk6 cells were cultured for at least 5 days in media lacking interferon-γ under a humidified 

atmosphere and 5% CO2 at 37°C. Ptk6 cell lines containing mutated plasmid constructs 

were grown in media additionally supplemented with hygromycin B (500µg/ml).  

 

Transient transfection 

Plasmid DNA transfection was performed by using Fugene 6 (Promega, Mannheim, Ger-

many) according to the manufacturer’s instructions. Therefore, cells showing 50% conflu-

ency were incubated with a mixture containing plasmid DNA and Fugene 6 reagent in a 

ratio of 1:3 (0.5 µg plasmid DNA per 24-well) for 24h followed by an expression time for 

14h. Data are presented giving entire transfection time of 38h.  

 

Generation of polyclonal cell lines ptk6:CHOP-HA, ptk6:S78/81A, ptk6:ctrl 

Plasmid DNA transfection was performed by using Fugene 6 (Promega, Mannheim, Ger-

many) according to the manufacturer’s instructions. Ptk6 cells were grown in a T-75 flask 

and transfected with pcDNA3.1(-), pcDNA3.1(-)-CHOP-HA, and pcDNA3.1(-)-S78/81A 

when cells were grown to 50% confluency. Transfection medium was removed after 48h 

and selection medium was applied containing hygromycin (500 µg/ml). Polyclonal ptk6 cell 

line was generated by changing selection medium every 1-3 days until cells were grown to 

confluency. Newly generated cell lines were at least cultivated for 5 passages before being 

used in an experiment.   

 

Inhibition of proteasomal degradation by Lactacystine 

Non-differentiated ptk6 cell were transiently transfected with pcDNA3.1(-)-CHOP-HA for 

24h. Cell medium was changed and proteasome inhibitor Lactacystine (Sigma-Aldrich, 

Taufkirchen, Germany) was applied in a concentration of 10 µM. After 3h and 6h of incuba-

tion cells were lysed in lysis buffer containing 7 mol/L urea, 2 mol/L thiourea, 2% CHAPS, 

1% DTT (all from Roth, Karlsruhe, Germany), and protease inhibitor (Roche Diagnostics, 

Mannheim, Germany) for Western blot analysis. 
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Determination of cellular proliferation rate by cell proliferation ELISA, BrdU 

Determination of cell proliferation was performed by using Cell Proliferation ELISA, BrdU 

(Roche Diagnostics, Mannheim, Germany). Non-differentiated ptk6 cells were seeded into 

96-well plates with 1.000 cells/ml. Cell proliferation was determined for 5 days following the 

manufacturer’s instructions. Doubling time was assessed calculating linear progression of 

received absorbance.  

 

Transwell experiments 

For transwell experiments ptk6 cells were cultivated in media without INF-γ at 37°C. Ptk6 

cells (3x105 cell/ml) were seeded into 0.4 µm polyester Transwell inserts (Costar Corning, 

Corning, USA). Transepithelial electrical resistance (TEER) was measured using Volt-Ohm-

meter by Millipore (Millipore, Schwalbach/TS, Germany) following the manufacturer’s in-

structions.  

 

In vitro scratch wound healing assay  

Polyclonal cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-HA [S78/81A] (5x104 

cells/ml) were seeded into a 96 well plate and cultivated in media without INF-γ at 37°C to 

confluent monolayers. Four days after reaching confluency, ptk6 cells were scratched (1 

scratch/well) using a 1 ml pipette tip. Cells were washed 2 times with PBS (Life Technolo-

gies, Karlsruhe, Germany) to remove cells in supernatants. Scratch size was monitored 

daily by microscopic analysis using the CKX41-combined DP26 camera system and the 

cellSens Digital Imaging Software (Olympus, Hamburg, Germany). Scratch closure was de-

termined calculating scratch diameters in percentage to initial scratch size.  

 

Analysis of cell cycle by flow cytometry 

Polyclonal cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-HA [S78/81A] (2x104 

cells/ml) were seeded into T-25 cell culture flasks (Sarstedt AG & Co., Nümbrecht, Ger-

many) and cultivated in media supplemented with INF-γ at 33°C. When cell monolayers 

reached 50% confluency, cells were detached using Trypsin/EDTA (Life Technologies, 

Karlsruhe, Germany) and resuspended by pipetting to single cells. 5 ml of medium was 

added and cells were centrifuged at 300g for 5 min. Cell pellets were resuspended in 5 ml 

ice-cold PBS (Life Technologies, Karlsruhe, Germany) and centrifuged at 300g for 5 min. 

Cell pellets were resuspended in 2 ml ice-cold 70% ethanol and incubated on ice for 1h. 

Cells were centrifuged at 300g for 5 min and washed twice with 1 ml ice-cold PBS. 100 µl 

RNase-solution (100 µg/ml in PBS) was added and cells were incubated for 5 min at RT. 

800 µl propidium iodide-solution (50 µg/ml in PBS) was added and cells were incubated for 

additional 15 min at RT and 10 min at 37°C. Afterwards cell suspensions were stored on 
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ice. Flow cytometry was performed using FACSDiva software (BD Biosciences, Heidelberg, 

Germany) and cell cycle was analyzed using ModFit LT 3.0 (Verity Software House Inc., 

Topsham, ME). 

 

3.3 Protein methods 

Western blot analysis 

Cells were lysed in protein lysis buffer containing 7 mol/L urea, 2 mol/L thiourea, 2% 

CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany), and protease inhibitor (Roche Diag-

nostics, Mannheim, Germany). Total protein concentration of ultrasonicated samples was 

determined by Bradford Assay (Carl Roth GmbH & Co.KG, Karlsruhe, Germany) according 

to standard protocol. Sample volumes containing 10 µg and 20 µg of protein were diluted 

with 5x SDS buffer and incubated for 10 min at 95°C. 12.5% reducing sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS-PAGE) was performed (Biometra, Göttingen, 

Germany) followed by semi-dry blotting (PEQLAB Biotechnologie GmbH, Erlangen, Ger-

many) using PVDF membranes (Merck KGaA, Darmstadt, Germany). Unspecific binding 

sites were blocked with 5% milk powder/1xTBS/0.1% Tween-20 (TBST) for 1 hour at RT. 

Primary antibody (Table 4) was incubated o/n at 4°C and HRP-conjugated secondary anti-

body was applied for 1h at RT (Table 5). The respective immunoreactive protein was de-

tected by using an enhanced chemiluminescence light-detecting kit (GE Healthcare, Upp-

sala, Sweden). 

 

Table 4. List of primary antibodies used in Western blotting. 

 

antibody dilution ID company

anti-HA  1:1000 14-6756 eBioscience, Frannkfurt, Germany

anti-CHOP  1:1000 sc-575 Santa Cruz Biotechnology, Heidelberg, Germany

anti-Reg3β  1:1000 AF5110 R&D Systems, Wiesbaden, Germany

anti-P-p38  1:1000 4511 Cell Signaling Technol-ogy, Frankfurt, Germany

anti-β-Actin  1:2000 4970 Cell Signaling Technology, Frankfurt, Germany

anti-CPN60  1:1000 sc-1053 Santa Cruz Biotechnology, Heidelberg, Germany

anti-P-eIF2α  1:1000 7921 Cell Signaling Technol-ogy, Frankfurt, Germany

anti-PKR  1:1000 sc-366777 Santa Cruz Biotechnology, Heidelberg, Germany

anti-P-RelA  1:500 3039 Cell Signaling Technology, Frankfurt, Germany

anti-GRP78  1:4000 G9043 Sigma-Aldrich, Taufkirchen, Germany

anti-cleaved Caspase3  1:1000 9661 Cell Signaling Technology, Frankfurt, Germany
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Table 5. List of secondary antibodies used in Western blotting 

 
 

 
Protein dephosphorylation 

Cells were lysed in native cell lysis buffer (#9803, Cell Signaling Technology, Frankfurt, 

Germany) supplemented with 1mM PMSF. Approximate protein concentration was deter-

mined by Bradford protein assay. For dephosphorylation, 15 µg of native protein was treated 

with alkaline phosphatase (AP) for 15, 30, and 60 min, and with and without AP for 90 min 

following the manufacturer’s instructions (New England Biolabs, Frankfurt, Germany).  

 

3.4 Histological methods 

Histology and tissue staining 

Freshly isolated intestinal tissue was fixed in 4% neutral buffered formalin for one to two 

days, dehydrated through a series of graded alcohol and xylene and embedded in paraffin 

(Leica Microsystems GmbH, Nussloch, Germany). Hematoxylin & eosin (H&E) staining and 

alcian blue staining were performed on 5 µm-thick tissue sections (Leica Microsystems 

GmbH, Nussloch, Germany) by using standard protocols. For morphological analysis, villus 

height, crypt depth, total epithelial area, and mucus area of 15-20 villi and/or crypts, respec-

tively, was measured for each section using the LAS software (Leica Microsystems GmbH, 

Nussloch, Germany) and means were calculated. Mucus area is given as percentage of 

total epithelial area. 

For immunohistochemistry (IHC), 5 µm-thick paraffin sections were applied onto poly-L-

lysine coated slides and incubated overnight at 37°C. After rehydration, antigen retrieval 

was performed in 10 mM sodium citrate buffer (pH 6.0) by steaming sections in a microwave 

oven (900 Watt) for 23 min. Slides were rinsed with H2O and endogenous peroxidases were 

blocked for 10 min using 3% hydrogen peroxide (Fluka, Sigma-Aldrich, Taufkirchen, Ger-

many). Tissue sections were washed twice in H2O for 5 min each and rinsed with PBST. 

Unless indicated otherwise, individual slides were washed 3 times with PBS for 5 min be-

tween each step. 5% BSA/PBS block was done for 30 min at RT. Primary antibodies against 

cleaved Caspase 3 (1:50, #9661, Cell Signaling Technology, Frankfurt, Germany), Ki-67 

antibody dilution ID company

anti-sheep  1:2000 ----- Jackson ImmunoResearch, Hamburg, Germany

anti-rabbit  1:4000 ----- Dianova, Hamburg, Germany

anti-goat  1:2000 ----- Dianova, Hamburg, Germany
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(1:100, ab15580, Abcam, Cambridge, UK), and CD19 (1:50, M-20, Santa Cruz Biotechnol-

ogy, Heidelberg, Germany) were directly applied and incubated overnight at 4°C. Second-

ary anti-rabbit antibody (1:200, Dianova, Hamburg, Germany) was applied for 1 hour at RT 

and subsequently stained using 3.3’-diaminobenzidine solution (Sigma-Aldrich, Taufkir-

chen, Germany) with hematoxylin (Medite GmbH, Burgdorf, Germany) used as a counter-

stain. In addition, stainings for CD3 (1:300, RM-9107-S0, NeoMarkers/Lab Vision Corpora-

tion, CA, US), Ly6G (1:600, 551459, BD Pharmigen, Heidelberg, Germany), B220 (1:3000, 

553084, BD Biosciences, Heidelberg, Germany), F4/80 (1:120, T-2006, BMA Biomedicals 

AG, Augst, Switzerland), and MHCII (1:500, NBP1-43312, Novus Biologicals, CO, US) were 

performed on 2 µm-thick tissue sections according to the staining protocol mentioned 

above. Notably, antigen retrievel for both B220 and CD3 as well as Ly6G was performed in 

EDTA buffer (1 mM EDTA, 0.05 % Tween 20, pH 8.0) by steaming sections in a microwave 

oven for 20 and 30 min, respectively. Antigen retrieval of tissue sections used for F4/80 and 

MHCII staining, respectively, were incubated with proteinase K for 10 min following standard 

protocol. Microscopic analyses were performed by using the LMD 6000 and the Leica Ap-

plication Suite (LAS) software (Leica Microsystems GmbH, Nussloch, Germany) as well as 

by using the Olympus BX53 and Olympus cellSens Dimension 1.7 software (Olympus, 

Hamburg, Germany). 

Immunofluorescence staining (IF) was performed following the protocol provided by Cell 

Signaling Technology. Primary antibodies (4°C, o/n) anti-E-Cadherin (1:100, ab76055, 

Abcam, Cambridge, UK), anti-Reg3β (1:50, AF5110, R&D Systems, Wiesbaden, Germany), 

anti-Ki-67 (100, ab15580, Abcam, Cambridge, UK), anti-CD19 (1:50, M-20, Santa Cruz Bi-

otechnology, Heidelberg, Germany), and anti-Vimentin (1:50, #3932, Cell Signaling Tech-

nology, Frankfurt, Germany) were applied on paraffin sections, anti-HA-tag antibody was 

used for cryosections (1:4000, ab9110, Abcam, Cambridge, UK). Fluorescently labeled sec-

ondary antibodies anti-rabbit (A11012, Life Technologies, Karlsruhe, Germany), anti-mouse 

(A11001, Life Technologies, Karlsruhe, Germany), and anti-sheep (Jackson Immu-

noResearch, Hamburg, Germany) were incubated for 1 hour at RT. Tissue sections were 

covered using mounting solution with DAPI (BIOZOL Diagnostica, Eching, Germany). 

TUNEL assay was performed using ApoBrdU DNA Fragmentation Assay Kit according to 

the manufacturer’s instructions (K401-60, BioVision, Heidelberg, Germany). For positive 

controls, 5 µm-thick tissue sections were treated with DNaseI (Macherey-Nagel GmbH & 

Co. KG, Düren, Germany) for 15 min immediately after antigen retrieval. Further steps were 

done following the manufacturer’s instructions. Microscopic analysis was performed by us-

ing the confocal laser scanning biological microscope FV10i (Olympus, Hamburg, Ger-

many) and Volocity 3D Imaging Software (Perkin Elmer, Rodgau, Germany).
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Histopathological analysis 

Histological scoring was performed on H&E stained tissue sections by blindly assessing the 

degree of inflammation as described by Katakura et al. 205. Colonic tissue sections were 

scored for epithelial damage [0 = normal; 1 = hyperproliferation, irregular crypts, and goblet 

cell loss; 2 = mild to moderate crypt loss (10-50%); 3 = severe crypt loss (50-90%); 4 = 

complete crypt loss, surface epithelium intact; 5 = small- to medium-sized ulcer (<10 crypt 

widths); and 6 = large ulcer (≥10 crypt widths)] and infiltration of inflammatory cells [mucosa 

(0 = normal, 1 = mild, 2 = modest, 3 = severe), submucosa (0 = normal, 1 = mild to modest, 

2 = severe), and muscle/serosa (0 = normal, 1 = moderate to severe)]. Calculated mean 

scores ranged from 0 (not inflamed) to 12 (massively inflamed).  

 

Laser capture microdissection 

Freshly isolated intestinal tissue was immediately embedded in Tissue-Tek® (Weckert La-

bortechnik, Kitzingen, Germany). Serial frozen sections were cut into 10 µm size and ap-

plied onto RNase-free PET membrane slides (Leica Microsystems GmbH, Nussloch, Ger-

many) followed by H&E staining using truncated standard protocol (70% ethanol for 1 min, 

DEPC water for 30 sec, hematoxylin for 20 sec, DEPC water for 30 sec, NH4OH (0.1%) for 

30 sec, eosin (2%) for 10 sec, 96% ethanol for 30 sec, and 100% ethanol for 30 sec). A 

total area of 2,000,000 µm2
 was microdissected from epithelium, lamina propria, and mus-

cularis, respectively, by using the UV laser-cutting system LMD 6000 and the LAS software 

(Leica Microsystems GmbH, Nussloch, Germany). Microdissected tissue was lysed in 50 µl 

RLT buffer supplemented with 1 mM mercaptoethanol and total RNA was prepared using 

RNeasy Micro Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. 

 

3.5 Animal experimentation 

All animal procedures were approved and performed according to institutional guidelines 

for the Bavarian Animal Care and Use Committee (AZ 55.2-1-54-2531-164-09, AZ 55.2-1-

54-2532-160-12, AZ 55.2-1-54-2532-165-12). 

Generation of ChopRosa26 flox/flox wild-type controls 

C57BL/6N mice were used for knock-in mutagenesis to generate the ChopRosa26 flox/flox strain 

that was purchased from Taconic. Therefore, a construct containing the CMV early en-

hancer/chicken β-actin (CAGGS) promoter and the coding sequence for murine CHOP pro-

tein with HA tagged to the C-terminus was introduced into Rosa26 locus. The promoter-

associated floxed STOP sequence inhibits the expression of the transgene. Genotyping 

was performed by amplification of genomic DNA using primers for_5’-cacacgcacatccca-
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aagc-3’, rev_5’-ctggaacatcgtatgggtaagc-3’ for modified Rosa26 locus, and for_5’-catgtcttta-

atctacctcgatgg-3’, rev_5’-ctcttccctcgtgatctgcaactcc-3’ for wild-type allele. Notably, construct 

generation was performed by Emanuel Berger (see “Generation of HA-tagged CHOP”) who 

additionally organized, supervised, and managed the generation of transgenic mice. 

 

Generation of homozygote ChopIEC Tg/Tg mouse model 

Homozygous Chopflox/flox females were mated with males expressing Cre recombinase un-

der control of a 9kb regulatory region of mouse villin promoter (vil-Cre) 206. The F1 offspring 

was genotyped for vil-Cre by amplification of genomic DNA using primers for_5’-caa-

gcctggctcgacggcc-3’, rev_5’-cgcgaacatcttcaggttct-3’ (Sigma-Aldrich, Taufkirchen, Ger-

many). Mice were intercrossed avoiding double-positive vil-Cre mating pairs. The progeny 

of the F2 generation was genotyped for transgenic mice homozygous for Chop-HA with vil-

Cre expression (ChopIEC Tg/Tg). ChopRosa26 flox/flox and ChopIEC Tg/Tg mice were intercrossed, 

thus breeding for adequate wild-type controls (WT) and conditionally CHOP-HA overex-

pressing mice (TG). Mice were housed in specific pathogen free (SPF) facility and fed with 

standard diet V1124-300 (Ssniff, Soest, Germany) (Supplementary materials). 

 

Isolation of intestinal epithelial cells 

The dissected intestine was inverted, rinsed twice with cold PBS, and placed in ice-cold 

DMEM with 10% FCS and 1 mM DTT (all from Life Technologies, Karlsruhe, Germany). 

After vigorous shaking for 1 min, the intestine was incubated for 20 min at 37°C with shaking 

(180 rpm). After vortexing for 1 min, the intestinal tissue was transferred into PBS containing 

1.5 mM EDTA (Life Technologies, Karlsruhe, Germany) for further incubation on a shaker 

(10 min, 37°C, 180 rpm). Meanwhile, the first fraction was centrifuged for 5 min. Centrifu-

gation steps were continuously performed at 300g and 4°C unless otherwise mentioned. 

The cell pellet was resuspended in 5 ml of fresh DMEM supplemented with 10% FCS and 

stored on ice. After vortexing for 1 min, the intestine was removed from PBS/EDTA solution 

and the cell suspension was centrifuged for 5 min. The cell pellet was pooled with former 

isolated IECs and purified by centrifugation through a 20/40 discontinuous Percoll gradient 

(GE, Healthcare, Uppsala, Sweden) for 30 min at 600g. IECs were resuspended in 1 ml of 

fresh DMEM with 10% FCS, separated in two volumes and pelleted for 5 min. The cell 

pellets were lysed in RA1 buffer for RNA extraction (Macherey-Nagel GmbH & Co. KG, 

Düren, Germany) and protein lysis buffer containing 7 mol/L urea, 2 mol/L thiourea, 2% 

CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany), and protease inhibitor (Roche Diag-

nostics, Mannheim, Germany).
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Isolation of small intestinal epithelial cells from villus tip to the crypt 

Dissected intestine was inverted, rinsed twice in 6 ml of cold PBS, and incubated in citrate 

buffer containing 96 mM NaCl, 1.5 mM KCl, 27 mM sodium citrate, 8 mM KH2PO4, 5.6 mM 

Na2HPO4, pH 7.3 (all from Roth, Karlsruhe, Germany) for 15 min at 37°C. Thereafter, tissue 

was incubated in PBS containing 1.5 mM EDTA, 0.5 mM DTT, 1 mg/ml BSA for 10, 10, 6, 

5, 5, 9, 10, 15, 25, and 30 min at 37°C with shaking (180 rpm). Tissue was transferred into 

a new tube after each incubation step. Fractions were split in two volumes and immediately 

centrifuged at 300 g and 4°C. Cell pellets were lysed in RA1 buffer for RNA extraction (Ma-

cherey-Nagel GmbH & Co. KG, Düren, Germany) and protein lysis buffer containing 7 

mol/L urea, 2 mol/L thiourea, 2% CHAPS, 1% DTT (all from Roth, Karlsruhe, Germany), 

and protease inhibitor (Roche Diagnostics, Mannheim, Germany). Fractions 1 and 2 are 

defined to contain IECs from villus tip. To detect fractions containing IECs from crypt region, 

fractions 3 to 10 were analyzed for Ki-67 and Hes1 mRNA expression.  

 

Citrobacter rodentium infection 

Female mice with the age of 8-10 weeks were inoculated orally with 2x109 colony-forming 

units (CFU) of Citrobacter rodentium ICC169 as previously described 207. Changes in body 

weight, clinical condition of mice and bacterial load of RF-C. rodentium in fecal pellets were 

monitored every 2-3 days. Mice were sacrificed by cervical dislocation. Both colon weight 

and length was determined to express colonic weight/length ratio in milligram (mg) per mil-

limeter (mg). Whole colonic tissue was fixed in 4% neutral buffered formalin for paraffin 

embedding. Alcian blue staining was performed and crypt depth, total epithelial area, and 

mucus area was assessed in distal colon using the LAS software (Leica Microsystems 

GmbH, Nussloch, Germany) as described in Histological methods. Mucus area was calcu-

lated as percentage of total epithelial area. 

 

DSS-induced colitis 

2% DSS solution was prepared in a total volume of 2l (~ 150 ml per mouse) one week 

before starting the experiment. 40 g of DSS (MW 36,000-50,000, MP Biomedicals, 

Eschwege, Germany) was solved in 2l veH2O subsequently followed by sterile filtration. 

Solution was stored at 4°C. ChopIEC Tg/Tg mice and wild-type controls (n = 5-6 per group) with 

an age of 12 weeks received 2% (w/v) DSS ad libitum for 3 and 7 days, respectively. Ex-

amination of epithelial repair in experimental colitis was performed providing 2% (w/v) DSS 

ad libitum for 5 days followed by a period of 5 days for recovery (n = 6 per group). Body 

weight was daily monitored and disease activity was assessed as further described in Ani-

mal experimentation. Mice were sacrificed by CO2. Spleen weight was determined to ex-
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press spleen/body weight ratio and colon length and weight was assessed to calculate co-

lonic weight/length ratio. The colon was opened longitudinally and carefully cut into two 

pieces. One half was used for IEC isolation and the other one was fixed in 4% neutral buff-

ered formalin for paraffin embedding. 

 

Determination of disease activity index 

The disease activity index (DAI) was assessed according to the scoring criteria as described 

in Murthy et al. 208. Scores of body weight changes (0-4), stool consistency (0-4), and rectal 

bleeding (0-4) were calculated to a total score (0-12) and presented as sum ±SD (Table 6).  

 

Table 6. Scoring criteria for disease activity index 

 

 

In vivo wound healing assay 

Colonic mucosal lesions with a diameter of 800 µm were induced in transgenic mice and 

wild-type controls (n = 6 per group) as previously described 209. Wound healing was moni-

tored by video colonoscopy (KARL STORZ GmbH & Co.KG, Tuttlingen, Germany) on days 

0, 1, 2, 3, and 5 and assessed by calculating wound size relative to original wound diameter. 

Mice were sacrificed by cervical dislocation at days 3 and 5 (n = 3 per group and day) and 

colonic tissue containing wound region was fixed in 4% neutral buffered formalin for paraffin 

embedding. 

 

In vivo BrdU labeling 

ChopIEC Tg/Tg mice and wild-type controls with an age of 12 weeks were intraperitoneal-in-

jected with BrdU labeling reagent following the manufacturer’s instructions (Life Technolo-

gies, Karlsruhe, Germany). Mice (n = 5) were sacrificed on days 1 and 3 post injection by 

cervical dislocation. Intestinal tissue was fixed in 4% neutral buffered formalin for paraffin 

embedding. Immunohistological detection of BrdU-positive cells was performed by using 

the BrdU In-situ Detection Kit following the manufacturer’s instructions (BD Biosciences, 

score weight loss (%) stool consistency* rectal bleeding

0 None normal negative

1  1-5

2  6-10 loose gross bleeding

3  11-15 gross bleeding >1d

4  >15 diarrhea gross bleeding >2d

* normal = well formed pellets; loose = pasty stool, but clean anus; diarrhea = liquid 
stool that sticks to the anus
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Heidelberg, Germany). IHC double staining for BrdU and Ki-67 was performed following the 

manufacturer’s instructions. Ki-67 positive cells were detected by using HRP-Green Solu-

tion Set (2 components) (life sciences GmbH & Co.KG, Bremerhaven, Germany). 

 

3.6 Statistical analysis 

Statistical computations were performed by using SigmaPlot 11.0 (Systat software, Erkrath, 

Germany). Statistical significance was assessed by Student’s t-test, non-parametric rank-

sum test, and two-way ANOVA (TWA) with genotype and DSS treatment as main factors 

followed by Holm-Sidak test. P < .05, P < .01, and P < .001 was considered statistically 

significant.  
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4. Results 
 

4.1 Basic characterization of ChopIEC Tg/Tg mice 

4.1.1 Generation of new mouse model ChopIEC Tg/Tg 

Transgenic mice that reveal high expression of HA-tagged CHOP protein restricted to 

the intestinal epithelial layer were generated by crossbreeding female wild-type controls 

ChopRosa26 flox/flox with males expressing villin promoter-driven Cre recombinase (Figure 12) 

206. 

 

Figure 12. Generation of new mouse model ChopIEC Tg/Tg. 

Wild-type controls ChopRosa26 flox/flox were mated with Villin-Cre positive mice. Cre recombinase-medi-
ated removal of promoter-associated floxed STOP sequence resulted in CAGGS promoter-driven 
high expression of the HA-tagged transgene CHOP-HA.

 

Homozygote ChopIEC Tg/Tg mice were generated following the breeding scheme shown in 

Figure 13. Genotyping was performed by using primer pairs for Villin-Cre and Rosa26 locus, 

respectively and offspring were intercrossed avoiding double-positive vil-Cre mating pairs. 

Animals used in experiments derived from breeding of homozygote ChopRosa26 flox/flox and 

ChopIEC Tg/Tg mice with ChopRosa26 flox/flox mice as adequate wild-type controls. The analysis 

of numbers of pregnancies and pups per mouse, respectively, indicated that genetic modi-

fication of mice did not affect breeding capacity when compared to C57BL/6N mice. 
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Figure 13. Breeding scheme for ChopIEC Tg/Tg mice and adequate wild-type controls. 

(A) Breeding scheme for the generation of homozygote transgenic mice and adequate wild-
type controls. Wild-type controls ChopRosa 26 flox/flox are refered as Chopflox/flox (B) Genetic back-
ground of progenies was determined by genotyping for both modification of Rosa26 locus 
and presence of vil-Cre. Mice were selected for following breeding avoiding double-positive 
vil-Cre mating pairs. (C) Analysis of breeding capacity for homozygote transgenic mice and 
adequate C57BL/6N wild-type controls. Number of pregnancies and litter size of mating 
pairs (n = 12) were assessed over 6 month of breeding. Data are plotted as means. Lethality 
was assessed calculating numbers of death pubs as percentage to total numbers of proge-
nies.   

 

4.1.2 Transgenic mice reveal high CHOP expression in intestinal epithelial cells 

IEC-specific expression of transgenic CHOP with HA-tag fused to the C-terminus was 

shown by determining mRNA expression of Chop in cell isolates derived from lasermicro-

dissected intestinal epithelium, lamina propria, and muscularis of transgenic mice and wild-

type controls (Figure 14). Transgenic mice displayed high expression of Chop-HA on mRNA 

and protein level in the intestinal epithelium (Figure 15). Regarding qPCR analysis using 

IEC isolates (n = 5) from small and large intestine, respectively, Chop-HA mRNA expression 

revealed 18- to 52-fold increase of transgenic Chop over endogenous Chop. Since trans-

genic CHOP protein is HA-tagged, both antibodies anti-CHOP and anti-HA were used in 

Western blot analysis. 
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Figure 14. Analysis of intestinal epithelial cell-restricted mRNA expression of Chop-HA. 

Tissue-specific mRNA expression of transgenic Chop was assessed by qPCR using isolates of mi-
crodissected cells derived from the intestinal epithelium, lamina propria, and muscularis of ChopIEC 

Tg/Tg mice and wild-type controls (n = 3). Scale bar represents 100 µm.  

 

 

 

Figure 15. Transgene expression in IEC isolates from small and large intestine of ChopIEC 

Tg/Tg mice and wild-type controls. 

IECs were isolated from small and large intestine of 12 week old transgenic mice and wild-type con-
trols (n = 3). Chop mRNA was determined by qPCR using intron-spanning primer pair. Data are 
plotted as means ± SD. Pooled protein lysates were analyzed by Western blotting applying antibod-
ies against CHOP protein and HA-tag.  

 

ChopIEC Tg/Tg mice showed high CHOP-HA protein expression in small and large intestine, 

respectively. Detected protein bands differ in molecular weight from ~26 to ~30 kDa, sug-

gesting transgenic CHOP-HA to be post-translationally modified. The transgene is broadly 

expressed on both vertical and horizontal axis of the intestine (Figure 16). Immunofluo-

rescense staining of colonic tissue sections indicated nuclear translocation of the HA-

tagged transgene. Analysis of CHOP-HA protein expression along the intestine was per-

formed by Western blotting using IEC isolates from the distinct intestinal sections. 
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Figure 16. Expression of CHOP-HA on vertical and horizontal axis of the intestine. 

(A) Transgene expression was analyzed on 5 µm-thick colonic tissue section using anti-HA antibody. 
DAPI was applied for nuclear staining. Scale bar represents 100 µm. (B) Jejunal IECs were isolated 
from villus tip to the crypt and Western blot analysis was performed by using anti-HA antibody. (C) 
Total IEC isolates from intestinal sections duodenum, jejunum, ileum, cecum, proximal colon, and 
distal colon were analyzed by Western blotting using anti-HA antibody. Western blot data (B, C) 
represent results of 3 independent experiments 

 

Transgene expression along the vertical axis was determined by Western bot analysis 

using jejunal epithelial cells from the villus and the crypt region. Therefore, 10 fractions 

containing jejunal IECs isolated from villus tip to the crypt were analyzed by qPCR for crypt 

markers including Ki-67 and Hes1 (Figure 17).  

 

Figure 17. Characterization of IEC fraction isolated from villus tip to the crypt. 

(A) IF of Ki-67 on jejunal tissue section of transgenic mice. Scale bar represents 100 µm. Luminal 
red lining displays unspecific staining. (B) IEC fractions were analyzed for Ki-67 and Hes1 mRNA 
expression. Expression levels were calculated relative to fractions 1+2. (C) IEC fractions were 
characterized as fractions containing epithelial cells derived from villus tip and crypt region, 
respectively, according to the results obtained from qPCR for Ki-67 and Hes1 mRNA expression 
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Both Ki-67 and Hes1 mRNA expression was enhanced in fractions 8 to 10 with highest 

expression levels in fraction 10. With regard to jejunal tissue sections stained against Ki-

67, proliferative cells could be specifically detected in crypt regions. Accordingly, fraction 10 

has been defined to contain IECs derived from crypts, while epithelial cells isolated from 

villus tip have been regarded in fractions 1 and 2. Fractions 3 to 9 have been considered 

as mixed cell population. Taken together, ChopIEC Tg/Tg mice show high expression levels of 

nuclear located transgenic CHOP that is broadly expressed in IECs along the vertical and 

horizontal axis of the intestine.  

 

4.1.3 ChopIEC Tg/Tg mice do not spontaneously develop intestinal inflammation 

12 weeks old ChopIEC Tg/Tg mice and wild-type controls were examined by chromoendos-

copy using methylene blue for mucosal tissue staining. Following the colonoscopic evalua-

tion, ChopIEC Tg/Tg mice appeared disease-free (Figure 18), which could further be confirmed 

at the histological level regarding histopathological parameters, such as crypt loss and in-

flammatory cell infiltration (Figure 19).  

 

 

 
 
Figure 18. Chromoendoscopic evaluation of ChopIEC Tg/Tg mice. 

Colonoscopy was performed in transgenic mice and controls before and after methylene blue was 
instilled into the colon. Colonic mucosa was evaluated for vascular structures, colonic crypt struc-
tures, and changes in mucus production. 
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Figure 19. H&E stained intestinal sections of ChopIEC Tg/Tg mice. 

Tissue sections from duodenum, jejunum, ileum, cecum, proximal colon, and distal colon of trans-
genic mice and wild-type controls were stained with hematoxylin and eosin. Scale bar represents 50 
µm for small intestinal sections, 100 µm for cecum and colon 

 

Furthermore, alcian blue-stained intestinal tissue sections from transgenic mice and wild-

type controls with an age of 12, 24, 36, and 52 weeks were examined for morphological 

changes evaluating villus height, crypt depth, as well as mucus area. In addition, total num-

bers of apoptotic IECs per mm2 (cleaved Caspase 3) as well as proliferative cells per crypt 

(Ki-67) were assessed by IHC and IF (Figure 20 and Figure 21). As already indicated by 

the macroscopic observations, enhanced CHOP protein expression did not affect histomet-

ric characteristics, while numbers of both apoptotic and proliferative cells remained compa-

rably to wild-type controls.  

In conclusion, high CHOP protein expression does not lead to spontaneously developed 

inflammation of the intestine.  
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Figure 20. Epithelial cell morphology of ChopIEC Tg/Tg mice with an age of 12 weeks. 

(A) Morphology of distal ileum (dI) and distal colon (dC) (n = 5) was analyzed using 5 µm-thick, alcian 
blue-stained tissue sections evaluating villus height, crypt depth, total epithelial area, and mucus 
area of 15-20 villi and/or crypts per animal, respectively, and means were calculated. Mucus area 
was assessed as percentage of total epithelial area. (B) Caspase 3 cleavage was considered as an 
apoptotic marker. Numbers of apoptotic cells were assessed in a total epithelial area of 1 mm2 (see 
arrows). CC3 positive control staining was performed on 5 µm tissue sections derived from distal 
colon of transgenic mice treated ex vivo with 1 µM staurosporine for 2 h at 37° C. (C) Proliferative 
cells were detected by applying anti-Ki-67 antibody. For each tissue section, total numbers of Ki-67 
positive cells were determined in 15-20 crypts and means were calculated. Data are plotted as num-
bers of proliferative cells per crypt. All data sets were analyzed by non-parametric rank-sum test, P 

< .05 was considered statistically significant. Scale bars represent 50 µm (dI) and 100 µm (dC). 
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Figure 21. IEC morphology of transgenic mice with an age of 24, 36, and 52 weeks. 

Analysis of epithelial cell morphology of 24, 36, and 52 weeks old transgenic mice and wild-type 
controls (n = 3) was performed as mentioned for mice with an age of 12 weeks. All data sets were 
analyzed by non-parametric rank-sum test, P < .05 was considered statistically significant. 

 

4.1.4 Protein overexpression does not induce unspecific stress signaling 

Transgene overexpressing animal models have been frequently criticized to induce cel-

lular stress responses in an unspecific manner. Since CHOP-HA has been shown highly 

expressed in IECs, transgene-driven protein overload-dependent activation of stress-re-

lated signaling pathways was analyzed (Figure 22). Western blotting of both phosphorylated 

p38 MAP kinase and RelA, indicated that enhanced protein expression has no impact on 

activation of MAP kinase and NF-κB.  
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Figure 22. Protein overload upon transgene overexpression does not cause activation of 

NF-κB, MAP kinase, ER stress signaling, and mitochondrial stress signaling. 

Protein overload-driven activation of stress-related signaling was examined by Western blotting us-

ing colonic IEC isolates. (A) Activation of NF-κB signaling was analyzed by using anti-P-RelA anti-
body. MAP kinase activation was determined applying anti-P-p38 antibody. (B) ER stress signaling 

was examined by using antibodies against GRP78 and P-eIF2α. (C) Induction of mitochondrial stress 
was analyzed by using anti-CPN60 and anti-PKR antibodies. Shown data represent 3 independent 
experiments. 

Furthermore, ER stress signaling (GRP78, p-eIF2α) as well as mitochondrial stress sig-

naling (CPN60, PKR) remained unaffected by transgene overexpression. Taken together, 

elevated CHOP expression does not influence protein homeostasis in an unspecific man-

ner. 
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4.2 Microarray analysis identifies CHOP-dependent changes in the inflamma-
tory gene expression program  

4.2.1 Enhanced CHOP protein expression sensitizes mice to stress-responsive 
gene regulation 

To elucidate CHOP-driven transcriptional changes, gene expression profiling of disease-

free ChopIEC Tg/Tg mice and wild-type controls (n = 8) was performed by whole genome mi-

croarray analysis using IEC isolates from colonic tissue. 530 genes were identified as sig-

nificantly regulated (P < .05) in transgenic mice compared to wild-type controls (Figure 23). 

318 genes revealed an expression up to approximately 2-fold increase, whereas fold 

changes of most down-regulated genes appeared to be 2- to 5-fold decreased. 

 

 
 
Figure 23. Gene expression profiling of ChopIEC Tg/Tg mice indicates changes in the inflamma-
tory gene program. 

Microarrays were performed by using freshly isolated total colonic IECs from female transgenic mice 
and wild-type controls with an age of 12 weeks (n = 8). Log2-based signal intensity ranged from 3 to 
12. Expression data of 530 significantly regulated genes (P < .05) are presented as fold-change over 
wild-type controls. Next, top 15 up- and down-regulated genes were illustrated. 

 

Top 10 up- and down-regulated genes are shown in Table 7. As expected, Ddit3 appears 

highest induced in ChopIEC Tg/Tg mice, while C/EBP signaling pathway was identified as one 

of the most significantly regulated pathways (Table 8). 
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Table 7. Most highly regulated genes in ChopIEC Tg/Tg mice are shown as TOP 10 up-regulated 
and TOP 10 down-regulated genes, respectively.   

 

Table 8. Significantly regulated signal transduction pathways in ChopIEC Tg/Tg mice. Analysis 
was performed by using the GeneRanker tool in the Genomatix Genome Analyzer.   

 

GO analysis reflecting short distance biological process child terms showed most signif-

icant gene enrichment affected by up-regulated genes, while changes in both metabolic 

process and localization additionally result from down-regulated gene sets (Table 9). 

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

13198 Ddit3 DNA-damage inducible transcript 3 3,27 12309 S100g S100 calcium binding protein G -5,54

16204 Fabp6 fatty acid binding protein 6 2,40 22239 Ugt8a UDP galactosyltransferase 8A -3,41

107753 Lgals2 lectin, galactose-binding, soluble 2 2,05 22041 Trf transferrin -3,37

19695 Reg3g regenerating islet-derived 3 gamma 1,99 56388 Cyp3a25 cytochrome P450, family 3 -2,58

107503 Atf5 activating transcription factor 5 1,88 105349 Akr1c18 aldo-keto reductase family 1 -2,39

21785 Tff2 trefoil factor 2 1,86 68404 Nrn1 neuritin 1 -2,39

18489 Reg3b regenerating islet-derived 3 beta 1,85 240638 Slc16a12 solute carrier family 16 -2,10

15370 Nr4a1 nuclear receptor subfamily 4 1,81 22259 Nr1h3 nuclear receptor subfamily 1 -2,00

13654 Egr2 early growth response 2 1,78 67701 Wfdc2 WAP four-disulfide core domain 2 -1,96

225742 St8sia5
ST8 alpha-N-acetyl-neuraminide 
alpha-2,8-sialyltransferase 5

1,77 17181 Matn2 matrilin 2 -1,82

Chop
IEC Tg/Tg mice versus Chop

flox/flox mice

TOP 10 up-regulated TOP 10 down-regulated

pathway pathway ID genes observed genes expected P-value

FBJ MURINE OSTEOSARCOMA VIRAL 
ONCOGENE HOMOLOG B

PW_FOSB_MUS_MUSCULUS 6 0 2,77E-07

CAMP RESPONSIVE ELEMENT 
BINDING PROTEIN 1

PW_CREB1_MUS_MUSCULUS 18 7 9,10E-05

CCAAT/ENHANCER BINDING PROTEIN 
(C/EBP), BETA

PW_CEBPB_MUS_MUSCULUS 8 2 3,82E-04

CHEMOKINE (C C MOTIF) LIGAND 2 PW_CCL2_MUS_MUSCULUS 9 3 8,56E-04

HEPATOCYTE GROWTH FACTOR 
RECEPTOR

PW_HGF_MUS_MUSCULUS 8 3 4,16E-03

MATRIX METALLOPROTEINASE PW_MMP_MUS_MUSCULUS 13 6 6,94E-03

P90 RIBOSOMAL PROTEIN S6 KINASE PW_P90RSK_MUS_MUSCULUS 8 3 8,76E-03

PEROXISOME PROLIFERATOR 
ACTIVATED RECEPTOR GAMMA

PW_PPARG_MUS_MUSCULUS 9 4 9,96E-03
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Table 9. Significantly regulated child terms of the GO term biological process. The shown child 
terms with significant enrichment of total regulated genes as well as up- and down-regulated genes, 
respectively, display main biological processes with a distance of 1 regarding the process tree. 
Analysis was performed by using the GeneRanker tool in the Genomatix Genome Analyzer. 

 

The four most enriched categories were further processed as followed. First, the bio-

logical process child terms cellular process, metabolic process, biological regulation, and 

response to stimulus were analyzed for shared gene sets (Figure 24A). Second, numbers 

of shared genes were calculated as percentage to total numbers of annotated genes (Figure 

24B). As shown in Figure 24B, high enrichment of overlapping genes could be evaluated 

for the GO term response to stimulus (115 out of 177). Even though it remains unsolved 

whether CHOP directly impacts on the expression levels of these genes, it is worth to note 

that top regulated genes in the GO term response to stimulus reflected most of the highest 

enhanced/decreased genes in ChopIEC Tg/Tg mice (Table 10). With respect to GO terms an-

notated downstream of response to stimulus, highly significant changes in gene expression 

could be observed associated with inflammatory responses including the defense response 

and response to wounding (Table 11).  

Taken together, these findings suggested that ChopIEC Tg/Tg mice exhibit changes in the 

gene expression program highly associated with IEC-driven microbial defense and re-

sponse to wounding, but under normal conditions develop no spontaneous inflammation. 

 

GO-term ID up-regulated
down-
regulated

genes observed
genes 
expected

P-value P-value P-value

metabolic process GO:0008152 295 197 3,20E-19 2,30E-13 2,30E-07

cellular process GO:0009987 344 277 5,02E-10 1,40E-11  --

localization GO:0051179 130 82 2,50E-08 3,00E-05 1,70E-04

immune system 
process

GO:0002376 51 26 5,99E-06 6,40E-07  --

locomotion GO:0040011 42 20 3,76E-06 6,60E-05  --

developmental process GO:0032502 120 80 2,17E-06 5,50E-08  --

response to stimulus GO:0050896 177 143 4,90E-04 8,90E-06  --

multi-organism process GO:0051704 27 13 4,27E-04 6,90E-03  --

biological regulation GO:0065007 229 189 1,57E-04 7,70E-12  --

total gene regulation
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Figure 24. GO analysis regarding short distance biological process child terms revealed 
changes in the expression program associated with response to stimulus, death, and cell 
cycle. 

Short distance biological process child terms indicating most enriched gene accumulation were an-
alyzed for overlapping gene sets. (B) Total number of 115 overlapping genes was analyzed for sig-
nificantly regulated biological process child terms. Herein, 10 most regulated overlapping genes as-
sociated with most significantly enriched categories were shown aside. 

 
 
Table 10. Most highly regulated genes in ChopIEC Tg/Tg mice regarding GO term response to 

stimulus are shown as TOP 10 up-regulated and TOP 10 down-regulated genes, respectively.   

 

 

metabolic 
process
295 (9241)

biological
regulation

229 (8885)

cellular
process

344 (13009)

response to
stimulus
177 (6704)

115

A B

177

response to
stimulus

295     

metabolic
process

115

115

229       

344        

biological
regulation

cellular
process

115

115

65% 50%

39% 33%

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

13198 Ddit3 DNA-damage inducible transcript 3 3,27 22041 Trf transferrin -3,37

19695 Reg3g regenerating islet-derived 3 gamma 1,99 105349 Akr1c18 aldo-keto reductase family 1 -2,39

21785 Tff2 trefoil factor 2 1,86 22259 Nr1h3 nuclear receptor subfamily 1 -2,00

18489 Reg3b regenerating islet-derived 3 beta 1,85 17181 Matn2 matrilin 2 -1,82

15370 Nr4a1 nuclear receptor subfamily 4 1,81 71790 Anxa9 annexin A9 -1,71

13654 Egr2 early growth response 2 1,78 67092 Gatm glycine amidinotransferase -1,59

21926 Tnf tumor necrosis factor 1,54 57444 Isg20 interferon-stimulated protein -1,52

17691 Sik1 salt inducible kinase 1 1,53 56615 Mgst1
microsomal glutathione S-
transferase 1

-1,40

16007 Cyr61 cysteine rich protein 61 1,52 19662 Rbp4 retinol binding protein 4, plasma -1,39

14283 Fosl1 fos-like antigen 1 1,48 237038 Nox1 NADPH oxidase 1 -1,37

response to stimulus

TOP 10 up-regulated TOP 10 down-regulated
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Table 11. Significantly regulated child terms defense response and response to wounding of 
the biological process term response to stimulus. Analysis was performed regarding total 
regulated genes as well as up- and down-regulated genes by using the GeneRanker tool in the 
Genomatix Genome Analyzer. 

 

 

4.2.2 Validation of gene expression profiles by analyzing Reg3β expression 

With regard to microarray data, highly significant changes in the expression of gene sets, 

such as enhanced expression of regenerating gene 3 (Reg3) family members Reg3α (+1.2-

fold), Reg3β (+1.9-fold), and Reg3γ (+2-fold) could be observed in the colonic epithelium of 

disease-free ChopIEC Tg/Tg mice indicating a modulation of the gene expression program as-

sociated with microbial defense and response to wounding. Microarray-based up-regulation 

of Reg3β in colonic IECs has been validated by Western blotting and qPCR, while Reg3β 

expression is not affected in distal ileum of transgenic mice (Figure 25).  

Notably, different mRNA expression levels of Reg3β could be observed in proximal and 

distal colonic epithelial cells (proximal colon: ∆CT ~ -4.7, ∆∆CT ~ 1.4; distal colon: ∆CT ~ -

15.4, ∆∆CT ~ 4.3), which could be confirmed at the protein expression level regarding IF for 

Reg3β on tissue sections of proximal and distal colon (Figure 26).  

In conclusion, these findings validated microarray-based up-regulation of Reg3β in IECs 

of ChopIEC Tg/Tg mice at the level of mRNA and protein expression. Notably, the expression 

of Reg3β is specifically up-regulated in colonic tissue, but not in epithelial cells of the small 

intestine.  

Distance to GO-term ID
up-
regulated

down-
regulated

biological 
process

genes 
observed

genes 
expected

P-value P-value P-value

1 response to stimulus GO:0050896 177 143 4,90E-04 8,92E-06  --

2 response to stress GO:0006950 70 41 6,52E-06 4,92E-07  --

3 defense response GO:0006952 31 15 2,08E-04 4,73E-04  --

3 response to wounding GO:0009611 29 12 1,64E-05 5,14E-06  --

4 inflammatory response GO:0006954 20 8 8,95E-05 2,25E-04  --

total gene regulation
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Figure 25. Reg3β expression in IECs of colon and distal ileum. 

(A) Reg3β expression was analyzed by Western blotting using colonic epithelial cell isolates from 

transgenic mice and wild-type controls (n = 3). (B) mRNA expression of Reg3β in IECs isolates of 
distal ileum and colon from TG and WT mice (n = 3). Statistical significance was assessed by Stu-

dent’s t-test. P < .05 was considered statistically significant. (C) Reg3β expression in IECs of distal 
ileum from TG and WT mice, respectively. Scale bar represents 50 µm. 

 
Figure 26. Validation of microarray data through the analysis of Reg3β expression. 

(A) IF for Reg3β was performed on 5 µm tissue sections of proximal and distal colon from transgenic 

mice and wild-type controls, respectively. Scale bar represents 50 µm. (B) Reg3β expression was 
analyzed by qPCR using IECs derived from proximal and distal colon of ChopIEC Tg/Tg mice and wild-
type controls (n = 3). Statistical significance was assessed by Student’s t-test. P < .05 was consid-
ered statistically significant. 
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4.3 IEC-specific CHOP overexpression does not affect infection with 
Citrobacter rodentium, but exacerbates DSS-induced colitis 

4.3.1 Enhanced CHOP protein expression does not affect colonization and 
clearance of Citrobacter rodentium 

Infection of mice with the gram-negative, mouse-specific, enteric pathogen C. rodentium 

triggers colonic inflammation associated with Goblet cell loss and epithelial hyperplasia that 

serves as a study model for human enteric infection with the pathogens enteropathogenic 

Escherichia coli (E. coli) and enterohaemorrhagic E. coli 210-212. Recently published data 

clearly demonstrated that changes in Reg3β expression affected the outcome of colitis me-

diated by the gram-negative pathogen Salmonella enteritidis 213. Thus, C. rodentium-medi-

ated colitis is considered as an adequate study model to investigate the effects of CHOP-

driven changes in the microbial defense program associated with enhanced Reg3β expres-

sion. Based on the course of infection and body weight development, C.rodentium-induced 

colitis in ChopIEC Tg/Tg mice proceeded comparably to infected wild-type controls (Figure 27). 

 

 

Figure 27. C. rodentium infection of 8 weeks old ChopIEC Tg/Tg mice and wild-type controls. 

Female transgenic mice (n = 8) and wild-type controls (n = 10) were orally infected with approximately 
2x 10^9 CFU of C. rodentium ICC169. Fecal pellets were collected every 2-3 days and the course of 
infection was assessed by determining the bacterial load of C. rodentium in fecal pellets. C. ro-

dentium counts are plotted as mean ± SEM log10 CFU per gram of feces. Body weight changes 
were determined every 2-3 days. Data are presented as mean ± SEM. 

 

Consistent with these data, similar progression of C. rodentium infection in transgenic 

mice and wild-type controls could be observed regarding colonic weight/length ratio as well 

as disease activity parameters, such as distal colonic crypt depth and mucus area  (Figure 

28). 
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Figure 28. Disease parameter in C. rodentium infection. 

(A) The macroscopic disease activity parameter colonic weight/length ratio in mg/mm was calculated 
for each mouse 25 days post infection (dpi). (B, C) 5 µm tissue sections of paraffin-embedded colonic 
tissue were stained with alcian blue. Crypt length, total epithelial area, and mucus area was assessed 
in distal colon of each mouse. Mucus area is plotted as percentage of total epithelial area. Repre-
sentative tissue sections of distal colon are shown, scale bar represents 200 µm. Statistical signifi-
cance was assessed by non-parametric rank-sum test, P < .05 was considered statistically signifi-
cant. 

 

It is known that C. rodentium spreads to the distal colon shortly after cecal colonization 

214, 215. Since neither colonization nor clearance of C. rodentium was affected in transgenic 

mice, we addressed Reg3β expression in first, cecal tissue of disease-free ChopIEC Tg/Tg 

mice, second colonic tissue of infected mice. Interestingly, disease-free transgenic mice 

showed unchanged expression of Reg3β when IEC-specific protein levels were compared 

to wild-type controls (Figure 29), while infected mice (WT and TG) clearly revealed elevated 

Reg3β expression during clearance of C. rodentium (Figure 30).  

Taken together, these findings suggest that elevated Reg3β expression in colon of dis-

ease-free ChopIEC Tg/Tg mice does not play an important role in colonization and clearance 

of C. rodentium. 
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Figure 29. Reg3β expression in cecal tissue of ChopIEC Tg/Tg mice and wild-type controls. 

Immunofluorescence was performed on 5 µm cecal tissue sections of disease-free transgenic mice 

and wild-type controls (n = 5 per group) by using primary antibody against Reg3β. IECs were de-
tected applying anti-E-Cadherin antibody, DAPI was used for nuclear staining. Scale bar represents 

50 µm. Reg3β-positive staining in IECs was quantified and mean intensity per µm2 of epithelium is 
presented ±SD. Statistical significance was assessed by Student’s t-test, P < .05 was considered 
statistically significant.  

 
 

Figure 30. Analysis of Reg3β expression in mice 25 days after C. rodentium infection. 

(A) Basal levels of Reg3β mRNA expression in whole-colon tissue were analyzed using pathogen-

free female mice (n = 5 per group). Data are plotted as ∆CT ±SD. (B) Reg3β mRNA levels of C. 

rodentium-infected mice were analyzed by using total RNA isolates of whole-colon tissue that was 

dissected 25 dpi. Data are presented as ∆CT ±SD. (C) IF for Reg3β was performed using 5 µm-thick 
tissue sections from both proximal and distal colon of ChopIEC Tg/Tg mice and wild-type controls (25 
dpi). Epithelial cells were stained using anti-E-Cadherin antibody. DAPI was used for nuclear stain-
ing. Scale bars represent 200 µm (pC) for pC and 100 µm (dC). Statistical significance for all data 
sets was assessed by Student’s t-test, P < .05 was considered statistically significant. 
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4.3.2 High CHOP protein expression aggravates susceptibility to DSS-induced 
colitis associated with delayed recovery  

DSS-induced colitis is characterized by severe changes of the intestinal architecture and 

epithelial damage, such as hyperproliferation, goblet cell loss, crypt loss, and ulcer for-

mation, as well as infiltration of inflammatory cells 216, 217. Although the specific effects of 

DSS on intestinal tissue are still unclear, the DSS-induced colitis model is widely used to 

elucidate the impact of distinct genes of interest on inflammatory processes. To investigate 

whether an IEC-specific CHOP overexpression has an effect on the inflammatory pheno-

type in experimental colitis, 2% DSS was orally given with drinking water for 3 and 7 days, 

respectively. ChopIEC Tg/Tg mice showed significantly enhanced severity in DSS-induced co-

litis regarding body weight loss and changes in DAI after 7 days of DSS administration 

(Figure 31).  

 

Figure 31. ChopIEC Tg/Tg mice are more susceptible to DSS-induced colitis. 

Mice were given 2% of DSS for 7 days (n = 5), water was applied as negative control (n = 6). Body 
weight changes and DAI were monitored daily and percentage to initial body weight was assessed. 
Data sets were analyzed by TWA with genotype and DSS treatment as main factors followed by by 
Holm-Sidak test, P < .05 (*) and P < .01 (**) was considered statistically significant. Data were pre-
sented as means ±SD. 

These data correlated with increased mucosal tissue damage in 3 and 7 days DSS-

treated transgenic mice compared to wild-type controls (Figure 32A, Supplementary table 

1). Similar effects were shown regarding the colonic weight/length ratio as well as the 

spleen/body weight ratio (Figure 32B).  
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Figure 32. DSS-treated ChopIEC Tg/Tg mice reveal enhanced tissue pathology. 

(A) Histological scores of colonic tissue sections are presented from both 3 days (ChopIEC Tg/Tg 

mice n = 6, wild-type controls n = 5) and 7 days DSS-treated mice (n = 5) as well as water-treated 
controls (n = 6). Representative H&E stained colonic tissue sections of DSS-treated mice are 
shown. Scale bar represents 200 µm. Colonic weight/length ratio in mg/ml and spleen/body weight 
ratio in mg/g are shown in (B). All data sets were analyzed by TWA with genotype and DSS treat-
ment as main factors followed by Holm-Sidak test, P < .05 was considered statistically significant. 
Significant differences are illustrated considering both genotype and treatment as well as geno-
type-dependent differences in one treatment group. 

 

With regard to early inflammation, colonic tissue sections of 3 days DSS-treated mice 

were analyzed for immune cell infiltration. As shown in Figure 33, numbers of mucosa-

infiltrating immune cells, including macrophages, are enhanced in ChopIEC Tg/Tg mice, while 

numbers of T cells (CD3), B cells (CD220, CD19), and neutrophils (Ly6g) remained un-

changed when compared to wild-type controls. 
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Figure 33. Analysis of mucosa-inflitrating immune cells in 3 days DSS-treated mice. 

Colonic tissue sections of 3 days DSS-treated mice (n = 5-6) were analyzed for immune cell infiltra-
tion performing IHC for MHCII and F4/80 (A, B) as well as CD3 and B220 (C, D). MHCII+ and F4/80+ 
area, respectively, was quantified and calculated as percentage to total tissue area. CD3+ and B220+ 
cells were counted in total tissue and assessed as numbers of CD3+ and B220+ cells, respectively, 
per mm2 of total tissue area. Statistical significance was assessed by non-parametric rank-sum test, 
P < .05 was considered statistically significant.  

To examine the early mechanisms of disease progression, colonic IEC were isolated 

from 3 days DSS-treated mice and water-treated controls, and analyzed for the expression 

of CHOP, GRP78 and CHOP target genes Gadd34, Ero1α, Atf3, BIM, Trb3, and Bcl-2. The 

expression of Chop mRNA was not significantly regulated upon DSS treatment using intron-

spanning primer pair detecting both endogenous and transgenic Chop. Further analysis of 

Chop expression using primers specifically binding to the 5’-untranslated region of Chop 

revealed endogenous Chop mRNA expression 2.5- to 9-fold enhanced in DSS-treated mice 

compared to water-treated controls (Figure 34A). In contrast, endogenous CHOP protein 

expression was decreased, while GRP78 expression was induced in 3 days DSS-treated 

wild-type mice. Transgenic CHOP protein expression remained comparably regulated in 

DSS-and water-treated ChopIEC Tg/Tg mice (Figure 34B). Consistent with earlier observations, 
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CHOP-HA bands differed in molecular weight from ~26 to ~30 kDa with CHOP-HA ~26 kDa 

slightly more pronounced in DSS-treated mice. 

 

Figure 34. Analysis of CHOP and transgene expression in 3 days DSS-treated mice. 

IECs were isolated from water-treated and 3d DSS-treated mice. (A) Expression of transgenic and 
endogenous Chop mRNA was detected by using intron-spanning primers, while endogenous Chop 
expression was specifically detected using primers binding to the 5’-untranslated region of Chop. 
Data were analyzed by TWA with genotype and DSS treatment as main factors followed by Holm-
Sidak test, P < .05 was considered statistically significant. (B) Protein expression of CHOP, trans-

genic CHOP, and GRP78 (n = 3) was analyzed by Western blotting. β-Actin was used as loading 
control.  

 

The analysis of CHOP target gene expression revealed significantly increased mRNA 

expression levels for Gadd34, Ero1α and Atf3 in DSS-treated mice with significant higher 

induction of both Gadd34 and Ero1α in DSS-treated transgenic mice (Figure 35). Trb3 and 

Bcl-2 could not be detected by qPCR.  
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Figure 35. CHOP target gene expression in 3d DSS-treated mice. 

The expression of CHOP target genes Gadd34, Ero1α, Atf3, and BIM was analyzed by qPCR using 
IEC isolates of 3d DSS-treated mice and water-treated controls (n = 5-6). All data sets were analyzed 
by TWA with genotype and DSS treatment as main factors followed by Holm-Sidak test, P < .05 was 
considered statistically significant. Significant differences are illustrated considering both genotype 
and treatment as well as genotype-dependent differences in one treatment group. 

 

However, significantly enhanced pro-apoptotic signaling could be achieved for 3 days 

DSS-treated mice regarding the cleavage of Caspase 3, which was further increased in 

transgenic mice (Figure 36).  

 

Figure 36. DSS-treated transgenic mice show an increase of cleaved caspase 3. 

(A) Proapoptotic signaling was analyzed by performing Western blotting applying anti-cC3 antibody 

and anti-β-Actin antibody as loading control. (B) IHC was performed on 5 µm-thick colonic tissue 
sections of 3 days DSS-treated mice by using primary antibody against cC3. Numbers of cC3-posi-
tive IECs were assessed in a total epithelial area of 1 mm2. Statistical significance was assessed by 
non-parametric rank-sum test, P < .05 was considered statistically significant. Arrows in representa-
tive tissue sections indicate cC3-positive cells in WT and TG, scale bar represents 200 µm.  
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In summary, these data demonstrate that high CHOP protein expression in IECs exac-

erbates acute inflammation in experimental colitis in transgenic mice associated with en-

hanced immune cell infiltration, induced expression of CHOP target genes Gadd34 and 

Ero1α, respectively, and increased numbers of cC3-positive epithelial cells. 

Most studies dealing with CHOP and CHOP-mediated signaling have been related to 

pro-apoptotic signaling. Meanwhile, a growing number of studies accumulated suggesting 

that CHOP protein might be mechanistically involved in the regulation of proliferation as well 

as cell differentiation 168, 194. To investigate whether IEC-specific CHOP protein is implicated 

in epithelial regeneration, mucosal healing was evaluated upon DSS-induced tissue dam-

age. Therefore, 2% DSS was given for 5 days followed by a recovery period of 5 days. 

Transgenic mice were significantly retarded in their capacity to recover from DSS-induced 

colitis regarding the changes in body weight and DAI (Figure 37). This observation was 

further supported by significantly increased colonic weight/length ratio and spleen/body 

weight ratio, respectively (Figure 38A). In the context of epithelial regeneration, histological 

evaluation of affected tissue clearly indicated that disease severity was significantly asso-

ciated with delayed mucosal repair in ChopIEC Tg/Tg mice (Figure 38B, Supplementary table 

1).  

 

 

Figure 37. ChopIEC Tg/Tg mice reveal delayed recovery from DSS-induced colits. 

Transgenic mice and wild-type controls (n = 6) were orally administered 2% DSS for 5 days followed 
by a period of 5 days for recovery (DSS+H2O). Body weight changes and DAI were monitored daily 
and data are presented as means ±SD. Statistical significance was assessed by Student’s t-test, P 

< .05 (*) was considered statistically significant. 

 

In the recovery phase, both mRNA and protein expression of endogenous and transgenic 

CHOP remained unchanged comparing water-treated controls to DSS-treated mice, while 

GRP78 protein expression was strongly reduced in DSS-treated wild-type controls (Figure 

39).  
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Figure 38. Delayed recovery of transgenic mice associated with enhanced tissue pathology. 

(A) Colonic weight/length ratio was calculated in mg/ml, spleen/body weight ratio in mg/g. (B) Histo-
logical scores (0-12) were blindly evaluated regarding colonic tissue damage and immune cell infil-
tration. Representative H&E stained colonic tissue sections are shown, scale bar represents 200 µm. 
Statistical significance was assessed by Student’s t-test, P < .05 was considered statistically signifi-
cant. 

 

Figure 39. Expression of endogenous and transgenic CHOP is not regulated upon recovery 
from DSS-induced colitis. 

Large IECs were isolated from water-treated and H2O+DSS-treated mice (n = 5-6). (A) The mRNA 
expression of Chop was analyzed by using intron-spanning primer pair and primers specifically bind-
ing to the 5’-untranslated region of endogenous Chop. Data sets were analyzed by TWA with geno-
type and DSS treatment as main factors followed by Holm-Sidak test, P < .05 was considered sta-
tistically significant. (B) Western blotting (n = 3) was performed using antibodies against CHOP, HA-

tag, and β-Actin as loading control.  
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Regarding the mRNA expression of CHOP target genes, IEC-expressed Gadd34 ap-

peared significantly decreased in response to DSS treatment. Ero1α, Atf3, and BIM, re-

spectively, remained at basal expression levels, even though Atf3 has been shown to be 

significantly induced in water-treated ChopIEC Tg/Tg mice when compared to wild-type controls 

(Figure 40). 

 

Figure 40. CHOP target gene expression in the recovery phase of DSS-induced colitis. 

The expression of CHOP target genes Gadd34, Ero1α, Atf3, and BIM was analyzed by qPCR using 
total RNA from isolated large IECs of DSS+H2O-treated mice and water-treated controls (n = 5-6). 
All data sets were analyzed by TWA with genotype and DSS treatment as main factors followed by 
Holm-Sidak test, P < .05 was considered statistically significant. Significant differences are illustrated 
considering both genotype and treatment as well as genotype-dependent differences in treatment 
groups and treatment-dependent differences within one genotype.  

 

Taken together these data suggested that enhanced CHOP protein levels impair muco-

sal tissue recovery in response to DSS-induced colitis. Even though disease pathology of 

ChopIEC Tg/Tg mice might result from the more severe inflammation observed in acute exper-

imental colitis, CHOP-mediated pro-apoptotic signaling could not be confirmed at the level 

of CHOP target gene expression. Thus, sustained disease severity is highly assumed to be 

associated with deregulated epithelial regeneration.  
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4.3.3 Disease severity in DSS-treated mice is independent of CHOP-driven apop-
tosis  

Gene expression profiles of 3 days DSS-treated mice and mice in recovery were ana-

lyzed for regulation patterns leading to the more severe colitis phenotype in transgenic mice. 

Comparison of gene sets from water-treated and DSS-treated transgenic mice as well as 

wild-type controls, respectively, let assume that approximately 7865 genes might be regu-

lated upon DSS treatment. However, in early inflammation 1235 genes were significantly 

regulated in ChopIEC Tg/Tg mice when 3d DSS-treated transgenic mice were compared to 3d 

DSS-treated wild-type controls, while 1469 genes have been shown to be differently ex-

pressed in the recovery phase (Figure 41).  

 

 

Figure 41. Overview of CHOP-dependent gene expression upon DSS treatment. 

Gene expression profiles were evaluated comparing WT and TG mice in healthy and unhealthy con-
ditions upon DSS treatment. Numbers of significantly regulated genes in TG mice are presented as 
CHOP-dependent genes (red). Total gene numbers (grey) referred to the number of genes on Affy-
metrix GeneChip®. DSS-dependent gene regulation in WT has been estimated because of different 
batches of microarray experiments (rose/green).  

 

Hierarchical cluster analysis based on log2-fold change revealed that gene expression 

profiles of mice in early inflammation might be rather attributed to DSS treatment than to 

the genotype of mice (Figure 42A). With regard to CHOP-dependent gene enrichment in 

DSS-treated mice, 149 genes have been shown to be significantly regulated in both early 

inflammation and in recovery (Figure 42B). 
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Figure 42. Hierarchical cluster analysis of DSS-treated mice. 

Gene expression profiles of 3 days DSS-treated transgenic mice and ChopIEC Tg/Tg mice in recovery 
(5d DSS + 5d H2O) were assessed by calculating fold changes to adequate DSS-treated wild-type 
controls. (A) Cluster analysis was performed based on log2-fold changes of 3d DSS-treated wild-
type and transgenic mice, respectively, and mice in the recovery phase (5d DSS + 5d H2O). (B) 
Significantly regulated genes of 3d DSS- and 5d DSS + 5d H2O-treated transgenic mice were further 
analyzed for overlapping genes.  

 

Top 10 of significantly regulated genes in 3d DSS-treated ChopIEC Tg/Tg mice are shown 

in Table 12. In this regard, genes, including Atf5, Trf, S100g, and Ugt8a, appeared compa-

rably regulated to water-treated controls (Table 7) as well as ChopIEC Tg/Tg mice in recovery 

(Table 13). In contrast, none of the pathways significantly regulated in response to DSS 

treatment (Table 14) could be observed in water-treated transgenic mice.  

In early inflammation, GO term analysis regarding biological process terms (Table 15) 

revealed reduced numbers of annotated short distance child terms when compared to anal-

ysis performed for disease-free transgenic mice (Table 9) and mice in recovery, respectively 

(Table 16).  

In this regard, evaluation of biological process terms has been further performed by using 

WEB-based GEne SeT AnaLysis Toolkit 202. Child terms within the first level in the GO 

biological process hierarchy have been analyzed regarding gene sets resulting from the 

overlap analysis (Figure 43).  
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Table 12. Most highly regulated genes in 3 days DSS-treated ChopIEC Tg/Tg mice are shown as 
TOP 10 up- and down-regulated genes, respectively. Gene enrichment has been evaluated by 
comparing transgenic mice and wild-type controls upon DSS treatment. 

 

Table 13. Most highly regulated genes in ChopIEC Tg/Tg mice upon recovery are shown as TOP 
10 up- and down-regulated genes, respectively. Gene enrichment has been evaluated by 
comparing DSS-treated transgenic mice and wild-type controls in the recovery phase. 

 

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

13198 Ddit3 DNA-damage inducible transcript 3 3,32 17181 S100g S100 calcium binding protein G -4,00

74460
Gsdmcl-
ps

gasdermin C-like, pseudogene 1,88 67701 Iigp1 interferon inducible GTPase 1 -2,61

238447 Igha
immunoglobulin heavy constant 
alpha

1,88 15505 Ugt8a UDP galactosyltransferase 8A -2,49

18784 Pla2g5 phospholipase A2, group V 1,86 66373
BC02310
5

cDNA sequence BC023105 -2,48

432798 Gm5453 predicted gene 5453 1,78 22041 Mir700 microRNA 700 -2,18

21333 Tac1 tachykinin 1 1,74 735285 Trf transferrin -2,04

17898 Myl7
myosin, light polypeptide 7, 
regulatory

1,68 667597 Lsm5
LSM5 homolog, U6 small nuclear 
RNA associated 

-1,97

627860
Cyp2d37-
ps

cytochrome P450, family 2, 
subfamily d, polypeptide 37

1,66 22239 Hsph1
heat shock 105kDa/110kDa protein 
1

-1,91

268902 Robo2 roundabout homolog 2 (Drosophila) 1,64 60440 Wfdc2 WAP four-disulfide core domain 2 -1,89

107503 Atf5 activating transcription factor 5 1,64 12309 Matn2 matrilin 2 -1,83

3d DSS Chop IEC Tg/Tg mice versus wild-type controls

TOP 10 up-regulated TOP 10 down-regulated

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

13198 Ddit3 DNA-damage inducible transcript 3 3,51 76905 Lrg1 leucine-rich alpha-2-glycoprotein 1 -5,00

238447 Igha
immunoglobulin heavy constant 
alpha

2,58 22041 Trf transferrin -4,47

232889 Pla2g4c phospholipase A2, group IVC 2,33 12309 S100g S100 calcium binding protein G -3,56

1,01E+08 Gm17434 predicted gene, 17434 1,97 67701 Wfdc2 WAP four-disulfide core domain 2 -2,98

107503 Atf5 activating transcription factor 5 1,95 64177 Trpv6
transient receptor potential cation 
channel, subfamily V, member 6

-2,03

107753 Lgals2 lectin, galactose-binding, soluble 2 1,90 69923 Agk acylglycerol kinase -1,95

242443 Grin3a
glutamate receptor ionotropic, 
NMDA3A

1,88 22259 Nr1h3
nuclear receptor subfamily 1, group 
H, member 3

-1,92

19692 Reg1 regenerating islet-derived 1 1,77 19933 Rpl21 ribosomal protein L21 -1,92

12895 Cpt1b
carnitine palmitoyltransferase 1b, 
muscle

1,76 22239 Ugt8a UDP galactosyltransferase 8A -1,91

432910 Trav13-3 T cell receptor alpha variable 13-3 1,76 67092 Gatm glycine amidinotransferase -1,82

5d DSS + 5d H2O Chop IEC Tg/Tg mice versus wild-type controls

TOP 10 up-regulated TOP 10 down-regulated
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Table 14 Significantly regulated signal transduction pathways in DSS-treated ChopIEC Tg/Tg 

mice. Analysis was performed by using the GeneRanker tool in the Genomatix Genome Analyzer.   

 

Table 15. Analysis of biological process terms in 3d DSS treatment. The shown child terms with 
significant enrichment of total regulated genes as well as up- and down-regulated genes, 
respectively, display main biological processes with a distance of 1 regarding the process tree. 
Analysis was performed by using the GeneRanker tool in the Genomatix Genome Analyzer. 

 
 

 

 

 

 

 

 

 

 

 

3d DSS - pathway pathway ID genes observed genes expected P-value

PEROXISOME PROLIFERATIVE 
ACTIVATED RECEPTOR ALPHA

PW_PPARA_MUS_MUSCULUS 10 4 3,28E-03

GUANYLATE CYCLASE PW_GUCY_MUS_MUSCULUS 5 1 9,61E-03

5d DSS + 5d H2O - pathway pathway ID genes observed genes expected P-value

LOW DENSITY LIPOPROTEIN 
RECEPTOR RELATED PROTEIN

PW_LRP_MUS_MUSCULUS 20 9 4,43E-04

NUCLEAR RECEPTOR SUBFAMILY 1, 
GROUP H, MEMBER 3

PW_NR1H3_MUS_MUSCULUS 5 1 4,23E-03

ATP BINDING CASSETTE, SUB FAMILY 
A (ABC1)

PW_ABC1_MUS_MUSCULUS 9 3 6,58E-03

DOUBLE STRANDED RNA DEPENDENT 
PROTEIN KINASE/EUKARYOTIC 
INITIATION FACTOR 2ALPHA

PW_PKR_MUS_MUSCULUS 10 4 8,57E-03

GO-term ID up-regulated
down-
regulated

genes observed
genes 
expected

P-value P-value P-value

cellular process GO:0009987 692 612 3,29E-07 3,22E-04 2,36E-04

metabolic process GO:0008152 499 435 3,12E-05 2,24E-05

response to stimulus GO:0050896 379 315 1,10E-05  -- 1,74E-04

multicellular organismal 
process

GO:0032501 307 262 7,02E-04  -- 5,24E-04

signaling GO:0023052 266 231 4,69E-03  -- 1,17E-03

immune system 
process

GO:0002376 80 58 2,63E-03 2,96E-03  --

total gene regulation
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Table 16. Analysis of biological process terms in DSS recovery phase. The shown child terms 
with significant enrichment of total regulated genes as well as up- and down-regulated genes, 
respectively, display main biological processes with a distance of 1 regarding the process tree. 
Analysis was performed by using the GeneRanker tool in the Genomatix Genome Analyzer. 

 
 

As shown in Figure 43A, GO analysis considering overlapping gene sets revealed similar 

distribution patterns of biological process child terms when compared to annotations of in-

dividually regulated genes in 3d DSS-treated mice and mice in recovery, respectively. Of 

note, cell death-associated genes appeared not regulated in a CHOP-dependent manner. 

82 genes have been annotated to biological process child term death in early inflammation, 

while 108 genes seem to be regulatory involved in mechanisms underlying cell death in the 

recovery phase. In this regard, only 12 genes have been shared, even though both DSS 

treatments resulted in more severe colitis in transgenic mice when compared to wild-type 

controls. With regard to total numbers of shared genes, comparison of fold-change values 

demonstrated that various gene sets were inversely regulated upon DSS treatments (Figure 

43B). 70 overlapping genes have been found in total overlap analysis including expression 

profiles of disease-free ChopIEC Tg/Tg mice (4.2.1). Herein, comparison of fold-change values 

revealed similar expression patterns in all three conditions (Figure 43C, Supplementary ta-

ble 2). Top 10 up- and down-regulated genes of total overlap analysis are presented in 

Table 17.  

GO-term ID up-regulated
down-
regulated

genes observed
genes 
expected

P-value P-value P-value

metabolic process GO:0008152 686 536 1,68E-17  -- 6,71E-24

cellular process GO:0009987 939 755 5,72E-26 3,34E-12 3,76E-15

establishment of 
localization

GO:0051234 254 185 3,86E-08 2,25E-03 1,39E-06

immune system 
process

GO:0002376 95 72 3,42E-03  --  --

localization GO:0051179 292 223 3,35E-07 2,73E-03 1,48E-05

developmental process GO:0032502 267 218 1,72E-04 1,36E-05  --

response to stimulus GO:0050896 464 389 2,96E-06 8,56E-09  --

cellular component 
organization or 
biogenesis

GO:0071840 227 192 3,64E-03  -- 5,17E-04

biological regulation GO:0065007 632 516 2,10E-11 3,33E-15  --

multicellular organismal 
process

GO:0032501 384 323 4,72E-05 7,27E-11  --

signaling GO:0023052 346 285 2,20E-05 2,07E-12  --

total gene regulation



  RESULTS 

64 

 
Figure 43. GO analysis of biological process terms regarding gene sets individually and com-
monly regulated upon DSS treatments. 

Significantly regulated genes in transgenic mice were assessed with regard to gene expression in 
adequate wild-type controls. (A) Expression profiles of DSS-treated transgenic mice were studied by 
GO analysis regarding first levels in hierarchy of biological process child terms. Annotations are 
shown for shared and individually regulated gene sets. (B) Fold-change values of shared genes upon 
DSS treatment were illustrated in a range of -2 to 2. (C) Total overlap analysis was performed con-
sidering significantly regulated genes in disease-free, 3d DSS-treated, and 5d DSS + 5d H2O-treated 
ChopIEC Tg/Tg mice. Fold-change values of totally shared genes that were regulated in a CHOP-de-
pendent manner were illustrated in a range of -2 to 2.  
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Table 17. TOP 10 up- and down-regulated genes resulting from overlap analysis of gene sets 
significantly regulated in disease-free, 3d DSS-, and 5d DSS + 5d H2O-treated transgenic mice 
when compared to adequate wild-type controls.  

 
 

 

Regarding to gene sets in total overlap, changes in gene expression could be observed 

modulating epithelial cell proliferation as well as cell migration, such as Tff2 and Atf5 218, 219 

In order to gain a better understanding of gene regulation in the recovery phase, gene 

expression profiles of transgenic mice and wild-type controls, respectively, were compared 

between 3 days DSS treatment and recovery. 4512 and 2889 genes were significantly reg-

ulated in wild-type and transgenic mice, respectively, when gene expression profiles of 3 

days DSS-treated mice were compared to gene regulations in recovery (Figure 44A). In this 

regard, overlap analysis revealed 1353 shared genes (Figure 44B).  

GO analysis for biological process terms showed that 324 and 173 genes were anno-

tated to child terms cell proliferation and growth in wild-type mice, respectively, while 180 

and 86 significantly regulated genes were annotated to corresponding child terms in ChopIEC 

Tg/Tg mice (Figure 45). Herein, 95 (cell proliferation) and 45 genes (growth), respectively, 

have been shared by ChopIEC Tg/Tg mice and wild-type controls indicating that transgenic 

mice progressed towards, but were delayed in the recovery phase. However, top 10 up- 

and down-regulated genes considering overlapping and non-overlapping gene sets are 

shown in Tables 18-21.  

gene 
name

description log2
gene 
name

description log2

Ddit3 DNA-damage inducible transcript 3 3.27 / 3.32 / 3.51 S100g S100 calcium binding protein G  -5.54 / -4.00 / -3.56

Lgals2 lectin, galactose-binding, soluble 2 2.05 / 1.62 / 1.90 Ugt8a UDP galactosyltransferase 8A  -3.41 / -2.49 / -1.91

Reg3g regenerating islet-derived 3 gamma 1.99 / 1.42 / 1.61 Trf transferrin  -3.37 / -2.03 / -4.47

Atf5 activating transcription factor 5 1.88 / 1.64 / 1.95 Cyp3a25
cytochrome P450, family 3, 
subfamily a, polypeptide 25

 -2.58 / -1.55 / -1.51

Tff2 trefoil factor 2 1.86 / 1.48 / 1.54 Akr1c18
aldo-keto reductase family 1, 
member C18

 - 2.39 / -1.61 / -1.63

Plscr4 phospholipid scramblase 4 1.59 / 1.31 / 1.71 Slc16a12 solute carrier family 16, member 12  -2.09 / -1.36 / -1.65

Lpo lactoperoxidase 1.50 / 1.48 / 1.47 Nr1h3
nuclear receptor subfamily 1, group 
H, member 3

 -2.00 / -1.65 / -1.92

Tfip11 tuftelin interacting protein 11 1.47 / 1.33 / 1.48 Wfdc2 WAP four-disulfide core domain 2  -1.96 / -1.89 / -2.98

Srrd SRR1 domain containing 1.42 / 1.33 / 1.26 Matn2 matrilin 2  -1.82 / -1.83 / -1.66

Epdr1 ependymin related protein 1 1.39 / 1.25 / 1.41 Anxa9 annexin A9  -1.71 / -1.22 / -1.17

TOP 10 down-regulated

overlapping genes in TG upon H2O / 3d DSS / 5d DSS + 5d H2O

TOP 10 up-regulated
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Figure 44. Gene expression profiles of WT and TG comparing 3d DSS and 5d DSS + 5d H2O 
treatment. 

(A) Significantly regulated genes were assessed in wild-type controls and transgenic mice comparing 
gene expression profiles of 3d DSS treatment versus 5d DSS + 5d H2O. (B) Overlap analysis of 
genes that are significantly regulated comparing 3d DSS versus 5d DSS + 5d H2O showed 1353 
shared genes between WT and TG.  

 

 

 

Figure 45. GO analysis of biological process terms regarding gene sets individually and com-
monly regulated in ChopIEC Tg/Tg mice and wild-type controls, respectively.  

Gene expression profiles were assessed for WT and TG, respectively, comparing 3d DSS and 5d 
DSS + H2O. Gene sets of WT and TG mice were further analyzed for overlapping and non-overlap-
ping genes (Figure 44). The resulting expression profiles of transgenic mice and wild-type controls 
were studied by GO analysis regarding first levels in hierarchy of biological process child terms. 
Annotations are shown for shared and individually regulated gene sets. 
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Table 18. Most highly regulated individual genes in wild-type mice comparing gene 
expression profiles of 3d DSS-treated mice and mice in recovery are shown as TOP 10 up- 
and down-regulated genes. 

 
 

 

Table 19. Most highly regulated individual genes in ChopIEC Tg/Tg mice comparing gene 
expression profiles of 3d DSS-treated mice and mice in recovery are shown as TOP 10 up- 
and down-regulated genes. 

 

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

20201 S100a8 S100 calcium binding protein A8 3,89 667597 BC023105 cDNA sequence BC023105 -2,85

20568 Slpi
secretory leukocyte peptidase 
inhibitor

3,48 13615 Edn2 endothelin 2 -2,08

16176 Il1b interleukin 1 beta 3,34 60440 Iigp1 interferon inducible GTPase 1 -1,99

245195 Retnlg resistin like gamma 3,26 224093 Fam43a
family with sequence similarity 43, 
member A

-1,96

105892
9030619P
08Rik

RIKEN cDNA 9030619P08 gene 2,82 384061 Fndc5
fibronectin type III domain containing 
5

-1,94

18126 Nos2 nitric oxide synthase 2, inducible 2,64 23886 Gdf15 growth differentiation factor 15 -1,89

20202 S100a9 S100 calcium binding protein A9 2,62 71785 Pdgfd
platelet-derived growth factor, D 
polypeptide

-1,85

68713 Ifitm1
interferon induced transmembrane 
protein 10

2,45 27057 Ncoa4 nuclear receptor coactivator 4 -1,84

17110 Lyz1 lysozyme 1 2,44 394436 Ugt1a1
UDP glucuronosyltransferase 1 
family, polypeptide A1

-1,80

12365 Casp14 caspase 14 2,43 242443 Grin3a glutamate receptor ionotropic -1,79

WT 3d DSS versus 5d DSS + 5d H2O - individual genes

TOP 10 up-regulated TOP 10 down-regulated

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

100303740 Snora75 small nucleolar RNA, H/ACA box 75 3,37 66289 Mptx1 mucosal pentraxin 1 -4,99

100039904 Gm20819 predicted gene, 20819 2,51 19933 Rpl21 ribosomal protein L21 -2,19

70935 Speer4f
spermatogenesis associated 
glutamate (E)-rich protein 4f

2,17 67701 Wfdc2 WAP four-disulfide core domain 2 -2,18

735268 Mir680-1 microRNA 680-1 2,14 433247 Cyp2c68
cytochrome P450, family 2, 
subfamily c, polypeptide 68

-2,06

100043123 Gm11710 predicted gene 11710 2,13 16803 Lbp lipopolysaccharide binding protein -1,95

104307 Rnu12 RNA U12, small nuclear 2,11 15129 Hbb-b1 Hbb-b1 -1,94

20531 Slc34a2
solute carrier family 34 (sodium 
phosphate), member 2

2,06 619597 Gm6086 predicted gene 6086 -1,74

664608 Rhox4g reproductive homeobox 4G 1,99 100040244 Gm14698
serine/threonine/tyrosine interaction 
protein pseudogene

-1,66

243420 Igkv1-135
immunoglobulin kappa variable 1-
135

1,90 269378 Ahcy
S-adenosylhomocysteine hydrolase-
like 1

-1,63

104369 Snora69 small nucleolar RNA, H/ACA box 69 1,77 668178 Mettl7a3 methyltransferase like 7A3 -1,62

TG 3d DSS versus 5d DSS + 5d H2O - individual genes

TOP 10 up-regulated TOP 10 down-regulated
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Table 20. Most highly regulated overlapping genes in wild-type mice comparing gene 
expression profiles of 3d DSS-treated mice and mice in recovery are shown as TOP 10 up- 
and down-regulated genes. 

 
 

 

Table 21. Most highly regulated overlapping genes in ChopIEC Tg/Tg mice comparing gene 
expression profiles of 3d DSS-treated mice and mice in recovery are shown as TOP 10 up- 
and down-regulated genes. 

 
 

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

76905 Lrg1 leucine-rich alpha-2-glycoprotein 1 8,45 193740 Hspa1a heat shock protein 1A -9,60

18780 Pla2g2a phospholipase A2, group IIA 7,43 15505 Hsph1
heat shock 105kDa/110kDa protein 
1

-4,44

17225 Mcpt2 mast cell protease 2 6,43 69983 Sis
sucrase isomaltase (alpha-
glucosidase)

-2,85

21941 Tnfrsf8
tumor necrosis factor receptor 
superfamily, member 8

5,95 74646 Spsb1
splA/ryanodine receptor domain and 
SOCS box containing 1

-2,79

368204 Khdc1a KH domain containing 1A 5,73 13170 Dbp
protein kinase C, delta binding 
protein

-2,73

17224 Mcpt1 mast cell protease 1 4,75 18627 Per2 period circadian clock 2 -2,57

100529074 Snora33 small nucleolar RNA, H/ACA box 33 4,14 12837 Col8a1 collagen, type VIII, alpha 1 -2,45

19871 Rnu73b U73B small nuclear RNA 3,91 15370 Nr4a1
nuclear receptor subfamily 4, group 
A, member 1

-2,30

20730 Spink3
serine peptidase inhibitor, Kazal 
type 3

3,87 26878 B3galt2
GlcNAc beta 1,3-
galactosyltransferase

-2,27

16819 Lcn2 lipocalin 2 3,85 53325 Banp BTG3 associated nuclear protein -2,26

WT 3d DSS versus 5d DSS + 5d H2O - shared genes

TOP 10 up-regulated TOP 10 down-regulated

gene ID
gene 
name

description
fold 
change

gene ID
gene 
name

description
fold 
change

17225 Mcpt2 mast cell protease 2 5,39 193740 Hspa1a heat shock protein 1A -3,76

368204 Khdc1a KH domain containing 1A 5,32 15505 Hsph1
heat shock 105kDa/110kDa protein 
1

-2,73

100529074 Snora33 small nucleolar RNA, H/ACA box 33 4,53 13170 Dbp
protein kinase C, delta binding 
protein

-2,41

19850 Rnu3a U3A small nuclear RNA 4,36 11572 Crisp3 cysteine-rich secretory protein 3 -2,24

16819 Lcn2 lipocalin 2 4,19 246709 Rgs13 regulator of G-protein signaling 13 -2,23

17224 Mcpt1 mast cell protease 1 3,88 229599 Gm129 predicted gene 12942 -2,15

18780 Pla2g2a phospholipase A2, group IIA 3,86 18828 Plscr2 phospholipid scramblase 2 -2,07

21941 Tnfrsf8
tumor necrosis factor receptor 
superfamily, member 8

3,63 16425 Itih2
inter-alpha trypsin inhibitor, heavy 
chain 2

-2,03

27211 Snord35a small nucleolar RNA, C/D box 35A 3,37 18627 Per2 period circadian clock 2 -2,03

100217428 Snord57 small nucleolar RNA, C/D box 57 3,37 353320 Defb37 defensin beta 37 -1,99

TG 3d DSS versus 5d DSS + 5d H2O - shared genes

TOP 10 up-regulated TOP 10 down-regulated
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In conclusion, these data indicated that DSS-induced colitis in transgenic mice is inde-

pendent of CHOP-mediated apoptosis. In this regard, susceptibility to DSS-driven colonic 

inflammation might be rather affected by mechanisms underlying defective epithelial prolif-

eration, consequently leading to decreased regenerative capacity in early inflammation and 

recovery, respectively.  

Based on animal experimentation, we further addressed the effects of CHOP on cell 

proliferation by performing in vitro studies in the colonic epithelial cell line ptk6.  
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4.4 High CHOP protein expression delays cell cycle progression in colonic 
epithelial ptk6 cells 

Enhanced CHOP protein expression has been reported to impact on cell cycle progres-

sion in vitro by inducing G1 arrest in NIH-3T3 cells 160. However, recent studies demon-

strated that the inhibitory effect of CHOP protein on cell proliferation seemed to be depend-

ent on its subcellular localization, which in turn is strongly dependent on its transcriptional 

activation. Thus, we addressed two main questions by in vitro experimentation 156, 168. First, 

we investigated the regulatory mechanisms that might occur in IECs affecting the transcrip-

tional activity of CHOP, and second, we studied CHOP-driven effects on the proliferative 

capacity of IECs. 

 

4.4.1 Transgenic CHOP-HA protein is degraded by the proteasome and post-
translationally modified by phosphorylation 

According to previous reports, proteasomal degradation of CHOP-HA protein has been 

investigated to evaluate the correlation between transgene mRNA expression and CHOP-

HA protein levels 152, 153. Therefore, colonic epithelial ptk6 cells were transfected with 

pcDNA3.1(-)-CHOP-HA for 24 hours and subsequently treated with the proteasome inhibi-

tor Lactacystine. As indicated in Figure 46, CHOP-HA protein expression is increased in 

response to Lactacystine treatment. 

 

 

Figure 46. CHOP-HA undergoes proteasomal degradation in transiently transfected ptk6 
cells. 

Colonic epithelial ptk6 cells were transfected with pcDNA3.1(-)-CHOP-HA for 24h followed by in-
cubation with proteasome inhibitor Lactacyctine (10 µM) for 3h and 6h, respectively. Whole protein 

extracts were analyzed by Western blotting using anti-HA antibody and anti-β-Actin antibody as 
loading control. 

 
 

With regard to protein band pattern detected by Western blotting using IEC isolates from 

transgenic mice, the molecular weight of CHOP-HA differs from ~26 kDa to ~30 kDa. Nota-

bly, CHOP-HA protein exhibited similar expression pattern in vitro and in vivo (Figure 47A). 
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Since transcriptional activity of CHOP protein is regulated by phosphorylation, CHOP pro-

tein band pattern was further analyzed upon dephosphorylation 150, 151. Treatment of native 

protein lysates from transfected ptk6 cells with AP yielded into a shift towards lower molec-

ular masses clearly suggesting post-translational modification of CHOP-HA by phosphory-

lation (Figure 47B).  

 

Figure 47. In vitro data indicate post-translational modification of CHOP-HA protein by phos-
phorylation. 

(A) Protein lysates of CHOP-HA-transfected ptk6 cells and colonic IECs from ChopIEC Tg/Tg mice were 

analyzed by Western blotting using anti-HA antibody and anti-β-Actin antibody as loading control. 
(B) Native protein lysates of CHOP-HA transfected ptk6 cells were treated with AP for 0, 15, 30, and 
60 min, as well as for 90 min with and without AP. SDS-15% Page was performed followed by West-
ern blot analysis using anti-HA antibody. Shown Western blot data represent 3 independent experi-
ments.  

In fact, CHOP protein was found to be phosphorylated by p38 MAP kinase at serine 

residues 78/81 as well as by casein kinase II at adjacent serine residues 14/15 and 30/31 

regulating its transcriptional activation 150, 151. Consequently, specific serine residues have 

been replaced by alanine generating plasmid constructs containing CHOP-HA [S14/15A], 

CHOP-HA [S30/31A], CHOP-HA [S14/15A, S30/31A], CHOP-HA [S78/81A], and CHOP-

HA [S14/15A, S30/31A, S78/81A] (Figure 48A).  

Transfection of ptk6 cells with mutated plasmid constructs and subsequent treatment of 

corresponding native protein lysates with AP showed that CHOP-HA protein is post-trans-

lationally modified by phosphorylation at p38 MAP kinase-specific phosphorylation sites, 

serine residues 78/81 (Figure 48B). Accordingly, CHOP-HA [S78/81A] could be detected 

as a single protein band that indicated a molecular weight comparably to AP-treated protein 

lysates. Representative Western blot analysis using protein lysates of transfected ptk6 cells 

with CHOP-HA and CHOP-HA [S78/81A] further confirmed changes in molecular weight 

due the inhibition of phosphorylation at p38 MAP kinase-specific phosphorylation sites (Fig-

ure 48C). 
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Figure 48. CHOP-HA is post-translationally modified at p38 MAP kinase-specific phosphor-
ylation sites 

(A) Overview of phosphorylation sites regulating the transcriptional activation of CHOP protein 
according to Wang et al. (1996) and Ubeda et al. (2003). CHOP mutant constructs were generated 
replacing specific serine residues by alanine. (B) Non-differentiated ptk6 cells were transfected 
with mutated CHOP-HA constructs [14/15A], [30/31A], [S14/15A, S30/31A], [S78/81A], and 
[S14/15A, S30/31A, S78/81A] for 40h. Native protein lysates were incubated with and without AP 
for 90 min. SDS-15% Page was performed followed by Western blotting using anti-HA antibody. 
(C) Western blot analysis of protein lysates derived from ptk6 cells expressing CHOP-HA and 

CHOP-HA [S78/81A] was performed by using anti-HA antibody and anti-β-Actin antibody as load-
ing control.  

 
 

Taken together, these findings suggested that CHOP-HA undergoes post-translational 

modifications at p38 MAP kinase-specific phosphorylation sites, which is highly associated 

with the transcriptional activation of CHOP. In contrast, CHOP-HA mRNA-protein correla-

tion is strongly affected by proteasomal degradation, thus reducing the total amount of 

transgenic protein. 
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4.4.2 CHOP protein promotes cell cycle delay in colonic epithelial ptk6 cells as-
sociated with impaired scratch closure  

Transcriptional activation of CHOP is strongly associated with cell death 86. Since CHOP-

activating p38 MAP kinase appeared regulatory involved in the post-translational modifica-

tion of CHOP-HA in vitro, p38 MAPK activation was further analyzed upon 3 days DSS 

treatment and recovery from DSS-induced colitis. As indicated in Figure 22, phosphoryla-

tion of p38 MAPK in IECs of ChopIEC Tg/Tg mice was comparable to wild-type controls. The 

analysis of IECs derived from DSS-treated mice indicated changes in the phosphorylation 

status of p38 MAPK similarly regulated in both transgenic and wild-type mice. 3 days DSS-

treated mice displayed enhanced activation of p38 MAPK in IECs, while decreased levels 

of P-p38 MAPK were detected upon recovery from DSS-induced colitis (Figure 49). Notably, 

Western blot analysis was performed in time with those of Figure 34 and Figure 39 using 

similar sample volumes. Since P-p38 and β-Actin reveal similar molecular masses (~40 

kDa), loading control is indicated by β-Actin of corresponding Western blots. Histon 3 (~19 

kDa) was not available as adequate protein loading control.  

 

Figure 49. Phosphorylation status of p38 MAPK upon 3 days 2% DSS and recovery from DSS-
induced colitis. 

Protein lysates of IECs derived from water-treated mice as well as 3 days DSS-treated mice and 
mice in recovery from DSS-induced colitis (n = 3) were analyzed by Western blotting using anti-P-

p38 antibody. Protein load is indicated by applying β-Actin on parallel performed Western blots us-
ing similar sample volumes. 

With regard to functional consequences that may be driven in dependence on the phos-

phorylation status of CHOP protein, we generated stable ptk6 cell lines expressing CHOP-

HA and CHOP-HA [S78/81A], respectively (Figure 50A).  
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Figure 50. Stably transfected ptk6 cell lines comparably express CHOP-HA and CHOP-HA 
[S78/81A]. 

(A) Western blot analysis was performed using protein lysates derived from stably transfected ptk6 

cells. Transgene expression was demonstrated by applying anti-HA antibody and anti-β-Actin anti-
body as loading control. Nuclear localization of CHOP-HA and CHOP-HA [S78/81A] is shown in (B). 

First, we could show that both CHOP-HA and CHOP-HA [S78/81A] protein is mainly 

located in nuclei of ptk6 cell lines (Figure 50B). Second, we examined the effects of high 

CHOP-HA and CHOP-HA [S78/81A] expression on barrier function by measuring TEER, 

showing that neither CHOP-HA nor CHOP-HA [S78/81A] affected the epithelial integrity of 

ptk6 monolayers (Figure 51A).  

 

Figure 51. CHOP-HA does not impact on epithelial integrity, but impairs epithelial cell prolif-
eration. 

(A) Epithelial integrity was examined for stable cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-
HA [S78/81A] (technical replicates n = 4). TEER measurement was performed for 5 days, starting 2 
days after plating cells into transwell inserts. Data in Ohm.cm2 are plotted as means ± SD. (B) Cell 
proliferation (technical replicates n = 10) was observed for 5 days and evaluated using cell 
proliferation ELISA. Doubling time was assessed and statistical significance was calculated by non-
parametric rank-sum test. P < .05 was considered statistically significant.  
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Interestingly, high CHOP protein expression diminished the proliferation of ptk6 cells, 

which was most decreased in cells expressing CHOP-HA [S78/81A] (Figure 51B). This ef-

fect was highly associated with an impaired cell migration evaluated by an in vitro scratch 

wound healing assay (Figure 52).  

 

Figure 52. CHOP-HA overexpression leads to impaired scratch closure in ptk6 cells. 

(A) Stable ptk6 cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-HA [S78/81A] were scratched 4 
days after reaching confluency (n = 20). Scratch closure was daily monitored and scratch diameter 
was calculated as percentage of initial scratch size. In non-parametric rank-sum test. P < .001 (***) 
was considered statistically significant. Statistical significance on day 4 refers to differences between 
ptk6:ctrl and ptk6:CHOP-HA. Scratch closure is shown in (B). Shown data represent 3 independent 
experiments. 

The limit of the proliferative capacity of CHOP overexpressing ptk6 cells seemed to be 

independent of CHOP-driven cell death induction as both numbers of necrotic and apoptotic 

cells remained unchanged (Figure 53).  

 

Figure 53. High CHOP protein expression does not induce cell death in ptk6 cells 

Markers of cell death were monitored in stable cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-
HA [S78/81A]. (A) 20.000 cells/ml were seeded into 24-well plates and numbers of necrotic cells 
were analyzed by trypan blue staining for 5 days (technical replicates n = 8). (B) 100.000 cells/ml 
were seeded into 24-well plates and numbers of apoptotic cells were assessed by performing TUNEL 
assay. Numbers of apoptotic cells were calculated as percentage of total cells (technical replicates 
n = 4). All data are plotted as means ± SD.  
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The effect of CHOP-HA and CHOP-HA [S78/81A] overexpression, respectively, on cell 

proliferation was further evaluated by flow cytometry using propidium iodide DNA staining. 

As shown in Figure 54, overexpression of CHOP-HA caused cell accumulation in G0/G1 

associated with decreased number of cells in G2/M. In contrast, overexpression of CHOP-

HA [S78/81A] resulted in increased accumulation of cells in G2/M associated with reduced 

number of cells in G0/G1. Notably, the S phase of the mitotic cell cycle was not affected by 

transgene overexpression.  

 

Figure 54. Enhanced CHOP-HA and CHOP-HA [S78/81A] expression alters cell cycle pro-
gression in ptk6 cells. 

(A) Cell cycle of stable ptk6 cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-HA [S78/81A], 
respectively, was analyzed by flow cytometry using propidium iodide DNA staining. (B) Number of 
cells in G1, S, and G2 phase of the mitotic cell cycle was given as percentage of total cell number. 
Data are presented as means ±SD. Statistical significance was assessed by non-parametric rank-
sum test. P < .05 was considered statistically significant. Shown data represent 5 independent 
experiments. 

 
 

In the context of proliferation, CHOP has been reported to implicate in Wnt signaling at 

the level of TCF binding 194. With regard to these data, c-Myc and Cyclin D1 mRNA 

expression has been examined in stable ptk6 cell lines and colonic IEC isolates of ChopIEC 

Tg/Tg mice and wild-type controls. As indicated in Figure 55, both Wnt target genes remained 

unaffected by CHOP in vitro and in vivo.  



  RESULTS 

77 

 

Figure 55. High CHOP protein expression does not affect Wnt signaling. 

Ptk6 cell lines ptk6:ctrl, ptk6:CHOP-HA, ptk6:CHOP-HA [S78/81A] (A) and colonic IECs of transgenic 
and wild-type mice (n =6) (B) were analyzed for mRNA expression of Wnt target genes c-Myc and 
Cyclin D1 by qPCR. Non-confluent cells were harvested at 6 different time points. All data sets were 
analyzed by non-parametric rank-sum test. P < .05 was considered statistically significant. 

In conclusion, these data indicated that CHOP impairs the proliferative capacity of co-

lonic epithelial ptk6 cells independent of CHOP-driven cell death. Both, CHOP-HA and 

CHOP-HA [S78/81A] affected cell cycle progression associated with decreased cell migra-

tion suggesting that enhanced CHOP protein expression implicates in epithelial cell regen-

eration of ChopIEC Tg/Tg mice.  

Based on these results, proliferation and cell migration of IECs were investigated in 

ChopIEC Tg/Tg mice by performing in vivo BrdU labeling.



  RESULTS 

78 

4.5 CHOP overexpression decreases numbers of proliferative cells in trans-
genic mice associated with impaired mucosal tissue repair 

To investigate whether high CHOP-HA expression has an effect on epithelial cell prolif-

eration, disease-free ChopIEC Tg/Tg mice and wild-type controls were injected with BrdU for in 

vivo labeling of proliferative cells. Mice were sacrificed on days 1 and 3 post BrdU injection 

and tissue sections of jejunum, ileum, and distal colon were analyzed for BrdU-positive 

cells. Numbers of BrdU-positive cells were calculated as percentage of cells along the vil-

lus/crypt axis and migration rate of BrdU-positive cells was presented as percentage of dis-

tance to villus/crypt tip. As shown in Figure 56, CHOP-HA overexpression did not affect IEC 

proliferation in jejunum and distal ileum, respectively. 

 

Figure 56. CHOP-HA overexpression has no effect on epithelial cell proliferation in jejunum 
and distal ileum of ChopIEC Tg/Tg mice. 

Transgenic mice and wild-type controls were injected with BrdU for in vivo labeling of proliferative 
cells and sacrificed on days 1 and 3 post injection. 5 µm tissue sections of jejunum (A) and distal 
ileum (B) were analyzed for BrdU-positive cells by IHC. Number of BrdU-positive cells was calculated 
as percentage of total cell number along the villus/crypt axis. Migration rate of BrdU-positive cells 
was assessed as percentage relative to villus/crypt height. All data sets were analyzed by non-par-
ametric rank-sum test. P < .05 was considered statistically significant. 
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In contrast, proliferation of IECs was found to be significantly decreased in distal colon 

of ChopIEC Tg/Tg mice when compared to wild-type controls (Figure 57). With regard to the 

proliferation markers used in this experiment, BrdU-positive cells specifically represented 

IECs in the S-phase, while Ki-67-positive cells referred to cells in all phases of the cell cycle 

except G0 (Figure 57A).  

 

Figure 57. CHOP-HA overexpression in distal colon leads to reduced numbers of proliferative 
cells associated with decreased migration. 

Colonic tissue sections of transgenic mice and wild-type controls sacrificed on days 1 and 3 post 
BrdU injection (n = 5), were analyzed for BrdU- and Ki-67 positive cells. Detection of proliferation 
markers BrdU and Ki-67 within the cell cycle is illustrated in (A). (B) Numbers of BrdU- and Ki-67-
positive cells were assessed by IHC. Numbers of BrdU+ cells are given as percentage to total cell 
numbers along the crypt axis. Numbers of Ki-67+ cells were assessed per crypt. (C) Migration rate 
of BrdU-positive cells was assessed as percentage relative to crypt depth. (D) Representative colonic 
tissue sections from ChopIEC Tg/Tg mice and wild-type controls were stained for both BrdU- and Ki-67-
positive epithelial cells. Haemalaun was used for nuclear counterstaining. Scale bars represent 50 
µm. All data sets were analyzed by non-parametric rank-sum test, P < .05 was considered statistically 
significant. 
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Reduced numbers of BrdU-positive IECs were associated with a delayed migration rate 

of colonic epithelial cells (Figure 57B and C). However, numbers of Ki-67-positive cells re-

mained unchanged in ChopIEC Tg/Tg mice compared to wild-type controls. Similar results 

could be assessed in BrdU-labeled mice further illustrated by representative tissue sections 

of distal colon that were co-stained for BrdU and Ki-67 (Figure 57C and D). 

Taken together, these data clearly demonstrated that enhanced CHOP protein expres-

sion implicates in cell cycle progression of colonic IECs associated with decreased ratio of 

BrdU- to Ki-67-positive cells and significantly reduced cell migration.  
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4.6 CHOP protein impairs wound healing in disease-free transgenic mice 

Based on our previous findings, we could show that disease severity in response to DSS 

treatment is significantly enhanced in ChopIEC Tg/Tg mice. Since IEC-specific CHOP overex-

pression further decreased the process of epithelial regeneration upon DSS-induced mu-

cosal tissue damage, we strongly suggested that this effect might be associated with the 

reduced proliferation and cell migration of colonic IECs observed in disease-free transgenic 

mice. Following this hypothesis, we next evaluated mucosal tissue repair of mechanically 

induced wounds. Accordingly, mechanical wounds were induced in colonic mucosa of dis-

ease-free ChopIEC Tg/Tg mice and wild-type controls. Wound healing was followed by video 

colonoscopy on days 0, 1, 2, 3 and 5 calculating wound diameters as percentage of initial 

wound size. In transgenic mice, wound closure was significantly retarded when compared 

to wild-type controls (Figure 58).  

 

Figure 58. Wound healing is impaired in ChopIEC Tg/Tg mice.

(A) Colonic mucosal lesions were mechanically induced in ChopIEC Tg/Tg mice and wild-type controls 
(n = 6 per group). Wound healing was monitored by video colonoscopy on days 0, 1, 2, 3, and 5. (B) 
Wound diameters were assessed and calculated as percentage to initial wound size. Data for days 
0, 1, 2, and 3 (n = 6) are presented as means ±SD. Statistical significance was assessed by Student’s 
t-test, P < .001 (***) was considered statistically significant. 

Wound closure was further evaluated at the histological level comparing H&E staining 

as well as IF for E-Cadherin. Therefore, mice were sacrificed on days 3 and 5 of healing (n 

= 3 per group and day). As shown in Figure 59, the epithelial cell layer was still disintegrated 

in ChopIEC Tg/Tg mice on days 3 and 5 of healing, while healing as sufficiently progressed to 

wound closure in wild-type controls. Notably, TUNEL assay did not detect apoptotic epithe-

lial cells in wound regions of transgenic mice. 
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Figure 59. Transgenic mice show delays in colonic epithelial regeneration. 

Mice were sacrificed by cervical dislocation at days 3 and 5 (n = 3 per group and day). 5 µm-thick 
colonic tissue sections of ChopIEC Tg/Tg mice and wild-type controls were stained with H&E. IF was 
performed by using primary antibody against E-Cadherin. DAPI was used for nuclear staining. 
TUNEL assay was performed after 3 and 5 days of mechanical injury. Positive control was treated 
with DNaseI. Arrows indicate disrupted epithelial cell layer. Scale bars represent 200 µm.  

With regard to wound regions, wild-type mice displayed enhanced immune cell infiltration 

when compared to ChopIEC Tg/Tg mice. Analysis of immune cell stainings revealed that pro-

gressing wound closure correlated with infiltration of CD19-positive B cells, while delayed 

wound healing seemed to be associated with increased Vimentin production (Figure 60). In 

this context, we compared numbers of CD19-positive cells in disease-free and DSS-treated 

mice, respectively, showing that infiltration with mucosal CD19-positive B cells was specif-

ically enhanced in the recovery phase of DSS-treated mice (Figure 61).  
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Figure 60. Delayed wound closure is associated with enhanced Vimentin production and re-
duced CD19+ immune cell infiltration. 

Mucosal healing was analyzed on days 3 and 5 after wound induction. (A) Tissue sections containing 
wound regions were stained for Vimentin as a marker for fibroblasts. E-Cadherin staining was per-
formed illustrating the epithelial cell layer. DAPI was used for nuclear counterstain. (B) Tissue sec-
tions were analyzed for B cell infiltration using anti-CD19 antibody. E-Cadherin staining was per-
formed to illustrate the epithelial cell layer. DAPI was used for nuclear counterstain. 
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Figure 61. Mucosal CD19+ cell infiltration in response to DSS treatment. 

(A) Colonic tissue sections of disease-free and DSS-treated mice were analyzed for CD19-positive 
cells by IHC. CD19-positive areas were measured in whole Swissroll sections. Data are presented 
as CD19+ area in total tissue area. Data sets were analyzed by TWA with genotype and DSS treat-
ment as main factors followed by multiple comparison procedure by Holm-Sidak method, P < .05 
was considered statistically significant. (B) IHC of representative tissue sections is shown for dis-
ease-free mice and mice in recovery. Arrows indicate CD19-positive B cell accumulation, scale bar 
represents 200 µm. 

 

In summary, these findings suggested that enhanced CHOP protein expression does not 

only affect the severity of inflammation in DSS-induced colitis, but rather implicates in epi-

thelial regeneration in response to mechanically induced mucosal wounds, thus leading to 

prolonged tissue damage and impaired mucosal healing. 
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5 Discussion 

IBD are multifactorial disorders that are strongly associated with immunological dysfunc-

tion. In this regard, maintenance of epithelial integrity highly contributes to the intestinal 

immune homeostasis. Deregulated epithelial cell signaling has been reported to affect in-

nate immune mechanisms, thus promoting the development of chronic inflammation 38, 220. 

Epithelial integrity is strongly dependent on epithelial turnover that is tightly regulated by 

various mechanisms underlying cell proliferation and apoptosis 169, 186, 221. In this context, 

CHOP has been shown to be involved in both apoptosis and proliferation 54, 160. Even though 

direct implications of CHOP in IBD remains elusive, inflammation-related signaling leading 

to CHOP expression has been linked to the disease phenotype. Both, ER UPR and mtUPR 

were up-regulated in IBD, while CHOP expression has been observed to be significantly 

reduced at mRNA and protein levels in UC 28, 40, 164, 165. With regard to previous studies, 

consequences of CHOP-mediated signaling has been attributed to pro-apoptotic effects ra-

ther than mechanisms involved in the regulation of cell proliferation 86. Subsequently, CHOP 

down-regulation in colonic inflammation might reflect protective mechanisms; which first let 

assume that CHOP expression does not correlate with IBD-associated apoptosis and fur-

ther raise the question of whether CHOP is regulated in an UPR-independent manner.  

To address the IEC-specific function and consequences of CHOP protein expression in 

the context of intestinal inflammation, a genetically modified mouse model (ChopIEC Tg/Tg) 

was generated conditionally overexpressing CHOP in the intestinal epithelial layer. We 

characterized the effects of high CHOP protein expression in disease-free mice and mice 

that were challenged by colitis-inducing C. rodentium and DSS, respectively.  

Our findings demonstrate for the first time that IEC-expressed CHOP does not promote 

apoptotic signaling, but strongly affects the proliferative capacity of epithelial cells. Even 

though disease-free mice seemed to compensate reduced proliferation of colonic epithelial 

cells, defective proliferation impairs epithelial regeneration in response to mucosal tissue 

damage. In this regard, decrease in the regenerative capacity is highly suggested to cause 

enhanced susceptibility to early DSS-induced inflammation as well as delayed mucosal 

healing of DSS-induced tissue damage. Along this line, down-regulation of CHOP in UC 

might contribute to an increased epithelial turnover as a consequence of inflammation-

driven apoptosis 164, 169. In conclusion, our study provides important insights into IEC-spe-

cific signaling and consequences underlying environmental challenges that affect gut ho-

meostasis in health and disease.  
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5.1 High CHOP protein expression leads to defective proliferation of IECs 

First, we characterized ChopIEC Tg/Tg mice, demonstrating that high CHOP protein expres-

sion in IECs does not cause spontaneous inflammation in the intestine. IEC phenotype of 

transgenic mice was comparable to healthy wild-type controls considering morphological 

alterations as well as inflammatory pathology, including immune cell infiltration, mucus pro-

duction, and changes in both apoptotic (Caspase 3 cleavage) and proliferative (Ki-67) rate. 

With regard to previous studies, CHOP expression is frequently described in correlation 

with the onset of apoptosis mediated by various ER stress-inducing agents, such as tuni-

camycin, breveldin A, and thapsigargin 54, 222. In pro-apoptotic conditions, transcriptional 

activation of CHOP is mediated by phosphorylation through p38 MAP kinase as well as 

dimer formation with specific binding partners, such as C/EBPβ 151, 156. In this context, Chiri-

bau et al. showed that protein expression of both CHOP and binding partner C/EBPβ iso-

form LIP was strongly dependent on ER stress signaling 156. We could not find elevated ER 

stress as well as enhanced p38 MAP kinase activation in ChopIEC Tg/Tg mice when compared 

to wild-type controls, while LIP expression remained below detectable levels (data not 

shown). Thus, we strongly suggested that CHOP-induced cell death might be regulated by 

several interrelated apoptotic mechanisms that are absent in IECs of non-stressed trans-

genic mice. In fact, also the expression of CHOP is tightly regulated in non-stressed cells. 

Various transcriptional, post-transcriptional, and post-translational regulation patterns limit 

the expression of CHOP under physiological conditions 147-149, 153. Since transgenic CHOP 

is controlled by the CAGGS promoter, we exclusively analyzed mechanisms affecting 

CHOP protein expression. According to cell culture experiments performed with the colonic 

epithelial ptk6 cell line, we could show that transgenic CHOP protein is degraded by the 

proteasome. Hence, we suggested that transgene mRNA expression and CHOP protein 

abundance did not correlate in ChopIEC Tg/Tg mice. Even though protein levels might be de-

creased in transgenic mice, CHOP is still largely expressed when compared to wild-type 

controls. Interestingly, we found that transgenic CHOP is strongly accumulated in nuclei of 

IECs. In this regard, it has been assumed that CHOP does not possess a functional nuclear 

localization site, which in turn makes nuclear translocation strongly dependent on heterodi-

mer formation 156. Unfortunately, analysis of heterodimer formation by performing immuno-

fluorescence double staining with antibodies against HA and C/EBPβ (LAP, LIP), ATF3, and 

ATF4, respectively, remained without results (data not shown). Nevertheless, nuclear trans-

location of CHOP protein pointed towards its transcriptional activation. We thus examined 

CHOP target gene expression, including ER stress-responsive genes, such as Gadd34, 

Ero1α, Atf3, BIM, as well as mtUPR-specific Cpn60 expression. Herein, only Atf3 was sig-

nificantly regulated (+2,7-fold) at mRNA expression level following gene expression profile 
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of colonic epithelial cells derived from ChopIEC Tg/Tg mice and wild-type controls. ATF3 has 

been reported to form dimers with CHOP, but it remains elusive how these proteins may 

interact with each other in transgenic mice 155. However, with regard to the expression pat-

terns of nuclear CHOP protein, we found patchy distributions along the vertical axis, which 

might result from proteasomal degradation 152-154. In this context, it is worth mentioning that 

vil-Cre mice were used for the generation of ChopIEC Tg/Tg mice that have been reported to 

equally express Cre recombinase along the vertical and horizontal axis of the intestine 206. 

Another indication of post-translational modification was given by Western blot analysis de-

tecting CHOP-HA protein bands with different molecular weights (~26 kDa - ~30 kDa). Ac-

cording to previous findings demonstrating that CHOP became phosphorylated in order to 

promote or inhibit its transcriptional activity, respectively, we investigated banding patterns 

of several protein variants lacking specific phosphorylation sites 150, 151. Following this ap-

proach, we found that CHOP became partly phosphorylated at p38 MAP kinase-specific 

phosphorylation sites in vitro, suggesting similar post-translational regulation patterns in 

vivo. Phosphorylation at serine-residues 79/82 (human) and 78/81 (mouse) has been 

strongly associated with enhanced transcriptional activity of CHOP protein in response to 

prolonged ER stress, which in turn favors apoptosis of unhealthy cells 151. Contrary, we 

clearly showed that both transgenic CHOP protein as well as the [S78/81A] protein variant 

were involved in the regulation of epithelial cell proliferation, but not apoptosis/necrosis, 

following our cell culture experiments with colonic ptk6 cell lines. As a consequence, we 

hypothesized that CHOP rather implicates in IEC proliferation than cell death in vivo.  

Little is known about the effects of CHOP on cell proliferation. In 1994, Barone et al. first 

described that microinjection of CHOP expression plasmids into NIH-3T3 cells led to cell-

cycle G1 arrest 160. Since then just a few studies supported a correlation between CHOP 

expression and proliferation. Horndasch et al. clearly demonstrated that CHOP is implicated 

in Wnt signaling in Xenopus larvae, thereby suppressing the expression of Wnt target 

genes, including c-Myc 194. Thus, we further examined epithelial proliferation in ChopIEC Tg/Tg 

mice. Distinct markers have been applied to determine proliferative cells 223. The antigen 

Ki-67 can be detected in all phases of the cell cycle except G0, while BrdU incorporation 

exclusively takes place during DNA replication. Since we found numbers of Ki-67-positive 

cells unchanged in ChopIEC Tg/Tg mice and wild-type controls, we analyzed BrdU incorpora-

tion in IECs. We could show that numbers of BrdU-positive IECs were significantly reduced 

in transgenic mice associated with decreased cell migration rate. Notably, these effects 

could just be observed in colon, but not jejunum and ileum of ChopIEC Tg/Tg mice, which might 

be explained by basic differences between small and large intestine considering gene ex-

pression profiles as well as responsiveness to changes in the basal expression levels 165. 

In accordance to our in vitro studies, we strongly suggested that CHOP did not affect total 
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numbers of proliferative colonic IECs, but numbers of cells entering the S phase for DNA 

replication, which in turn resulted in an accumulation of cells in G1 (Figure 62).  

 

 

 
Figure 62. Hypothetic inhibitory function of CHOP on cell cycle progression in colonic IECs. 

Overexpression of CHOP protein results in increased post-translational modification of CHOP at p38-
specific phosphorylation sites, serine-residues 78 and 81. Since CHOP is suggested to lack a func-
tional nuclear localization signal, nuclear translocation is mediated by heterodimer formation with 
CHOP binding partner X. Enhanced CHOP protein expression impacts on cell cycle progression by 
inducing accumulation of cells in G1, which in vitro is rather associated with depletion of cells in 
G2/M. The CHOP-mediated delay in cell cycle progression leads to impaired proliferative capacity of 
colonic IECs, which consequently affects the cell migration rate along the crypt axis. 

 

Defective proliferation in ChopIEC Tg/Tg mice as well as adequate ptk6 cell lines was not 

associated with reduced mRNA expression of Wnt target genes, including c-Myc and Cyclin 

D1. Wnt signaling occurs most prominently in intestinal stem cells at the crypt base, but is 

reduced along the vertical crypt axis from stem cell populations to transit amplifying cells 

224. In this context, Heijmans et al. recently reported that the expression of stem cell-specific 

genes was inversely correlated with the activation of ER stress-responsive genes. En-

hanced ER stress signaling appeared highly associated with IEC differentiation, while 

CHOP expression has been strongly suggested to be substantially involved in mechanisms 

underlying the loss of stem cell properties 42. In ChopIEC Tg/Tg mice, the transgene was only 

expressed in small amounts regarding IECs at crypt base of small and large intestine, re-

spectively. Therefore, CHOP might not have any effects on proliferation of stem cell popu-

lations. Highly decreased CHOP protein expression in intestinal stem cells could either re-

sult from proteasomal degradation or incomplete Cre-recombination. It is not clear to which 

extent vil-Cre-mediated recombination affected stem cell populations in ChopIEC Tg/Tg mice. 

Hence, we might assume incomplete Cre-recombination in Lgr5-positive stem cells, but not 

in TA cells. In general, this aspect could be further investigated by using lgr5-Cre-positive 
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mice. As a consequence of both, transgenic CHOP protein expression is strongly suggested 

to reduce proliferation of TA cells rather than Lgr5-positive stem cells. In this case, differ-

ences in Wnt target gene expression could be below detectable levels when both TA and 

stem cells were mixed during IEC isolation. However, increasing rates of both epithelial cell 

proliferation and apoptosis have been observed in UC patients, while CHOP mRNA and 

protein expression has been reported to be reduced in UC 164, 169, 225. With regard to our 

data, these findings strongly suggested that the regulation of CHOP expression most likely 

underlies mechanisms controlling disease-related epithelial proliferation rather than apop-

tosis.  
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5.2 Defective proliferation of IECs aggravates mucosal tissue regeneration 

Disease-free ChopIEC Tg/Tg mice exhibited highly significant changes in the expression of 

gene sets annotated to the biological process GO term response to stimulus, including the 

child terms defense response, and response to wounding. In this context, we observed al-

terations in the gene expression program strongly associated with proliferation and cell mi-

gration. To investigate whether CHOP-mediated defects in IEC proliferation implicates in 

epithelial integrity, we determined barrier-forming ability of CHOP overexpressing ptk6 cell 

lines by measuring TEER. We could show that transgenic CHOP as well as CHOP-

HA[S78/81A] did not affect barrier function, thus strongly suggesting that CHOP did not 

impact on the epithelial barrier in transgenic mice. However, according to further in vitro 

studies, we observed that defective proliferation was strongly associated with impaired cell 

migration following delayed scratch closure in differentiated ptk6 cell monolayers. Along this 

line, we examined wound closure of mechanically induced colonic injuries, demonstrating 

that transgenic mice were significantly retarded in mucosal tissue healing independent of 

enhanced apoptosis. In fact, intestinal wound healing comprises three cellular events con-

sidering re-epithelialization, including epithelial restitution, proliferation, and differentiation 

226. In this context, Wnt5a has been shown to play an important role in colonic crypt regen-

eration 227. Wnt5a describes a non-canonical Wnt ligand that has been reported to inhibit 

proliferation of canonical Wnt-active IECs. In regenerative conditions, mesenchymal cell-

derived Wnt5a has been associated with mucosal invaginations upon colonic crypt for-

mation 227. Disease-free ChopIEC Tg/Tg mice revealed enhanced expression of Wnt5a (+1.5-

fold) following gene expression profiles of colonic epithelial cells. Since IEC-derived Wnt5a 

did not promote wound healing in ChopIEC Tg/Tg mice, we strongly suggested that up-regula-

tion of Wnt5a contributed to intrinsic mechanisms underlying the differentiation process of 

IECs, which in turn caused impaired epithelial proliferation 228. To further address the cor-

relation between CHOP and Wnt5a upon IEC differentiation, corresponding expression lev-

els could be analyzed in sorted cell populations. However, impaired mucosal tissue regen-

eration was further associated with deficiency of mucosal infiltrating CD19-positive lympho-

cytes that have been recently reported to contribute to wound healing in skin tissue 229. 

Since we found CD19-positive cells in transgenic mice that recovered from DSS treatment, 

we assumed that infiltration of cells was just delayed, but not absent in mechanically injured 

ChopIEC Tg/Tg mice.  

Conclusively, we demonstrated that CHOP-induced defects in IEC proliferation conse-

quently diminished the regenerative ability of the epithelial lining, even though epithelial 

integrity could be maintained in non-challenged conditions. Thus, we strongly suggested 
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that down-regulation of CHOP in UC promotes epithelial cell proliferation in order to en-

hance healing of inflammation-driven mucosal tissue damage (Figure 63).  

 

 

Figure 63. Possible consequences of CHOP down-regulation under chronic inflammatory 
conditions. 

(A) High CHOP protein expression impairs cell cycle progression of colonic IECs. CHOP is suggested 
to lack a functional nuclear localization sequence. Thus, nuclear translocation is mediated by dimer 
formation with CHOP binding partner X. As a consequence, cells accumulate in G1, which in vitro is 
rather associated with depletion of cells in G2/M. CHOP-induced delay in cell cycle progression is 
highly associated with reduced proliferation and cell migration that in total decreases the regenerative 
ability of the epithelial lining in response to mechanical injury. (B) Proposed consequences of CHOP 
down-regulation in chronic intestinal inflammation. Down-regulation of CHOP mRNA and protein ex-
pression is suggested to contribute to the regenerative capacity of the epithelial lining and in healing 
of inflammation-driven mucosal tissue damage.  

 



  DISCUSSION 

92 

5.3 Epithelial barrier function is maintained upon C. rodentium infection 

Alteration of epithelial turnover has been described in the context of host adaptation to gut 

microbiota, including commensals and pathogens. In this regard, Savage et al. showed that 

IEC turnover rates were accelerated in conventional mice when compared to mice that have 

been raised under germ-free conditions 230. In turn, defective IEC turnover rates seemed to 

drive changes in the gene expression profile of ChopIEC Tg/Tg mice highly associated with the 

bacterial defense program. Thus, we suggested that defects in IEC proliferation were com-

pensated with enhanced expression of anti-microbial peptides, such as Reg3 family mem-

bers (+2-fold), lactoperoxidase (+1.5-fold), and lysozyme 1 (+1.3-fold). However, it has 

been demonstrated that defective proliferation was strongly associated with impaired bac-

terial clearance in response to C. rodentium infection 231. With regard to our data, we could 

show that clearance of C. rodentium remained unchanged upon sustained CHOP expres-

sion, suggesting that defective proliferation did not further affect epithelial barrier function 

in ChopIEC Tg/Tg mice. Even more, we demonstrated that up-regulation of anti-microbial pep-

tides had no effect on the onset of C. rodentium colonization. Even though Reg3β seemed 

to be involved in host response to C. rodentium infection considering colonic tissue staining 

of infected transgenic mice and wild-type controls, CHOP-driven up-regulation of Reg3β did 

not confer an advantage in a preconditioning fashion. Since we exclusively analyzed mice 

on day 25 dpi, it is difficult to interpret tissue pathology of C. rodentium-driven colitis. Even 

though there seemed to be no differences in morphological changes between transgenic 

mice and wild-type controls, further studies on the infection course considering more time 

points might give more information. However, Sellin et al. reported that C. rodentium stim-

ulated β-catenin signaling, thereby inducing colonic crypt hyperplasia 232. Thus, C. ro-

dentium-induced signaling might reverse the negative effects of CHOP on epithelial prolif-

eration. It has been shown that disease severity is strongly dependent on the genetic back-

ground of mice. Inbred mouse strains, including C3H/HeJ and FVB/N are highly susceptible 

to C. rodentium infection associated with extensive tissue damage and increased lethality, 

while NIH:Swiss as well as C57BL/6J mice have been characterized to be more resistant. 

Therefore, we might suggest that C. rodentium-induced colitis in mice on C57BL/6N back-

ground was not an appropriate challenge to study consequences of CHOP under inflam-

matory conditions.  
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5.4 Decrease in IEC regeneration is associated with enhanced inflammation  

We could show that ChopIEC Tg/Tg mice were more susceptibility to DSS-induced colitis as-

sociated with impaired re-epithelialization in the recovery phase. Regarding the nature of 

DSS-induced colitis, patchy distribution patterns of lesions made it impossible to evaluate 

whether mice were delayed in recovery due to defective proliferation instead of simply en-

larged wounds. Enhanced inflammation has been observed in transgenic mice in response 

to short-term DSS treatment and in the recovery phase. Herein, increased inflammation 

seemed to be independent of CHOP-mediated pro-apoptotic signaling following gene ex-

pression profiles of colonic epithelial cells derived from 3 days DSS-treated mice and mice 

in the recovery phase. Even though a subset of genes were similarly regulated in ChopIEC 

Tg/Tg mice upon different DSS treatments, a correlation between CHOP overexpression and 

impaired IEC proliferation could not be determined. Nevertheless, we found differences in 

p38 MAP kinase activation in early inflammation (high) and recovery (low). Although we 

demonstrated that the effects of CHOP protein on both cell proliferation and migration were 

strongly dependent on its phosphorylation status, we could not find differences in banding 

patterns of CHOP protein in DSS-treated transgenic mice when compared to water-treated 

controls. However, upon short-term DSS treatment, wild-type mice displayed strongly de-

creased CHOP protein expression. Thereby, down-regulation of CHOP was dissociated 

from ER stress induction, increased expression of CHOP target genes Gadd34 and Ero1α 

as well as DSS-induced IEC apoptosis. We thus suggested that CHOP protein was reduced 

in order to enhance IEC proliferation in an early response to DSS-mediated IEC apoptosis. 

In this context, Araki et al. demonstrated that the onset of DSS-induced colitis was promoted 

by reduced epithelial turnover rates associated with enhanced apoptosis of IECs 201. Along 

this line, we assumed that CHOP-mediated defects in IEC proliferation further enhanced 

the susceptibility to DSS-induced colitis in ChopIEC Tg/Tg mice. As a consequence, epithelial 

turnover is suggested to be further affected, consequently resulting in enhanced IEC apop-

tosis, elevated oxidative stress (Ero1α, Gadd34), and increased macrophage infiltration 

(Figure 64). 

The effects of CHOP protein expression have been conversely described in disease-

conditioning. Thereby, most insights into the functional role of CHOP were gained from 

studies on complete CHOP knockout mice 167, 233. With regard to intestinal inflammation, 

Chop-/- mice exhibited less severe inflammation in response to DSS-induced colitis. Protec-

tion from colitis has been attributed to reduced numbers of mucosa infiltrating macrophages 

and decreased ROS production, which rather seemed to be in accordance to our data, but 

tissue-specific resolution remained elusive 166.  
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Figure 64. Proposed mechanisms underlying the increased susceptibility to DSS-induced co-
litis of ChopIEC Tg/Tg mice. 

(A) Short-term DSS treatment leads to the induction of IEC apoptosis, thus affecting epithelial turn-
over. Increased apoptosis is characterized by elevated oxidative stress indicated by up-regulation of 

Ero1α and Gadd34 as well as macrophage infiltration into mucosal tissue. In early inflammation, 
CHOP protein is reduced in order to promote IEC proliferation. (B) Sustained CHOP protein expres-
sion results in decreased proliferation of IECs and impairs compensatory mechanisms to DSS-in-
duced injury. As a consequence, epithelial turnover is further affected that in turn leads to enhanced 
IEC apoptosis associated with more elevated oxidative stress and enhanced numbers of mucosa-
infiltrating macrophages.  
 



  DISCUSSION 

95 

Conclusively, we showed that CHOP-driven defects in IEC proliferation aggravated in-

testinal inflammation associated with changes in immune response. In this context, we 

demonstrated that decreased proliferation did not only delay epithelial regeneration, but 

resulted in impaired capacity to adapt to environmental changes.  

 

5.5 Conclusion and perspectives 

In conclusion, we showed that high CHOP protein expression in IECs could promote the 

development of IBD by affecting the epithelial proliferation. According to our data, we pro-

posed that down-regulation of CHOP in UC reflected protective mechanisms underlying the 

regulation of epithelial proliferation in chronically inflamed tissue. Hence, it is questionable 

whether targeting the expression of CHOP is therapeutically significant in IBD. Since con-

sequences of high CHOP protein expression in mice only became apparent in the onset of 

inflammation associated with mucosal tissue damage, CHOP might rather serve as an ep-

ithelial marker in estimating the risk of IBD.  

Notably, prolonged IBD is highly associated with steadily rising risk for developing colo-

rectal cancer 234. Colorectal cancer is driven by cellular transformation that promotes per-

sistent cell growth, which subsequently leads to tumor formation and gives rise to cancer 

cell development 235, 236. Among others, it has been shown that CHOP down-regulation 

seems to be involved in the regulation of cellular transformation in vitro, while patients data 

strongly suggested that genetic alterations of CHOP contributes to the development of gas-

tric cancer 237-239. In this regard, recent studies demonstrated that induction of CHOP ex-

pression in human cancer cells led to cytotoxicity 240-242. In accordance to our data, we 

strongly proposed that targeting CHOP protein expression is a potent therapeutic approach 

for the treatment of colorectal cancer. Taken together, our findings may suggest that thera-

peutic approaches could be considered for IBD patients in remission in order to inhibit un-

controlled epithelial proliferation and tumor risk.  
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6 Appendix 

Standard diet V1124-300  
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Overview of histological scores derived from DSS experiments  

Supplementary table 1. Overview of histological scores derived from DSS experiments 3d 2% DSS, 

7d 2% DSS, and 5d 2% DSS + 5d H2O. Data sets H2O, 3d 2% DSS, and 7d 2% DSS were analyzed 

by TWA with genotype and DSS treatment as main factors followed by multiple comparison proce-

dure by Holm-Sidak method, P < .05 (*), P < .01 (**), and P < .001 (***) was considered statistically 

significant. Statistical significance of 5d 2% DSS + 5d H2O was assessed by Student’s t-test, P < .05 

(*), P < .01 (**), and P < .001 (***) was considered statistically significant. 

treatment group
Changes in intestinal architecture       
and epithelial damage (0-6)

genotype
within 
H2O

within 
DSS

treatment
within 
WT

within 
TG

WT 0,275 ± 0,175

TG 0,283 ± 0,157

WT 0,510 ± 0,224

TG 1,331 ± 0,357

WT 1,375 ± 0,587

TG 2,824 ±  0,774

WT 1,092 ± 0,403

TG 2,450 ±  0,913  --  --  -- **  --  --

treatment group
Infiltration with inflammatory               
cells (0-6)

genotype
within 
H2O

within 
DSS

treatment
within 
WT

within 
TG

WT 0,075 ± 0,063

TG 0,150 ± 0,063

WT 0,385 ± 0,234

TG 0,788 ± 0,264

WT 0,945 ± 0,462

TG 1,580 ± 0,419

WT 1,202 ± 0,627

TG 1,879 ± 0,623  --  --  -- n.s.  --  --

treatment group histological score (0-12) genotype
within 
H2O

within 
DSS

treatment
within 
WT

within 
TG

WT 0,350 ± 0,170

TG 0,433 ± 0,189

WT 0,895 ± 0,420

TG 2,119 ± 0,588

WT 2,320 ± 1,669

TG 4,404  ± 1,170

WT 2,294 ± 0,911

TG 4,329 ± 1,514  --  --  -- *  --  --

5d 2% DSS + 

5d H2O

data of 5d 2% DSS + 5d H 2 O were analyzed by Student's t-test

data of 5d 2% DSS + 5d H 2 O were analyzed by Student's t-test

** *** *** ***

*** *n.s. ***

data sets H 2 O, 3d 2% DSS, and 7d 2% DSS were analyzed by 

TWA with genotype and DSS treatment as main factors 

*** *** ***

***

***

n.s. ***

data sets H 2 O, 3d 2% DSS, and 7d 2% DSS were analyzed by 

TWA with genotype and DSS treatment as main factors 

data of 5d 2% DSS + 5d H 2 O were analyzed by Student's t-test

*** *** ***n.s.n.s. ***

data sets H 2 O, 3d 2% DSS, and 7d 2% DSS were analyzed by 

TWA with genotype and DSS treatment as main factors 

7d 2% DSS

** *** ** ***

n.s. **

*** * ***n.s. **

n.s.

**

***

H2O

3d 2% DSS

7d 2% DSS

H2O

3d 2% DSS

7d 2% DSS

H2O

3d 2% DSS

*

5d 2% DSS + 

5d H2O

5d 2% DSS + 

5d H2O
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Overlap analysis of H2O-, 3d DSS-, and DSS+H2O-treated ChopIEC Tg/Tg mice 
 

Supplementary table 2. Total overlap analysis of gene expression profiles of H2O, 3d DSS, and 

DSS+H2O-treated mice.  

H2O 3d DSS recovery H2O 3d DSS recovery

Ddit3 3,27 3,32 3,51 Hspa12a -1,20 -1,38 -1,41

Lgals2 2,05 1,62 1,90 Pank3 -1,22 -1,14 -1,17

Reg3g 1,99 1,43 1,61 Alcam -1,23 -1,26 -1,43

Atf5 1,88 1,64 1,95 Acot1 -1,23 -1,38 -1,39

Tff2 1,86 1,48 1,54 Cndp2 -1,25 -1,15 -1,19

Plscr4 1,59 1,31 1,71 Ces2g -1,27 -1,24 -1,40

Lpo 1,50 1,48 1,47 Cpne8 -1,28 -1,21 -1,29

Tfip11 1,47 1,33 1,48 Lrrc19 -1,28 -1,27 -1,47

Srrd 1,42 1,33 1,26 Gm1965 -1,29 -1,54 -1,60

Epdr1 1,39 1,25 1,41 Dapk1 -1,30 -1,43 -1,32

Aars 1,34 1,33 1,27 Ptprm -1,30 -1,41 -1,46

Soat2 1,32 1,22 1,29 Ncald -1,33 -1,25 -1,26

Sult1c2 1,28 1,23 1,56 Frrs1 -1,33 -1,19 -1,32

Far2 1,26 1,18 1,25 BC021614 -1,34 -1,38 -1,60

Celf3 1,26 1,30 1,34 Zfp385b -1,37 -1,31 -1,30

Plp1 1,22 1,28 1,25 Nox1 -1,37 -1,38 -1,67

Fam129a 1,18 1,22 1,16 Hsd17b13 -1,38 -1,46 -1,17

Hnf4g 1,18 1,19 1,25 Rbp4 -1,39 -1,47 -1,46

Kif1a 1,14 1,12 1,17 Gsta3 -1,39 -1,61 -1,54

Gpd1 1,14 1,16 1,16 Nfu1 -1,40 -1,28 -1,36

Sars 1,13 1,20 1,16 Mgst1 -1,40 -1,46 -1,58

Ids 1,12 1,13 1,12 Isg20 -1,52 -1,36 -1,39

Apobec3 1,12 1,24 -1,22 Fmo1 -1,54 -1,55 -1,61

Kifc3 1,11 1,25 1,30 Maob -1,60 -1,60 -1,68

Fgfr1 1,10 1,17 1,15 Gm6484 -1,65 -1,48 -1,58

Tgoln1 -1,09 -1,09 -1,11 Anxa9 -1,71 -1,22 -1,17

Cept1 -1,09 -1,08 -1,09 Matn2 -1,82 -1,83 -1,66

Sdr42e1 -1,14 -1,17 -1,24 Wfdc2 -1,96 -1,89 -2,98

Sik3 -1,14 -1,23 -1,23 Nr1h3 -2,00 -1,65 -1,92

Inpp4a -1,15 -1,30 -1,23 Slc16a12 -2,09 -1,36 -1,65

Camk1d -1,15 -1,30 -1,29 Akr1c18 -2,39 -1,61 -1,63

Enpp1 -1,16 -1,25 -1,25 Cyp3a25 -2,58 -1,55 -1,51

Pdk3 -1,18 -1,15 -1,32 Trf -3,37 -2,04 -4,47

Hsd17b2 -1,19 -1,17 -1,15 Ugt8a -3,41 -2,49 -1,91

Plekhh2 -1,19 -1,50 -1,24 S100g -5,54 -4,00 -3,56

gene name 
 -fold change 

gene name 
 -fold change
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Sequence data of mutated plasmid constructs CHOP-HA 

CLUSTAL 2.1 multiple sequence alignment – CHOP-HA[S14/15A] 
S14/15A_klon3       ACCATGGCAGCTGAGTCCCTGCCTTTCACCTTGGAGACGGTGGCCGCCTGGGAGCTGGAA 60 
S14/15A_klon4       ACCATGGCAGCTGAGTCCCTGCCTTTCACCTTGGAGACGGTGGCCGCCTGGGAGCTGGAA 60 
CHOP                ---ATGGCAGCTGAGTCCCTGCCTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAA 57 
                       *************************************** **. ************* 
 
S14/15A_klon3      GCCTGGTATGAGGATCTGCAGGAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATC 120 
S14/15A_klon4       GCCTGGTATGAGGATCTGCAGGAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATC 120 
CHOP                GCCTGGTATGAGGATCTGCAGGAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATC 117 
                    ************************************************************ 
 
S14/15A_klon3       TCATCCCCAGGAAACGAAGAGGAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCC 180 
S14/15A_klon4       TCATCCCCAGGAAACGAAGAGGAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCC 180 
CHOP                TCATCCCCAGGAAACGAAGAGGAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCC 177 
                    ************************************************************ 
 
S14/15A_klon3       CTAGCTTGGCTGACAGAGGAGCCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCT 240 
S14/15A_klon4       CTAGCTTGGCTGACAGAGGAGCCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCT 240 
CHOP                CTAGCTTGGCTGACAGAGGAGCCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCT 237 
                    ************************************************************ 
 
S14/15A_klon3       CGCTCTCCAGATTCCAGTCAGAGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGA 300 
S14/15A_klon4       CGCTCTCCAGATTCCAGTCAGAGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGA 300 
CHOP                CGCTCTCCAGATTCCAGTCAGAGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGA 297 
                    ************************************************************ 
 
S14/15A_klon3       AGAACTAGGAAACGGAAACAGAGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATG 360 
S14/15A_klon4       AGAACTAGGAAACGGAAACAGAGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATG 360 
CHOP                AGAACTAGGAAACGGAAACAGAGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATG 357 
                    ************************************************************ 
 
S14/15A_klon3       AAGGAGAAGGAGCAGGAGAACGAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGG 420 
S14/15A_klon4       AAGGAGAAGGAGCAGGAGAACGAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGG 420 
CHOP                AAGGAGAAGGAGCAGGAGAACGAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGG 417 
                    ************************************************************ 
 
S14/15A_klon3       CTCAAGCAGGAAATCGAGCGCCTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATC 480 
S14/15A_klon4       CTCAAGCAGGAAATCGAGCGCCTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATC 480 
CHOP                CTCAAGCAGGAAATCGAGCGCCTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATC 477 
                    ************************************************************ 
 
S14/15A_klon3       GACCGCATGGTCAGCCTGCACCAAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTAC 540 
S14/15A_klon4       GACCGCATGGTCAGCCTGCACCAAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTAC 540 
CHOP                GACCGCATGGTCAGCCTGCACCAAGCA--------------------TGA---------- 507 
                    ***************************                    **:           

 

CLUSTAL 2.1 multiple sequence alignment – CHOP-HA[S30/31A] 
CHOP                -----------------------------------------ATGGCAGCTGAGTCCCTGC 19 
S30/31A_klonA      CCGGGGGGGGCAGCGTTTACGGGCCCTCTAGACTCGAGACCATGGCAGCTGAGTCCCTGC 60 
                                                           ******************* 
 
CHOP                CTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAGG 79 
S30/31A_klonA       CTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAGG 120 
                    ************************************************************ 
 
CHOP                AGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAGG 139 
S30/31A_klonA       AGGTCCTGGCCGCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAGG 180 
                    ******** ** ************************************************ 
 
CHOP                AAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAGC 199 
S30/31A_klonA       AAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAGC 240 
                    ************************************************************ 
 
 
CHOP                CAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCTCGCTCTCCAGATTCCAGTCAGA 259 
S30/31A_klonA       CAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCTCGCTCTCCAGATTCCAGTCAGA 300 
                    ************************************************************ 
 
CHOP                GTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAGA 319 
S30/31A_klonA       GTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAGA 360 
                    ************************************************************ 
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CHOP                GTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAACG 379 
S30/31A_klonA       GTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAACG 420 
                    ************************************************************ 
 
CHOP                AGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGCC 439 
S30/31A_klonA       AGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGCC 480 
                    ************************************************************ 
 
CHOP                TGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCACC 499 
S30/31A_klonA       TGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCACC 540 
                    ************************************************************ 
 
CHOP                AAGCA--------------------TGA-------------------------------- 507 
S30/31A_klonA       AAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTACGCTTAGGGATCCGAGCTCGGTA 600 
                    *****                    **:                                 

 

CLUSTAL 2.1 multiple sequence alignment – CHOP-HA[S14/15A, S30/31A] 
CHOP                      --ATGGCAGCTGAGTCCCTGCCTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAAG 58 
S14/15/30/31A_klonB        CCATGGCAGCTGAGTCCCTGCCTTTCACCTTGGAGACGGTGGCCGCCTGGGAGCTGGAAG 60 
                             *************************************** **. ************** 
 
CHOP                      CCTGGTATGAGGATCTGCAGGAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATCT 118 
S14/15/30/31A_klonB       CCTGGTATGAGGATCTGCAGGAGGTCCTGGCCGCAGATGAAATTGGGGGCACCTATATCT 120 
                          ***************************** ** *************************** 
 
CHOP                      CATCCCCAGGAAACGAAGAGGAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCC 178 
S14/15/30/31A_klonB       CATCCCCAGGAAACGAAGAGGAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCC 180 
                          ************************************************************ 
  
CHOP                      TAGCTTGGCTGACAGAGGAGCCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCTC 238 
S14/15/30/31A_klonB       TAGCTTGGCTGACAGAGGAGCCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCTC 240 
                          ************************************************************ 
 
CHOP                      GCTCTCCAGATTCCAGTCAGAGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAA 298 
S14/15/30/31A_klonB       GCTCTCCAGATTCCAGTCAGAGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAA 300 
                          ************************************************************ 
 
CHOP                      GAACTAGGAAACGGAAACAGAGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGA 358 
S14/15/30/31A_klonB       GAACTAGGAAACGGAAACAGAGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGA 360 
                          ************************************************************ 
 
CHOP                      AGGAGAAGGAGCAGGAGAACGAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGC 418 
S14/15/30/31A_klonB       AGGAGAAGGAGCAGGAGAACGAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGC 420 
                          ************************************************************ 
 
CHOP                      TCAAGCAGGAAATCGAGCGCCTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCG 478 
S14/15/30/31A_klonB       TCAAGCAGGAAATCGAGCGCCTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCG 480 
                          ************************************************************ 
 
CHOP                      ACCGCATGGTCAGCCTGCACCAAGCA--------------------TGA----------- 507 
S14/15/30/31A_klonB       ACCGCATGGTCAGCCTGCACCAAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTACG 540 
                          **************************                    **:            

 

CLUSTAL 2.1 multiple sequence alignment – CHOP-HA[S78/81A] 
CHOP-HA              -------------------------------GTCTCGAGACCATGGCAGCTGAGTCCCTG 29 
S78/81A_klon1         CCCGGGGAGTTGCGTTTTAACGGGCCCTCTAGACTCGAGACCATGGCAGCTGAGTCCCTG 60 
                                                        *:*************************** 
 
CHOP-HA               CCTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAG 89 
S78/81A_klon1         CCTTTCACCTTGGAGACGGTGTCCAGCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAG 120 
                      ************************************************************ 
CHOP-HA               GAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAG 149 
S78/81A_klon1         GAGGTCCTGTCCTCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAG 180 
                      ************************************************************ 
 
CHOP-HA               GAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAG 209 
S78/81A_klon1         GAAGAATCAAAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAG 240 
                      ************************************************************ 
 
CHOP-HA               CCAGGGCCAACAGAGGTCACACGCACATCCCAAAGCCCTCGCTCTCCAGATTCCAGTCAG 269 
S78/81A_klon1         CCAGGGCCAACAGAGGTCACACGCACATCCCAAGCCCCTCGCGCTCCAGATTCCAGTCAG 300 
                      *********************************. ******* ***************** 
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CHOP-HA               AGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAG 329 
S78/81A_klon1         AGTTCTATGGCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAG 360 
                      ************************************************************ 
 
CHOP-HA               AGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAAC 389 
S78/81A_klon1         AGTGGTCAGTGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAAC 420 
                      ************************************************************ 
 
CHOP-HA              GAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGC 449 
S78/81A_klon1        GAGCGGAAAGTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGC 480 
                     ************************************************************ 
 
CHOP-HA              CTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCAC 509 
S78/81A_klon1        CTGACCAGGGAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCAC 540 
                     ************************************************************ 
 
CHOP-HA              CAAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTACGCTTAGGGATCC--ACTAG-- 565 
S78/81A_klon1        CAAGCAGCGGCCGCTTACCCATACGATGTTCCAGATTACGCTTAGGGATCCGAGCTCGGT 600 
                     ***************************************************  .**.*   

 

CLUSTAL 2.1 multiple sequence alignment – CHOP-HA[S14/15A, S30/31A, S78/81A] 
(klon2) 
CHOP-HA                   ----------------------GTCTCGAGACCATGGCAGCTGAGTCCCTGCCTTTCACC 38 
S14/15/30/31/78/81A       GCGTGTGGTTTACGGGCCTCTAGACTCGAGACCATGGCAGCTGAGTCCCTGCCTTTCACC 60 
                                               *:************************************ 
 
CHOP-HA                   TTGGAGACGGTGTCCAGCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAGGAGGTCCTG 98 
S14/15/30/31/78/81A       TTGGAGACGGTGGCCGCCTGGGAGCTGGAAGCCTGGTATGAGGATCTGCAGGAGGTCCTG 120 
                          ************ **. ******************************************* 
 
CHOP-HA                   TCCTCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAGGAAGAATCA 158 
S14/15/30/31/78/81A       GCCGCAGATGAAATTGGGGGCACCTATATCTCATCCCCAGGAAACGAAGAGGAAGAATCA 180 
                            ** ******************************************************** 
 
CHOP-HA                   AAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAGCCAGGGCCA 218 
S14/15/30/31/78/81A       AAAACCTTCACTACTCTTGACCCTGCGTCCCTAGCTTGGCTGACAGAGGAGCCAGGGCCA 240 
                           ************************************************************ 
 
CHOP-HA                   ACAGAGGTCACACGCACATCCCAAAGCCCTCGCTCTCCAGATTCCAGTCAGAGTTCTATG 278 
S14/15/30/31/78/81A       ACAGAGGTCACACGCACATCCCAAGCCCCTCGCGCTCCAGATTCCAGTCAGAGTTCTATG 300 
                          ************************. ******* ************************** 
 
CHOP-HA                   GCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAGAGTGGTCAG 338 
S14/15/30/31/78/81A       GCCCAGGAGGAAGAGGAGGAAGAGCAAGGAAGAACTAGGAAACGGAAACAGAGTGGTCAG 360 
                          ************************************************************ 
 
CHOP-HA                   TGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAACGAGCGGAAA 398 
S14/15/30/31/78/81A       TGCCCAGCCCGGCCTGGGAAGCAACGCATGAAGGAGAAGGAGCAGGAGAACGAGCGGAAA 420 
                          ************************************************************ 
 
CHOP-HA                   GTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGCCTGACCAGG 458 
S14/15/30/31/78/81A       GTGGCACAGCTAGCTGAAGAGAACGAGCGGCTCAAGCAGGAAATCGAGCGCCTGACCAGG 480 
                          ************************************************************ 
 
CHOP-HA                   GAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCACCAAGCAGCG 518 
S14/15/30/31/78/81A       GAGGTGGAGACCACACGGCGGGCTCTGATCGACCGCATGGTCAGCCTGCACCAAGCAGCG 540 
                          ************************************************************ 
 
CHOP-HA                   GCCGCTTACCCATACGATGTTCCAGATTACGCTTAGGGATCC--ACTAG----------- 565 
S14/15/30/31/78/81A       GCCGCTTACCCATACGATGTTCCAGATTACGCTTAGGGATCCGAGCTCGGTACCAAGCTT 600 
                          ******************************************  .**.*            
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