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Abstract

Deletion of endoplasmic reticulum resident chaperone Grp78 results in activation of the unfolded 

protein response and causes rapid depletion of the entire intestinal epithelium. Whether modest 

reduction of Grp78 may affect stem cell fate without compromising intestinal integrity remains 

unknown. Here, we employ a model of epithelial-specific, heterozygous Grp78 deletion by use of 

VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/fl mice and organoids. We examine models of 

irradiation and tumorigenesis, both in vitro and in vivo. Although we observed no phenotypic 

changes in Grp78 heterozygous mice, Grp78 heterozygous organoid growth was markedly 

reduced. Irradiation of Grp78 heterozygous mice resulted in less frequent regeneration of crypts 

compared with nonrecombined (wild-type) mice, exposing reduced capacity for self-renewal upon 

genotoxic insult. We crossed mice to Apc-mutant animals for adenoma studies and found that 
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adenomagenesis in Apc heterozygous-Grp78 heterozygous mice was reduced compared with Apc 
heterozygous controls (1.43 vs. 3.33; P < 0.01). In conclusion, epithelium-specific Grp78 
heterozygosity compromises epithelial fitness under conditions requiring expansive growth such as 

adenomagenesis or regeneration after γ-irradiation. These results suggest that Grp78 may be a 

therapeutic target in prevention of intestinal neoplasms without affecting normal tissue.

Introduction

The intestinal epithelium undergoes continuous renewal with the lifespan of intestinal 

epithelial cells being 4 to 5 days (1). The massive amount of cells required to maintain this 

process is derived from a pool of stem cells that reside at the bottom of intestinal crypts (2). 

In addition to their role to maintain the epithelium during homeostasis, stem cells play a key 

role in processes like tissue wound repair and they are regarded as the cell of origin of 

intestinal cancer (3). The balance between stem cell proliferation and differentiation must 

therefore be stringently controlled. Damaged stem cells that may have impaired functioning 

must thus be weeded out to maintain a healthy stem cell pool. Processes that detect damage 

in intestinal epithelial stem cells and deplete such cells by apoptosis or forced differentiation 

are therefore critical for maintenance of integrity of the organism, but these processes have 

not been fully characterized.

We have previously identified the unfolded protein response (UPR) as a pathway that can 

cause rapid loss of intestinal epithelial stem cells (4). This pathway senses accumulation of 

unfolded and malfolded proteins inside the endoplasmic reticulum (ER) that may result from 

various stimuli in homeostatic or pathophysiologic conditions, including differentiation, 

hypoxia, inflammation, and γ-irradiation (5–8). Unfolded proteins accumulate inside the 

ER, which is sensed as ER stress and attract chaperones to reduce aggregation of proteins 

and facilitate processing and folding (9). The 78-kDa glucose regulated protein (GRP78), 

also referred to as BiP/HSPA5, is a critical ER luminal chaperone with potent antiapoptotic 

properties playing critical roles in development and human diseases (10, 11). In addition to 

its role as a chaperone, GRP78 is a key regulator of the UPR. Under homeostatic conditions, 

it binds the three ER transmembrane sensors IRE1α, ATF6, and PERK and maintains them 

in their inactive state (12). Upon accumulation of malfolded proteins in the ER, GRP78 is 

dissociated from these transmembrane sensors and UPR signaling is initiated. Signaling of 

IRE1α and ATF6 results in upregulation of ER components and increased ER capacity. 

Kinase PERK phosphorylates translation initiation factor eIF2α, which results in temporary 

attenuation of global protein translation. These three branches of UPR signaling seek to 

restore homeostasis in the ER in an orchestrated fashion. If homeostasis is not achieved, 

persistent activation of the UPR, through upregulation of proapoptotic factors such as CHOP 

results in apoptosis.

Stress in the ER (ER stress) activates the UPR, which results in rapid loss of homeostatic 

intestinal epithelial stem cells as well as malignantly transformed stem cells that have 

obtained homozygous oncogenic mutations in the APC gene (4, 13). Moreover, induction of 

ER stress in cells derived from human colorectal cancer resulted in increased 

chemosensitivity and differentiation (14).
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In previous studies, we have induced ER stress by genetic knockout of both Grp78 alleles 

from the intestinal epithelium. In contrast to the phenotype of Grp78 knockout, body-wide 

heterozygous expression of Grp78 in mice did not result in altered bodyweight or altered 

organ histology compared with wild-type littermate controls (15, 16). In addition, 

heterozygous Grp78 expression was sufficient for normal production of immunoglobulins in 

plasma cells that are known to exhibit one of the highest levels of protein production (16, 

17). Upon induction of pancreatitis, however, Grp78+/− mice did exhibit increased severity 

of pancreatitis, with increased expression of proapoptotic gene Chop (18). In a similar 

fashion, Chop expression was increased in mammary tumors of Grp78+/− mice compared 

with tumors in Grp78 wild-type mice (16).

Thus, although heterozygous expression of Grp78 does not result in a detectable phenotype 

under homeostatic conditions, the reduced capacity of the ER may result in enhanced ER 

stress sensing and a lower threshold of UPR activation during situations that require ER 

capacity and induce accumulation of malfolded proteins.

Damaged cells should be removed by quality control mechanisms and UPR signaling may 

play such a role in the intestinal epithelium. We hypothesize that increasing the sensitivity of 

the ER to stimuli that depend on ER capacity protects the intestinal stem cell during 

situations of intestinal damage and tumorigenesis.

Materials and Methods

Animal experiments

All mouse experiments were performed in the Academic Medical Center Animal Research 

Institute in accordance with local guidelines and all experiments were reviewed and 

approved by the local review board. VillinCreERT2, Rosa26LacZ, Apcfl, and Grp78fl alleles 

were all described previously (19–24). Apcmin/+ mice (25) were obtained from The Jackson 

Laboratory.

For CreERT2-mediated recombination, mice were given five injections of 50 mg/kg 

tamoxifen (Sigma-Aldrich, 10 mg/mL in corn oil), on 5 consecutive days. Two hours prior to 

sacrifice, all mice received 100 mg/kg BrdU intraperitoneally (Sigma-Aldrich, 10 mg/mL in 

PBS). After sacrifice, intestines were immediately taken out and rinsed in cold PBS.

Mice were irradiated with 14 Gy γ-irradiation, 2 weeks after the last injection with 

tamoxifen.

Adenomas were counted blinded by 3 different people, both macroscopically and 

microscopically, including adenomas of 1 mm or larger.

Males and females were distributed equally among each genotype. In general and irradiation 

experiment, mice were sacrificed at approximately 10 weeks of age. In the adenoma 

experiment, mice were sacrificed at 20 weeks of age. For all experiments, littermate controls 

were used.
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Tissue preparation, IHC, and X-Gal staining

Tissue was fixed in 4% buffered formaldehyde in PBS. The next day, formalin was replaced 

with 70% ethanol and processed according to standard protocols for paraffin embedding. 

After paraffin embedding, 4-μm sections were made and used for routine hematoxylin and 

eosin staining. IHC was performed as described previously (26). In short, 4-μm sections 

were deparaffinized and rehydrated. Endogenous peroxidase was blocked in 0.3% H2O2 in 

methanol. For antigen retrieval, slides were treated at 96°C for 10 minutes in 10 mmol/L 

sodium citrate buffer pH 6.0, or for 20 minutes in 10 mmol/L Tris 1 mmol/L EDTA buffer 

pH 9.0 and incubated overnight at 4°C with primary antibody diluted in PBT (PBS with 

0.1% Triton X-100 and 1% w/v BSA). The following primary antibodies were used: anti-

BrdU mouse monoclonal 1:500 (Roche, BMC9318) and anti-cleaved-caspase-3 (Cell 

Signaling Technology, 9661S). Antibody binding was visualized with Powervision 

(Immunologic) and substrate development was performed using diaminobenzidine (Sigma-

Aldrich, D5637–10G). Hematoxylin was used as counterstain.

For assessment of recombination efficacy, cells expressing the LacZ allele were visualized 

with X-Gal staining. This was performed by fixing freshly isolated tissues for 90 minutes at 

4°C in PBS containing 1% formaldehyde, 0.2% glutaraldehyde, and 0.02% NP-40. Tissue 

was washed in ice-cold PBS subsequently and stained overnight in a dark chamber using 

PBS containing 5 mmol/L K3Fe(CN)6, 5 mmol/L K4Fe(CN)6, 2 mmol/L MgCl2, 1 mg/mL 

X-Gal, and 0.02% NP-40. After X-Gal staining, tissue was postfixed in 4% buffered 

formaldehyde in PBS and processed as described previously. Counterstaining of sections 

was performed with nuclear fast red. Quantification of stainings was done in 30 crypts per 

animal in a blinded manner.

ISH

For conventional ISH, we used methods described previously (13), using mRNA antisense 

probes (sequence available upon request). RNAscope experiments were performed using 

RNAscope, an RNA ISH technique described previously (27). RNAscope was performed 

according to the “Formalin-Fixed Paraffin-Embedded Sample Preparation and Pretreatment 

for RNAscope 2.5 assay” and “RNAscope 2.5 HD Detection Reagent – RED” protocols as 

provided by the manufacturer.

For RNAscope, the following probes were used: mm_Olfm4 (REF 311831, LOT16224A).

For in situ assessment of the Grp78Δ5−7 mRNA, The BaseScope Reagent Kit (Advanced 

Cell Diagnostics) was used according to the manufacturer’s instructions using a custom 

designed mmHspa5 probe targeting nucleotides 613–1399 of the mRNA.

Organoid culture

Organoids from primary intestinal epithelium were obtained from mice with indicated 

genotypes. Harvest and expansion of intestinal organoid culture was performed as described 

previously (4, 28, 29). Recombination of organoids was established by adding 1 μmol/L 

4OHT (Sigma-Aldrich, H6278–10MG) to culture medium for 24 hours at 48 hours after 

passaging unless stated otherwise. 4OHT in ethanol was added to culture medium 
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(1:1,000).Ethanol was used as vehicle. In irradiation experiments, organoids were subjected 

to 6 Gy γ-irradiation, 24 hours after recombination. Where indicated, we cultured organoids 

with 5 μmol/L CHIR-99021 (Sellekchem, S126307).

Measuring global translation rates

To measure global protein synthesis rates, we quantified the incorporation of 35S-labeled 

methionine and cysteine into newly translated proteins. Organoids were grown for 4 days 

after passaging in 48-well plates (20 μL of Matrigel per well). Recombination was induced 

from 48 hours, and growth factors (EGF, R-spondin, Noggin) were withdrawn 24 hours prior 

to the incorporation assay. Organoids were exposed to a 15-minute methionine starvation 

followed by a 45-minute pulse with 1 μL (1,25 μCi/mL) of EasyTag L-[35S]-Methionine, 

(PerkinElmer) per well. After labeling, organoids were washed twice in ice-cold PBS, 

harvested, and centrifuged in cold PBS to remove supernatant and Matrigel fragments. Next, 

cell pellets were lysed in cell lysis buffer (Cell Signaling Technology). Fifteen microliters of 

radioactive lysate was blotted on labeled 24-mm glass microfiber filters (GF/C Whatman) 

that were presoaked in 20% tri-chloro-acetic acid (TCA). Filters were dried and placed in a 

vacuum manifold and incubated in 10% ice-cold TCA for 15 minutes, followed by 10% 

TCA at 90°C to 95°C for 10 minutes to break any aminoacyl-tRNA bonds. Filters were 

washed twice with cold 2% TCA and then twice with 95% ethanol to remove TCA. Dried 

filters ( > 1 hour) were placed in liquid scintillation cocktail (Ultima Gold, PerkinElmer) for 

2 hours and radioactive decay was quantified using a scintillation counter (Tri-Carb 

2900TR). Counts per minute were calculated relative to control samples and presented as 

percentage of control.

Separation of intestinal epithelial cell fractions

Tissue was harvested in PBS, and 2-cm pieces of whole intestine were used for further 

processing to obtain pure epithelial fractions that did not contain mesenchyme (30). In short, 

the pieces of intestine were incubated for exactly 7 minutes in 30 mmol/L EDTA in HBSS at 

37°C. After incubation, samples were vortexed and centrifuged, after which, the supernatant 

containing the epithelial fraction was decantated and centrifuged again.

RNA isolation

For gene expression experiments in organoids, mRNA isolation was performed 24 hours 

after treatment with 4OHT using the Bioline ISOLATE II RNA Mini Kit (BIO-52073, 

Bioline) according to the manufacturer’s instructions. For RNA extraction from mouse 

intestine, tissue was homogenized with a Miccra D-1 homogenizer in 1 mL Tri-reagent 

(T9424, Sigma-Aldrich) and RNA extraction was performed according to the manufacturer’s 

protocol.

cDNA synthesis and qRT-PCR

Synthesis of cDNA was performed using 1 μg of purified RNA using Revertaid reverse 

transcriptase according to protocol (Fermentas). qRT-PCR was performed using sensifast 

SYBR No-ROX Kit (GC-biotech, Bio-98020) according to the manufacturer’s protocol on a 

BioRad iCycler. Primers sequences were ordered as found on qPrimerdepot 
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(mouseprimerdepot.nci.nih.gov/). All primer sets were intron spanning. Primer specificity 

was tested using melting curve analysis. Relative gene expression was calculated using the 

2−ΔCt method, with actin as reference gene.

Immunoblotting

Cells were lysed in cell lysis buffer (Cell Signaling Technology), and boiled in sample buffer 

containing 0.25 mol/L Tris-HCl pH 6.8, 8% SDS, 30% glycerol, 0.02% bromophenol blue, 

and 1% β-mercaptoethanol. Separation was done on 10% SDS-PAGE, and proteins were 

transferred to a polyvinylidene difluoride membrane. Specific detection was done by 

incubating the blot overnight in TBS with 0.1% Tween-20 with 1% BSA. Antibody binding 

was visualized using the Lumi-Light Western Blotting Substrate (Roche). The following 

antibodies were used: actin (Sigma, Ab1978), Grp78 (Cell Signaling Technology, 3177S), 

and c-Myc (Santa Cruz Biotechnology, sc-764). Quantifications of blots were performed 

with ImageJ software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 software. All values are 

depicted as the mean ± SEM. In experiments comparing two groups, statistical significance 

was analyzed using Student t test. For multiple comparisons, one-way or two-way ANOVA 

was used followed by a Bonferroni post test. All organoid experiments were done in 

triplicate, with 3 wells of organoids per condition. In all mouse experiment, n = 10 for each 

genotype. In each mouse experiment, we assumed effects to be 50% compared with controls, 

on the basis of the previous experiments performed in our laboratory. To predict effects in 

the Apchet(IEC) model, we performed power calculations based on previous experiments in 

Apcmin/+ mice, each developing 100 ± 39 polyps/animal.

Differences were considered statistically significant at P < 0.05.

Results

Reduced levels of Grp78 in intestinal organoids result in reduced stemness and 
proliferation, with increased sensitivity to irradiation and increased growth factor 
dependency

To assess the effects of reduced levels of Grp78, we generated mice that were heterozygous 

for a conditional allele that allows deletion of Grp78. These mice were crossed to 

VillinCreERT2 mice for intestinal epithelium–specific tamoxifen-inducible deletion of a single 

allele of Grp78. In addition, mice were crossed to Rosa26ZsGreen reporter mice or 

Rosa26LacZ reporter mice to enable visualization of recombination efficacy after Cre-

mediated recombination. From these VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/fl mice, we 

generated intestinal epithelial VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/fl organoids (next 

referred to as Grp78+/fl), in which Cre-mediated deletion of a single Grp78 allele could be 

established by addition of tamoxifen metabolite 4OHT to the culture medium, resulting in 

VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/− organoids (next referred to as Grp78+/−). 

Recombination efficacy was monitored using the fluorescent ZsGreen allele.
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After 48 hours of treatment with 4OHT, all Grp78+/− organoids were green fluorescent (Fig. 

1A). In the Grp78 conditional allele, exons 5 to 7 are removed by Cre-mediated 

recombination. Although nonfunctional, expression of the remaining floxed Grp78Δ5−7 

mRNA can still be measured, as has been described previously (24). Using a specific primer 

set that spans exons 5 to 7, we assessed expression of the Grp78Δ5−7 mRNA and found high 

expression, whereas this was not discernible in wild-type or nonrecombined Grp78+/fl 

organoids (Fig. 1B). Performing Western blot analysis, we found reduced Grp78 protein 

levels in Grp78+/− organoids (Fig. 1C and D). We next assessed proliferative potential of 

Grp78+/− organoids and found that organoids that lacked a single Grp78 allele had reduced 

growth potential (Fig. 1E). Growth retardation was accompanied by increased expression of 

several markers of UPR activation 3 days after recombination, in particular Chop, a target of 

the PERK-eIF2α UPR signaling pathway (Fig. 1F). In addition, we observed reduced levels 

of crypt base columnar cell (CBC) stem cell markers Lgr5 and Olfm4 in Grp78+/− 

organoids.

To assess whether heterozygous expression of Grp78 increased sensitivity of these organoids 

to circumstances that cause reduced growth, we cultured organoids in medium containing 

reduced levels of the critical growth factor Rspondin1 (Rspo1). Reduced levels of Rspo1 in 

the culture medium slightly reduced growth of wild-type organoids (Supplementary Fig. 

S1A). In Grp78+/− organoids, however, Rspo1 reduction caused significant growth 

impairment (Supplementary Fig. S1B). In addition, a similar effect was seen upon γ-

irradiation of organoids. Irradiated wild-type organoids showed reduced budding after two 

days compared with nonirradiated organoids with a rapid recovery at day 4 (91.7% vs. 

98.3%, ns). In Grp78+/− organoids, growth was reduced in nonirradiated organoids 

compared with wild-type organoids (49.3% vs. 98.3%; P < 0.001) and further impaired by 

irradiation (17.8% vs. 49.3%; P < 0.001; Supplementary Fig. S1C).

Organoids are cultured in standard culture conditions, with approximately 21% oxygen. 

Because oxygen tension in the intestinal mucosa is low (31), we examined whether reduced 

growth of Grp78+/− organoids resulted from reduced capacity to cope with a high oxygen 

tension environment containing increased reactive oxygen species (ROS). To this end, we 

examined expression of CBC markers Lgr5, Olfm4 under circumstances of low oxygen (5% 

O2). We found no different expression of these markers in both nonrecombined and 

Grp78+/− organoids when compared with 20% O2 (Supplementary Fig. S1D).

Heterozygosity of Grp78 in organoids thus increased expression of markers of activation of 

the UPR and resulted in reduced growth potential, most strikingly during circumstances of 

reduced availability of growth factors or damage by irradiation.

Grp78 heterozygosity has no discernible effect on intestinal homeostasis

Organoids of intestinal epithelium are continuously expanding cell cultures. Expansion of 

these structures is driven by crypt fissioning and crypt budding, which are processes that are 

characteristic of intestinal growth and repair. Organoids do, therefore, not completely mimic 

homeostatic intestinal epithelium, where crypt numbers are maintained stable. Effects of 

Grp78 heterozygosity observed in vitro in organoids may therefore be distinct from the 

effects in the homeostatic intestinal epithelium in unchallenged mice in vivo. We next 
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examined inducible VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/fl mice, in which Grp78 
heterozygosity in intestinal epithelial cells (IEC) could be established after injections with 

tamoxifen, resulting in VillinCreERT2-Rosa26ZsGreen/LacZ-Grp78+/− mice (next referred to as 

Grp78het(IEC)). To control for off-target effects of tamoxifen, we used littermate 

VillinCreERT2- Rosa26ZsGreen/LacZ-Grp78+/+ mice that had received injections with 

tamoxifen as controls (next referred to as Grp78wt).

Expression of the LacZ reporter allele showed that one month after recombination, nearly 

100% of crypts remained recombined in Grp78het(IEC) and Grp78wt control animals (Fig. 

2A) and similar to recombined organoids, expression of the floxed Grp78Δ5−7 mRNA was 

high in Grp78het(IEC) animals as shown by qRT-PCR (Fig. 2B). To confirm recombination 

throughout the intestinal epithelium of Grp78het(IEC) animals, we generated an RNA probe 

that spanned the junction between exons 4 and 8 and was thus capable of detecting the 

floxed Grp78Δ5−7 mRNA specifically. We used single-molecule mRNA labeling ISH to 

identify cells that expressed the floxed Grp78Δ5−7 mRNA and found ubiquitous expression 

throughout the intestinal epithelium, confirming the extent of recombination (Supplementary 

Fig. S2). In addition, Grp78 protein levels were reduced in Grp78het(IEC) mice (Fig. 2C and 

D). Grp78het(IEC) animals had an unaltered rate of epithelial proliferation as judged by a 2-

hour pulse of BrdU incorporation (Fig. 2E) Numbers of stem cells were unaltered in 

Grp78het(IEC) animals, as judged by quantification of cells that were labeled by ISH for CBC 

stem cell marker Olfm4 (Fig. 2F and G). Quantification of markers of activation of the UPR 

showed mild increased expression of p58ipk, whereas other markers were unaltered (Fig. 

2H). We assessed mRNA expression levels of stem cell markers Lgr5 and Olfm4, and found 

reduced mRNA levels, although stem cell numbers or proliferation, were thus not reduced. 

In addition, we assessed mRNA levels of alternative stem cell markers Bmi1 and HopX that 

label + 4 cells and found these markers to be unaffected. Interestingly, we found a significant 

increase in expression of quiescent stem cell marker mTert (Supplementary Fig. S3; refs 32–

34).

Considering the differences between expanding growth in organoids and homeostatic growth 

in mice, we conclude that Grp78 heterozygosity results in growth reduction in situations of 

exaggerated or expanded growth, but not during homeostatic proliferation.

Grp78 heterozygosity results in reduced self-renewal capacity during tissue regeneration

During insults that damage the intestine, expansive growth is required for tissue repair and 

cells with reduced growth capacity have impaired regenerative capacity. Moreover, the 

regenerative response shares features with organoid growth, such as fissioning and budding 

of crypts.

We subjected Grp78het(IEC) animals and Grp78wt controls to 14 Gy γ-irradiation. After 48 

hours, we observed epithelial damage, such as aberrant stacking of enterocytes and presence 

of apoptotic bodies (Supplementary Fig. S4A). After 96 hours, a regenerative response was 

observed in all intestines regardless of genotype (Supplementary Fig. S4B).

All mice carried a LacZ reporter allele to assess recombination efficacy. Near-complete 

recombination was observed for both wild-type and heterozygous animals at 48 hours after 
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irradiation (91% vs. 82%, P = 0.258, Fig. 3A and B). Strikingly, at 96 hours after 

recombination, a significant increase in the amount of nonrecombined (wild-type) crypts 

could be observed in Grp78het(IEC) animals, but not in controls (49% vs. 51%, P < 0.05, Fig. 

3A and B).

We tested mRNA expression levels of the LacZ gene-product and confirmed reduced LacZ 
expression and thus loss of the recombined Grp78 allele in Grp78het(IEC) cells at the mRNA 

level (Fig. 3C). To assess whether these differences could be the effect of increased 

apoptosis in Grp78het(IEC) animals, we quantified cleaved caspase-3+ apoptotic cells and 

found no significant differences compared with controls (Fig. 3D and E). These results show 

that in Grp78het(IEC) intestines, regeneration is favored from nonrecombined stem cells 

rather than from stem cells that have reduced levels of Grp78.

Grp78 heterozygosity protects from intestinal adenoma formation

Colorectal cancers develop from adenomas. The classical adenoma-initiating event is loss of 

the adenomatous polyposis coli (APC) tumor suppressor gene, which results in activation of 

the Wnt signaling pathway, leading to accumulation of stem cells, increased proliferation, 

crypt expansion, and crypt fissioning (24). Humans and mice that lack a single APC allele 

are prone for development of intestinal adenomas and in 80% of sporadic colorectal 

carcinomas a biallelic loss of APC is observed (35, 36).

To investigate adenoma development in Grp78het(IEC) mice, we generated mice with 

heterozygous deletion of both Grp78 and Apc from the intestinal epithelium (Apc-
Grp78het(IEC)). Recombination of both single alleles was induced at the age of 4 weeks and 

mice were sacrificed for adenoma analysis at 20 weeks of age. We compared proliferation 

and adenoma formation in Apc-Grp78het(IEC) mice to Apchet(IEC) controls. As expected, 

Apchet(IEC) mice had increased epithelial proliferation compared with wild-type control 

animals, confirming efficacy of recombination (Fig. 4A). In recombined tissue, proliferation 

showed no significant difference between Apc-Grp78het(IEC) and Apchet(IEC) control 

epithelium. However, the average number of adenomas was significantly reduced in Apc-
Grp78het(IEC) mice (Fig. 4B). We did however not observe differences in adenoma size 

between the two genotypes (Fig. 4C and D).

Because adenoma development is inhibitedin Apc-Grp78het(IEC) animals, reduced capacity 

of the ER because of Grp78 heterozygosity likely results in differentiation of cells that 

harbor increased ER-stress. To analyze whether adenoma development is accompanied by 

increased ER-stress and activation of the UPR, we performed ISH for a number of 

components of the UPR (Erdj4, Chop, and Atf4) on adenomatous and adjacent normal tissue 

of Apcmin/+ mice. We indeed observed increased expression of these UPR target mRNAs in 

adenomatous tissue, confirming increased activity of the UPR inside adenomas 

(Supplementary Fig. S5).

Thus, our results show that Grp78 heterozygosity protects from intestinal adenoma 

formation, without causing growth defects on homeostatic tissue, potentially due to 

increased dependency on the capacity of the ER during adenomagenesis.
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Because loss of Apc, through activation of the Wnt signaling pathway, has been found to 

increase global protein translation (37), we examined additional effects of Grp78 
heterozygosity. To this end, we treated Grp78+/− organoids with CHIR-99021, a GSK3β-

inhibitor that results in activation of the Wnt pathway, resembling loss of Apc (38). Protein 

synthesis levels were reduced in Grp78+/− organoids, and although activation of the Wnt 

pathway by treatment with CHIR-99021 increased protein synthesis levels in controls, it 

failed to do so in Grp78+/− organoids (Fig. 5A).

Proliferation that results from hyperactivation of the Wnt signaling pathway is transduced by 

the oncogene c-Myc (39). Moreover, c-Myc is implemented in promoting translation (40). 

We examined effects of Grp78 heterozygosity on c-Myc expression in the presence of 

CHIR-99021 and found reduced levels of c-Myc in CHIR-99021–treated organoids upon 

deletion of a single Grp78 allele (Fig. 5B and C). Moreover, we found that Grp78 

heterozygosity increased expression of several markers of ER stress during treatment with 

CHIR-99021 (Fig. 5D).

Thus, we find that in the context of hyperactivated Wnt signaling, translation and expression 

of oncogene c-Myc are markedly inhibited by Grp78 heterozygosity, which may 

mechanistically explain reduced adenomagenesis in Grp78het(IEC) animals.

Discussion

Pathways that control the fitness of intestinal epithelial cells, in particular progenitor cells, 

maintain a healthy stem cell pool that is capable of maintaining the intestinal epithelium 

during damage and repair and is protected from tumorigenesis. One such pathway is the 

UPR, which detects stress inside the ER and causes loss of self-renewal capacity in stem 

cells in which ER-stress is detected (4, 41, 42).

Homozygous genetic ablation of UPR gatekeeper chaperone Grp78 results in rapid loss of 

stem cells from the intestinal epithelium through activation of the UPR. In addition, deletion 

of Grp78 results in loss of progenitor cells from the esophageal epithelium as well as from 

the inner cell mass from blastocysts (4, 24, 41). We generated mice in which Grp78 is 

heterozygously deleted from the intestinal epithelium, which show no alterations under 

homeostatic conditions, confirming earlier reports that showed unaltered organ histology and 

function in body wide Grp78+/− mice under normal circumstances (16, 18). Interestingly, we 

do find slight alterations at the molecular level (downregulation of stem cell marker Lgr5 
and Olfm4 mRNA), although this did not result in reduced stem cell numbers or reduced 

epithelial proliferation.

In a number of nonhomeostatic conditions in organoids, such as increased expansion, 

reduction of growth factor Rspondin1, or γ-irradiation, we observed impaired proliferation 

showing that these conditions provoke haploinsufficiency. The fact that intestines of mice 

that have impaired expression of Grp78 remain unaffected during homeostasis exposes a 

critical difference between ever-expanding organoid cultures and homeostatic growth in 

intestines that maintains a constant number of crypts.
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In addition, we find that that Grp78het(IEC) epithelium in mice has reduced self-renewal 

capacity upon γ-irradiation, in which regeneration is favored from wild-type nonrecombined 

stem cells over stem cells that lack a single Grp78 allele. Moreover, crossing Grp78het(IEC) 

mice to animals with a conditional Apc allele results in reduced adenoma numbers pointing 

toward reduction in tumor initiation. Both regeneration and tumor initiation are features that 

are contributed to stem cell function (3, 43), thereby showing that under these 

circumstances, Grp78 stem cells exhibit haploinsufficiency. These results may be explained 

by the fact that protein synthesis capacity and expression of oncogene c-Myc are reduced by 

Grp78 heterozygosity in the context of hyperactive Wnt signaling.

It has been demonstrated previously that Grp78 exhibits haploinsufficiency—in several 

models including pancreatitis and mammary tumor formation, thereby showing that 

threshold levels of Grp78 that suffice under homeostatic conditions may fail under 

pathologic conditions (16, 18, 44). Interestingly, in these reports, body-wide Grp78+/− mice 

were used, in which Grp78+/− immune cells, stromal cells, or vascular cells may have 

contributed to increased pancreatitis or reduced tumorigenesis. Subsequent analysis on 

conditional heterozygous knockout of Grp78 in endothelial cells showed minimal effect on 

normal tissue microvessel density while causing severe reduction in tumor angiogenesis and 

metastatic growth (45). Furthermore, targeted heterozygous knockout of Grp78 in bone 

marrow suppressed blast numbers without affecting normal hematopoiesis (46). Recently, 

using the Pdx1Cre-RasG12D/+-P53fl/+ model for pancreatic ductal carcinoma, it was shown 

that epithelium-specific heterozygosity of Grp78 resulted in reduced tumorigenesis and 

increased survival of mice (47). Pancreatic ductal cells are known for their large translational 

capacity and dependence on the ER and thus on Grp78 levels. Interestingly, we show that in 

intestinal epithelial cells, that are not regarded as cells with high levels of translational- or 

ER capacity, Grp78 heterozygosity results in a similar protection from tumorigenesis.

Together, our studies establish a role for Grp78 in tissue regeneration and adenoma 

formation, thereby putting forth Grp78 as a promising preventive target in the development 

of therapies for colorectal cancer (11).
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Significance:

Heterozygous disruption of chaperone protein Grp78 reduces tissue regeneration and 

expansive growth and protects from tumor formation without affecting intestinal 

homeostasis.
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Figure 1. 
Grp78 heterozygous organoids exhibit loss of stem cell markers, increase in UPR markers, 

and impaired growth. A, Brightfield and fluorescent images of wild-type and Grp78+/− 

organoids at day 4 after passaging. B, qRT-PCR analysis of floxed Grp78Δ5–7 mRNA in 

organoids depicted in A. C, Western blot analysis for Grp78 protein in nonrecombined and 

recombined organoids. Actin was used as equal loading control. D, Quantification of 

Western blot analysis in C, relative to control. E, Organoid growth assessed by the 

percentage of organoids with two or more buds at indicated times after passaging. F, qRT-

PCR analysis for UPR components and CBC markers. wt, wild type; veh, vehicle. ns, not 

significant; **, P < 0.01; ***, P < 0.001. Original magnification, ×400.
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Figure 2. 
Grp78 heterozygous mice show unaltered proliferation and stem cell numbers in the 

intestine. A, LacZ staining on intestines of mice showing recombination one month after 

induction of Cre-mediated recombination with tamoxifen. B, qRT-PCR analysis offloxed 

Grp78Δ5−7 mRNA. C, Western blot analysis for Grp78 protein in nonrecombined and 

recombined small intestine. Actin was used as equal loading control. D, Quantification of 

Western blot analysis in C, relative to control. E, Quantification of BrdU-positive cells. F, 
ISH for stem cell marker Olfm4. G, Quantification of Olfm4+ve cells. H, qRT-PCR analysis 

of a panel of UPR components and CBC-stem cell markers Lgr5 and Olfm4. ns, not 

significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Original magnifications, ×200 and 

×400.
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Figure 3. 
Regeneration of Grp78 heterozygous intestinal epithelium after γ-irradiation is favored from 

nonrecombined stem cells, showing loss of self-renewal capacity in heterozygous intestines. 

A, LacZ staining on small intestines of mice showing recombination 48 hours and 96 hours 

after irradiation. B, Percentage of crypts that are nonrecombined in wild-type control 

animals and Grp78het(IEC) animals, 48 hours and 96 hours after irradiation. C, qRT-PCR for 

expression of LacZ mRNA. D, IHC for cleaved-caspase-3 at 48 hours postirradiation. Red 

arrows, positive cells. E, Quantification of cleaved-caspase-3–positive cells. ns, not 

significant; *, P < 0.05; **, P < 0.01. Original magnification, ×400.
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Figure 4. 
Reduced adenoma formation in Grp78 heterozygous mice. A, Quantification of IHC for 

BrdU on mice with indicated genotypes. B, Number of adenomas in small and large 

intestines of mice with indicated genotypes. All animals were sacrificed at the age of 20 

weeks, 16 weeks after recombination with tamoxifen. C, Average adenoma size in 

millimeters (mm) of all adenomas. D, Representative images (hematoxylin and eosin 

staining) showing adenomas in the entire small intestine of indicated genotypes. ns, not 

significant; **, P < 0.01.
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Figure 5. 
Reduced protein synthesis in Grp78 heterozygous organoids and increased ER stress in 

presence of Wnt pathway activating compound CHIR-99021. A, 35S-methionine labeling 

assay of organoids of indicated genotypes, grown in normal culture medium or with the 

addition of 5 μmol/L CHIR-99021. B, Western blot analysis for c-Myc and Grp78 protein in 

organoids, with the addition of 5 μmol/L CHIR-99021. C, Quantification of Western blot 

analysis in B, relative to control. veh, vehicle. ns, not significant; *, P < 0.05; **, P < 0.01; 

***, P < 0.001.
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