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Surgical resection is the only potentially curative treatment for pancreatic 

cancer, but only 15-20% of patients have resectable tumors. In unresectable cases, 

stereotactic body radiotherapy (SBRT) may be used to give tumor-directed 

radiotherapy (RT).  Unfortunately, this can cause severe gastrointestinal (GI) toxicity 

due to proximity of the pancreatic head to the duodenum. Protecting the intestine 

from the toxic side-effects of radiation may enable dose-escalation that could 

achieve more effective local control of disease. We and others have previously 

shown that a fast of 24 hours protects mice from lethal doses of the DNA-damaging 

agent etoposide.  In this study, we demonstrate that a 24 hour fast also protects 

mice from lethal doses of total-abdominal radiation. Histologic analyses using the 

Withers-Elkind microcolony assay show that fasting protected small intestinal (SI) 

stem cells from radiation damage and promoted early regeneration. To show a 

proof-of-principle for the use of this radioporotective maneuver in cancer therapy, we 

used an orthotopic model of pancreatic cancer using KPC tumor cells syngeneic to 

C57BL/6.  Here, we show that fasting-mediated intestinal protection enabled dose 

escalated SBRT for treatment of these orthotopic tumors.  RT with fasting-mediated 

radioprotection delayed tumor growth and improved survival compared to controls. 

Given this robust phenotype, we developed a 3D culture ex vivo assay using 
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intestinal stem cell-enriched epithelial spheroid cultures. We modified these 

intestinal spheroids with a bioluminescent reporter and used these cells to develop a 

modified clonogenic assay for 3D culture that can be used to identify novel 

radioprotectors, such as a fasting mimetic. Taken together, these results suggest 

that fasting protects small intestinal stem cells, allowing animals to receive 

potentially curative doses of abdominal radiation that would otherwise be lethal.  

Future work will aim to identifying the mechanisms by which fasting confers intestinal 

protection and drug candidates that can be used to mimic this fasting-mediated 

protection. 
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Chapter 1 – Introduction 
 

This chapter is based upon (insert full citation)  
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Fasting in stress-response 
 
A myriad of model organisms have been shown to withstand different stressors when 

they are subjected to an environment with decreased nutrition. In yeast and bacteria 

such as E.coli, starvation induces oxidative stress response genes leading to 

resistance to oxidative stress (1-3). In yeast, inducing starvation by growing cells in 

water not only induces protection against oxidative stress but also against heat 

shock(4). In worms, every two days of fasting protects from oxidative stress and 

increased lifespan (5, 6), whereas excessive glucose shortened lifespan (7). 

Stress resistance in these organisms is promoted, at least in part, by 

downregulation of nutrient-signaling proteins, and consequent de-repression of stress 

resistance transcription factors (8). For example, yeast starvation-induced protection 

is thought to be as a consequence of reduced Ras/cAMP/PKA and Tor/S6K signaling 

and subsequent activation of factors downregulated by these pathways (4, 9-12). 

Similarly, in worms, fasting-induced protection occurs via alteration of the RHEB-1 and 

TOR pathways which are linked to DAF-16 (FOXO transcriptional factor homolog) (5, 

6). Moreover, mutations in the PI3K homolog (age-1) and IGF-I receptor homolog (daf-

2) in C. elegans decrease AKT-1/AKT-2 signaling and activates DAF-16, thereby 

extending lifespan and promoting stress resistance in these organisms (13-18). In 

flies, fasting increases d4E-BP expression which acts downstream of 

Pi3K/Akt/dFOXO3. Increased d4E-BP suppresses eIF4B-induced translation, moving 

energy away from growth and into protection from oxidative stress (19, 20). 

In mice, the GH and IGF-I signaling axis controls stress resistance and lifespan. 

Transgenic mice overexpressing GH have decreased activity of superoxide dismutase 
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and catalase in their hepatocytes, indicating decreased oxidative stress response (21, 

22). The opposite is also observed as cells derived from mice with GH/IGF-I 

deficiencies are resistant to a myriad of stressors including UV, genotoxins, heat and 

oxidative stress (23, 24). IGF-I has also been shown to sensitize neurons, primary glia 

and fibroblasts to oxidative damage and genotoxic drugs (25, 26). 

 

Fasting and Cancer Therapies 
 

Caloric restriction, a reduction of the daily consumed calories by 10-50%, has 

been shown to delay the progression of some tumors and to prevent the growth of 

transplanted tumors in mice (27, 28). In fact, caloric restriction has been shown to 

increase lifespan and decrease cancer incidence in mice, rats and primates (29-31). 

The effect of caloric restriction on tumor growth varies. On the one hand, tumors with 

loss of PTEN function or PI3K activating mutations have been shown to be resistant 

to dietary restriction (32). Tumors that are sensitive to dietary restriction experience a 

decrease in Akt signaling that accompanies the decrease in available circulating 

growth factors, whereas tumors with constitutive PI3K signaling activation, and thus 

downstream auto-growth signals, are not affected by environmental shifts in nutrient 

availability (32). In this context, sensitive tumors were found to increase pro-apoptotic 

and anti-proliferative gene expression mediated by FOXO1 transcription factor 

relocalization to the nucleus (32). This observation denotes the importance in 

understanding the metabolic drivers of tumor development and growth to better 

identify cases in which dietary interventions such as caloric restriction or fasting could 

be applied. 
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Fasting, on its own suppresses tumor growth in mice. It has been shown to 

decrease the incidence of lymphomas (33) and delay spontaneous tumor formation in 

p53-deficient mice (34). The greatest therapeutic response is found when fasting is 

combined with chemotherapy when compared to either intervention alone (35).  On 

the other hand, it has not yet been determined whether tumors that are resistant to 

dietary restriction are more or less sensitive to chemotherapy (32). 

The study of clinical applications of fasting in cancer therapy is still very limited.  

Cancer patients undergoing chemotherapy experience high rates of morbidity, despite 

regimens that attempt to balance timing and dose intensity to mitigate off-target effects 

and dose limiting toxicities (36). In addition, life-threatening side effects experienced 

by cancer patients undergoing treatment limit the feasibility of dose-escalation 

regimens to kill their tumors. Although caloric restriction has not been as successful 

in inducing protection (37) of normal cells, fasting has been shown to protect the host, 

but not engrafted tumors from the toxicity associated with high-dose chemotherapy 

(35, 38). Long-term fasting has been used to mitigate toxicity from etoposide, 

doxorubicin, cyclophosphamide, and 5-Fluorouracil in mice (26, 38) and further from 

docetaxel, carboplatin, paclitaxel, and gemcitabine in a patient case series (39, 40). 

Specifically, patients who fasted prior to receiving chemotherapy reported fewer side 

effects (including reduced GI side effects) and with no evidence that fasting protected 

tumors or interfered with chemotherapy efficacy (39). Thus, fasting can reduce side 

effects associated with chemotherapy without negatively impacting tumor cell killing. 

Unfortunately, fasting is not feasible for all cancer patients, especially those exhibiting 

cachexia. A mechanistic understanding of how fasting protects SI stem cells may 
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identify ways to protect patients from the deleterious side effects of cancer therapies 

without the need for them to fast. Previous work from our lab provides mechanistic 

insight into how fasting provides host protection from high-dose etoposide. Previously, 

we demonstrated that short-term fasting protects small intestinal stem cells from lethal 

doses of DNA damage and this, in turn, preserves SI homeostasis and promotes 

organismal survival. DNA repair and DNA damage response genes were elevated in 

SI stem cells of fasted etoposide-treated mice, which importantly correlated with faster 

resolution of DNA DSBs and less apoptosis. 

Approximately half of cancer patients receive some sort of radiation during their 

treatment. Radiation is not a targeted therapy; it causes negative effects on normal 

tissues that are in the radiation field. The bone marrow and the small intestine are the 

first and second most radiosensitive organs, respectively (41). As such, patients 

undergoing radiation for abdominopelvic malignancies or whole-body radiation for 

bone marrow transplant are at risk of suffering from gastrointestinal side effects due 

to radiation toxicity. The work presented here demonstrates that fasting also provides 

host protection from high-dose ionizing radiation.  

 

 

Radiation Induced Gastrointestinal Syndrome 
 

Radiation-induced gastrointestinal syndrome (RIGS) occurs when patients are 

exposed to high doses (>10 Gy) of radiation. Radiation targets the fast cycling stem 

cells in the intestinal crypts. Continued migration of differentiated epithelial cells from 

crypts to villi and ultimately sloughing into lumen, without a stem cell reservoir to 
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replenish villi, will result in denuding of the intestinal epithelium with stunted villi and 

decreased absorptive surface area (42-44). Clinically, acute symptoms of RIGS 

include abdominal pain, bloating, appetite loss, nausea and diarrhea (45). Chronically, 

patients can develop post-prandial pain, small bowel obstruction, nausea, anorexia, 

malabsorption or diarrhea (46). As such, patients may present with significant 

morbidities including dehydration, electrolyte imbalance, weight loss and exhaustion. 

Additionally, sufficient crypt loss can lead to breakage of the intestinal barrier allowing 

gut flora to access the bloodstream which can cause sepsis and subsequent death 

(41). Depending on severity and decline of the patients’ quality of life associated to 

RIGS, up to 20% of patients have had to alter their therapy due to GI radiation toxicities 

(47). 

 Although immediately after radiation, p53 induces PUMA mediated apoptosis 

in the SI (48-50), it also allows for a p53/p-21 cell cycle arrest in small intestinal cells 

(51) which may play a role in the prevention of mitotic catastrophe and subsequent 

stem cell death. In fact, mice deficient in p53 were observed to bypass the p21 

checkpoint allowing crypt cells to continue cycling. This lead to accelerated death of 

damaged cells and decreased survival (51). Interestingly, fasting has been shown to 

increase the expression of p21 in mouse tissues, including in the small intestine (52), 

yet the potential role of p21 expression in fasting-mediated small intestinal 

chemoprotection has not been studied. 

 

Small Intestinal Epithelium Dynamics 
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 The small intestinal epithelium is composed of villi and crypts. There are four 

differentiated cell types: absorptive (enterocytes), goblet, endocrine and paneth cells 

(53). The first three reside in the villi where enterocytes absorb nutrients, goblet cells 

secrete mucus and enteroendocrine cells release hormones. Paneth cells reside in 

the crypt and form part of the small intestinal stem cell niche. SI crypts compose the 

proliferative compartment of the small intestine from which stem cells produce rapid 

cycling transit amplifying (TA) cells, which continue differentiating and migrating 

upwards through the villi and are ultimately sloughed off into the intestinal lumen 

resulting in an intestinal epithelium turnover of 4-5 days (54). 

 Two types of stem cells have been identified in the mouse small intestine: the 

crypt base columnar (CBC) cells, which are interspersed with Paneth cells at the 

bottom of the crypt and the +4 cells (55, 56). CBCs are multipotent stem cells marked 

by the expression of LGR5 and are highly proliferative cycling every 24h (57, 58). 

Several putative +4 stem cell markers have been shown to lead to lineage tracing in 

vivo. Bmi1 was described to mark cells at the +4 position which were self-renewing 

multipotent stem cells (59). Unfortunately, the specificity of Bmi1 as a +4 stem cell 

marker has been challenged since studies have found Bmi1 being expressed in Lgr5+ 

stem cells and Bmi1 has been observed in cells spanning varied positions around the 

crypt (CITE DOI 10.1073/pnas.1013004108 (60, 61). HopX, Lrig1, and Tert have 

independently been shown to be markers of quiescent stem cells, residing around the 

+4 position, which can generate labeled progeny (62-64). However, the expression of 

these marks does not appear to be specific to one stem cell population which 

confounds the SI stem cell model. Due to this, a newer model has been proposed 
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where both groups of stem cells, the CBC and the +4, coexist for different 

physiological roles. The CBC cells are afforded the function of maintaining intestinal 

homeostasis during normal turnover of the epithelium and the +4 cells are thought to 

function as a reserve stem cell pool that is activated in the setting of intestinal injury 

(65).  

   

Intestinal Radioprotectors 
 

Despite the fact that toxicity to the GI tract is a significant clinical problem, there 

are no existing approved normal tissue protectors that can prevent this toxicity. 

Amifostine is the only FDA approved radiation protector, but its use is limited by severe 

side effects such a hypotension and nausea (66). Thus, identification of novel 

radioprotectors could not only improve patients’ quality of life by reducing the 

aforementioned side effects, but also increase the therapeutic window to enable dose 

escalation of cytotoxic therapy and more effective tumor cell killing.   

The classical assay to assess the cellular radiation response is the clonogenic 

assay, or colony formation assay, which monitors the ability of a single tissue culture 

cell to grow into a colony after administration of radiation or chemotherapy(67). 

Unfortunately, the discovery of novel protective drugs by this assay is limited by the 

technical difficulties of culturing normal tissues ex vivo. Cell lines such as Caco-2 

(colon cancer derived cells) or Hs 1.Int (non-epithelial intestinal derived cells) have 

been used to approximate intestinal function, but are often inadequate for estimating 

the ability to respond to radiation since neither of them are truly representative of 

normal cells (68).  
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The gold standard for studying the response of the intestinal tract to cytotoxic 

insult is the microcolony assay developed by Withers and Elkind (69), which assesses 

regenerating intestinal stem cells after cytotoxic therapy.  This method utilizes a single 

lethal or sublethal administration of cytotoxic therapy (e.g. radiation) that kills existing 

intestinal stem cells in the crypt.  Nascent stem cells that regenerate after the cytotoxic 

insult are identified by a histopathological technique that requires transverse sections 

of intestine on a single slide, which can be technically demanding(69).  Even if the 

slides are prepared properly, the individual regenerating crypts must be counted 

manually by an experienced pathologist.  Lastly, implicit in this assay is that each data 

point requires large numbers of mice, making the entire process both costly and low 

throughput for identifying and characterizing new modulators of intestinal damage.  

The advent of intestinal stem cell enriched-spheroids grown from murine or 

human tissue ex vivo has enabled the study of normal intestinal tissue and its 

responses to radiation (70) or chemotherapy (71). These cultures, which are 

amenable to genetic modification(72), can be passaged indefinitely using growth 

factor-enriched media in a 3D matrix. Here, we describe the development of a 

modified colony formation assay, which we refer to as a spheroid formation assay 

(SFA), that establishes a small intestinal (SI) stem cell-enriched spheroid cell line 

directly from mice to study the effects of radiation or chemotherapy treatments ex vivo. 

 

Pancreatic Cancer 
 

Pancreatic ductal adenocarcinoma (PDAC) is expected to become the most 

common cause of cancer-related deaths by 2030(73). There has been little 
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improvement in PDAC prognosis over the last several decades, and the 5-year 

survival rate of pancreatic cancer remains below 10%(74). Currently, the most 

effective treatment for PDAC is surgery. However, because of the late onset of 

symptoms, only 15-20% of patients present with resectable disease, whereas the 

remaining 80%–85% present with locally advanced unresectable or metastatic 

disease. Chemotherapy combined with radiotherapy (RT) is the most commonly used 

approach for treating locally advanced unresectable pancreatic cancer. 

 

Radiation therapy in pancreatic cancer 
 

The amount of chemotherapy and radiation that can be given to cancer patients 

is limited due to the sensitivity of normal tissues. This issue is highlighted with radiation 

therapy, which can kill solid tumors anywhere in the body but also damages adjacent 

normal tissue. For instance, cancers of the abdomen and pelvis, such as pancreatic 

and prostate adenocarcinoma, are difficult to ablate with radiation alone because 

these tumors require high doses of radiation for control, but are often adjacent to very 

radiosensitive structures of the GI tract, such as the small intestine(75). This is 

perhaps best illustrated by locally advanced cancer of the pancreatic head since 

potentially curative doses of radiation (60-70Gy) are constrained by the nearby 

duodenum, which can only tolerate a maximum of 50Gy (76). This potential for morbid 

toxicity, often prevents these tumors from receiving a definitive therapeutic dose.  In 

addition, chemotherapeutic agents, such as irinotecan and anti-angiogenic biologics 

such as bevacizumab, also have dose limiting GI toxicities, including potentially fatal 

diarrhea and bowel perforation(77, 78). 
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Results from phase I/II trials have demonstrated that dose escalation is 

possible with sophisticated radiation techniques like intensity-modulated radiation 

therapy (IMRT)(79).  Though these conformal techniques are highly precise, they 

often cannot avoid the duodenum which abuts the pancreas.  Moreover, considerable 

expertise is required for dose-escalated radiation within the abdomen or pelvis, which 

limits these treatments to a handful of academic centers.  Thus, a complementary and 

potentially more tractable method to improve the therapeutic ratio for chemoradiation 

for tumors within the abdomen or pelvis may be to reduce toxicity to the GI tract with 

a radioprotectant. Moreover, by reducing side effects from radiation damage, a 

radioprotectant drug could increase the quality of life for our cancer survivors.   Here 

we test the hypothesis that by protecting the small intestine from high-dose radiation, 

fasting allows dose escalation for efficient killing of pancreatic tumor cells in a murine 

model of PDAC (80). 
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Chapter 2: Methods and Materials 
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Study Approval. This study was carried out in accordance with the recommendations 

in the Guide for the Care and Use of Laboratory Animals from the National Institutes 

of Health (NIH) Institutional Animal Care and Use Committee (IACUC). The protocol 

was approved by the IACUC at MD Anderson Cancer Center (Protocol #1101RN01). 

Animals were euthanized as dictated by the Association for Assessment and 

Accreditation of Laboratory Animal Care International and IACUC euthanasia 

endpoints. 

 

Mice. Both male and female mice were used in this study. C57Bl/6J mice (stock 

no. 000664) were purchased from The Jackson Laboratory. Nine-week-old male mice 

used for survival and intestinal histology experiments weighed from 23.4g to 26.6g, 

whereas female mice ranged from 18.1g to 20.5g. 

 

KPC Cell Growth. The KPC cell line was derived from a spontaneous tumor 

from a female KrasG12DLSL/+; Trp53 R172H; Pdx1-Cre (KPC) mouse(81). KPC cells 

were maintained in RPMI 1640 (Sigma Aldrich) supplemented with 1% GlutaMAX, 

1% sodium pyruvate, and recombinant insulin (all from Life Technologies). Media was 

supplemented with 10% regular fetal bovine serum (Heat-inactivated, Atlanta 

Biologicals). 

 

Orthotopic Injections. KPC cells were resuspended in RPMI 1640 (Sigma 

Aldrich) and mixed with chilled Matrigel in a 1:1 ratio. Mice were anesthetized with 2% 

isoflurane and supported with artificial eye drops and a prophylactic dose of 0.1 mg/kg 
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extended release buprenorphine given subcutaneously for post-operative analgesia. 

Mice were placed in the right lateral decubitus position, fur was shaved and wiped with 

a 10% povidone iodine solution and 70% ethanol. Through a 1.5 cm incision with 

sterile surgical instruments, the spleen was visualized and removed from the 

abdominal cavity exposing the underlying tail of the pancreas. KPC cells (2 x 104 cells) 

in 20 L of Matrigel were injected into the pancreatic parenchyma and observed until 

the Matrigel solidified. The organs were returned and the abdomen was closed with 

absorbable 6-0 sutures  and surgical staples. Mice were observed as they recovered 

from their operation. Tumors were allowed to grow for two weeks and then monitored 

with ultrasound imaging. 

 

Animal Ultrasound. Mice were subjected to 2% isoflurane for anesthesia, and 

treated with epilation cream. Animals were then placed onto a Vevo 2100 system 

(FujiFilm VisualSonics). A 30 MHz transducer was used to acquire B-MODE long and 

short axis acquisitions(81). Tumor measurements were made every 4-5 days until 

animal death or euthanasia. 

 

Small Animal Irradiation. Small animal irradiation was performed as 

previously described(82). Experimental mice were singly housed on aspen bedding. 

Mice were allowed to feed ad libitum or were fasted for 24 h, followed by total 

abdominal radiation (TA-XRT). Mice were treated on an X-RAD 225Cx machine with 

an isoflurane anesthesia manifold and on-board image guidance. Beam arrangement 

was anterior-posterior/posterior-anterior using a 25-mm cone positioned under the 
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xyphoid process through image guidance by cone beam computed tomography. The 

final dose of TA-XRT was 11.5 Gy for C57Bl/6J non-tumor bearing mice and 12 Gy 

TA-XRT for tumor bearing mice. After treatment moistened food pellets were placed 

at the bottom of all cages.  

 

Immunohistochemistry and Immunofluorescence.  Mouse SI were 

harvested as described previously(71), and jejunum sections were used for all 

analyses. Microlony assays were performed using the classical Withers and Elkind 

technique(69). Briefly, jejunums were resected, fixed in 10% neutral buffered formalin, 

paraffin embedded, and cut transversely for subsequent H & E staining and analysis. 

Immunofluorescence (IF) staining of tumor tissues for cleaved-caspase 3 

(CC3) and -H2AX and of SI for Ki67, utilized triology (Cell Marque) for 

deparafinization, rehydration, and antigen retrieval according to the manufacturer’s 

protocol (Fig. 4, S5 and S8). Sections were blocked using protein block (Dako). 

Following blocking, sections were incubated at 4°C overnight with primary antibody 

diluted in antibody diluent (Dako). Primary antibody concentrations were as follows: 

anti-phospho-Histone H2AX 1:250 (9718, Cell Signaling), anti-CC3 1:300 (9661, Cell 

Signaling), and anti-Ki67 1:1000 (ab15580, Abcam). Sections were washed and then 

incubated with secondary antibody for 30 min at room temperature in the same 

antibody diluent (Dako). Secondary antibodies included Alexa-Fluor 488 donkey anti-

rabbit 1:500 (A-21206, ThermoFisher) for tumor staining and Alexa-Fluor 594 (A-

11012, ThermoFisher) for SI staining. Sections for IF staining were washed with PBS, 

counter-stained with DAPI (1 μg/mL) in PBS, washed, and coverslip-mounted using 
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fluorescent mounting media (Dako). Fluorescent images were acquired using a Nikon 

Eclipse Ni-E microscope, with Nikon Plan Fluor 40x/1.30 objective for tumor tissues 

and 20x/0.75 objective for SI, Andos Zyla sCMOS camera, and NISElements 

Advanced Research software. 

Multiplexed staining of SI tissue for CC3 and -H2AX  (Fig. 3) was performed 

using the Opal protocol as described previously(83). Slides were deparaffinized in 

xylene and rehydrated in ethanol. Slides were placed in a 1:10 dilution of ARF buffer 

in deionized water (Perkin Elmer) and antigen retrieval was performed in an Antigen 

EZ-Retreiver v. 3.0 microwave oven. Sections were blocked using protein block 

(Dako) and then incubated at 4°C overnight in a 1:1000 dilution of anti-phospho-

histone H2A.X (-H2AX) antibody (9718, Cell Signaling). Protein detection was 

performed using the ImmPRESS® HRP Anti-Rabbit IgG (Peroxidase) Polymer 

Detection Kit (Vector Laboratories) followed by incubation in a 1:100 dilution of Opal 

570 (FP1488001KT, Perkin Elmer). Antigen retrieval and blocking steps were 

repeated and slides were incubated at 4oC overnight in a 1:1000 dilution of anti-CC3 

antibody (9661, Cell Signaling). The secondary antibody was the same as used for (-

H2AX) followed by incubation in a 1:100 dilution of Opal 520 (FP1487001KT, Perkin 

Elmer). Tissues were washed with PBS, counter-stained with DAPI (1 μg/mL) in PBS, 

washed, and coverslip-mounted using fluorescent mounting media (Dako). 

Fluorescent images were acquired using a Nikon Eclipse Ni-E microscope, with Nikon 

Plan Fluor 20x/0.75 objective, Andos Zyla sCMOS camera, and NISElements 

Advanced Research software.  Only those epithelial cells directly aligning the crypt 

were quantitated. 
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Statistical Analysis. The statistical analyses used in this study are described 

in each figure legend. Log-Rank analysis was used for survival studies and median 

survival was determined with 95% confidence interval (CI). Two tailed t-tests with 

unequal variance were used to compare the number of regenerating crypts per 

circumference of SI and for quantitating the immunofluorescence staining of SI. 

Tukey’s multiple comparison test with a single pooled variance of a one-way ANOVA 

was used to compare crypt depth, crypts per mm, villi height, traced crypts, and for 

quantiting the immunofluorescence staining of tumor tissue. Values less than 0.05 

were considered significant. 

 

Reagents, media and drugs for Spheroid Formation Assay. Polybrene 

(Sigma-Aldrich), 1X Dulbecco's calcium and magnesium free phosphate buffered 

saline (DPBS) (Corning); Corning® Matrigel®™ Basement Membrane Matrix 

(Corning), Corning® Cell Recovery Solution CS100 ml (Corning); TrypLE™ Express 

Enzyme (1X), phenol red (Gibco); DMEM/F12 (Sigma Chemical Co.); ADMEM/F12 

(Sigma Chemical Co.); HBSS (Ca2+-and Mg2+-free; Life Technologies); Fetal Bovine 

Serum – Premium Select (Atlanta Biologicals); L-Glutamine, 200 mM (Sigma-Aldrich); 

Penicillin, 10,000 Units/ml and streptomycin, 10,000 ug/ml (Hyclone); ViaStain™ 

AO/PI Staining Solution (Nexcelom); Corning® Matrigel® Basement Membrane 

Matrix, *LDEV-Free, 10 mL (Corning); L-WRN cell 50% conditioned media (prepared 

as described in(72)); ROCK Inhibitor (Y-27632) (Sigma-Aldrich); TGF-β RI Kinase 

Inhibitor VI (SB431542) (EMDMillipore); D-Luciferin, Potassium Salt (Proven and 

https://www.thermofisher.com/us/en/home/about-us/product-stewardship/greener-alternatives.html


 18 

Published™) (Gold Biotechnology); N-acetylcysteine amide (NAC), (Sigma Aldrich); 

WR-1065 (Sigma-Aldrich), SN-38 (Selleck Chemicals); and Dimethyl sulfoxide, Hybri-

Max™, sterile-filtered, BioReagent (Sigma-Aldrich). 

 

Equipment and consumables for Spheroid Formation Assay. The following 

equipment and consumables were used to develop the SFA: Cellometer® Vision Cell 

Profiler CBA (Automated Cell Counter); CLARIOstar (BMG Labtech); Cytation 3 

(Biotek); Clear cell culture plate, 24 well (Thermo-Fisher); Black wall clear bottom cell 

culture assay plate, 24 well (MIDSCI); 5 ml Falcon® round bottom tubes with cell 

strainer cap (Corning); Cellometer® Disposable Counting Chambers (Nexcelcom); X-

RAD 320 Biological Irradiator (Precision X-Ray), VX-2500 Multi-Tube Vortexer (VWR) 

 

Generation of SI stem cell enriched spheroid cell line. Crypt isolation and 

establishment of spheroid cultures were performed as described by Miyoshi et al. 

(2013)(72).  For all steps in this procedure, DPBS and HBSS without calcium and 

magnesium were prepared and EDTA was added to a final concentration of 2 mM.  All 

solutions were prepared before initiating harvest and placed on ice.  Mice were 

euthanized and their entire small intestinal (SI) tract was isolated and flushed with 

DPBS.  The SI were cut longitudinally and placed on ice in DPBS for 10 min, then 

transferred to ice-cold HBSS. Sections were vortexed at 1,600 rpm in HBSS for 5 min, 

changed to fresh HBSS, vortexed at 1,600 rpm for 3 min, then again placed into HBSS 

before vortexing at 1,600 rpm for 8 min.  The cells were then changed to fresh HBSS 

and vortexed at 1,600 rpm for 5 min.  All vortexing was conducted at 4°C. 
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Supernatants from the third and fourth vortexes were combined and passed through 

80-μm strainers (Corning) to isolate crypts and remove any villi that might remain in 

the washes. Crypts were pelleted at 100 × g at 4°C, then resuspended in ADMEM/F12 

supplemented with 10% (vol/vol) FBS, 10 U/mL penicillin, 10 μg/mL streptomycin, and 

2 mM L-glutamine, centrifuged at 400 × g at 4 °C and resuspended in Matrigel. Crypts 

were plated in a 24-well tissue culture dish (30 ul per well).  After Matrigel solidification 

at 37°C, 50% (vol/vol) L-WRN conditioned media was supplemented with 10 μM 

Y27632 (ROCK inhibitor) and 10 μM SB431542 (TGF-β RI Kinase Inhibitor VI) and 

added to each culture well. Media was changed every second day and spheroids were 

passaged every third day. 

 

Generation of SI stem cell enriched spheroids expressing mCherry and 

CBR-Luc. Lentiviral transduction of SI stem cell enriched spheroids was carried out 

as described(72).  Briefly, cells were transduced with lentivirus encoding Click Beetle 

Red Luciferase (CBR-luc) and mCherry (FUW-CBR-luc-mCherry)(84) in the presence 

of 1 μg/ml Polybrene for 6 h. 

Cells were expanded for 7 passages, harvested using Cell Recovery Solution, 

digested to a single cell suspension using TrypLE supplemented with 10 μM Y27632 

and 500 μM NAC and mCherry positive cells were isolated using an Influx cell sorter 

(BD Biosciences). Gating strategy included sorting on first forward/side scatter, then 

on singlets, and lastly mCherry positive expression. Sytox blue was used to exclude 

dead cells. Non-transduced cells from Passage 7 parental spheroid cultures served 

as a negative control for gating in the mCherry channel(84). 
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Spheroid Formation Assay (SFA). Spheroid cultures were placed in Cell 

Recovery Solution for 30 min on ice. Samples were transferred to a conical tube, 

centrifuged at 233 x g for 5 min at 4°C, washed with DPBS, centrifuged at 233 x g for 

5 min at 4°C, trypsinized using TrypLe supplemented with 10 μM Y27632 and 500 μM 

NAC for 5 min at 37°C on a bead bath. Samples were pipetted up and down for 10 s 

once every minute for 5 min. TrypLE was neutralized with ADMEM/F12 supplemented 

with 10% (vol/vol) FBS, 10 U/mL penicillin, 10 μg/mL streptomycin, 2 mM L-glutamine, 

10 μM Y27632 and 10 μM SB431542. Samples were centrifuged at 233 x g for 5 min 

at 4°C, resuspended in ADMEM/F12 supplemented as described above, and placed 

in a 5 ml Falcon® round bottom tube with 35 μM cell strainer cap to isolate single cells. 

Live cells were quantified using ViaStain™ AO/PI Staining Solution in the Cellometer® 

Vision CBA Image Cytometer.  Five thousand live cells suspended in 30 μl of Matrigel 

were then placed in each well of five 24-well culture plates. After solidification of 

Matrigel at 37°C, 500 μl of 50% (vol/vol) L-WRN conditioned media containing 10 μM 

Y27632 and 10 μM SB431542 was added to each well. Media was changed every 

three days. When spheroids formed (3-8 days), cultures were exposed to the indicated 

pre-radiation treatment and then irradiated using the X-Rad 320. 

 

Brightfield SFA. Cells were harvested and passaged as described above, 

incubated on ice with Cell Recovery Solution for 30 min and transferred to15mL 

conical tubes. They were then centrifuged at 233 x g for five minutes at 4°C and 

digested to single cells using supplemented TrypLE. Live cells were quantified and 
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5,000 live cells were plated in 30uL of Matrigel per well. Each sample was plated in 

triplicate on black wall clear bottom cell culture plates. Once Matrigel solidified, 

samples were supplemented with 50% (vol/vol) L-WRN conditioned media and 

spheroids were allowed to grow for 5 days. Conditioned media was changed every 3 

days. Using a Cytation 3 Cell Imaging Multi-Mode Reader, spheroids were visualized 

using Z-stack images spanning 1.5 mm in height and covering the entire Matrigel 

dome area.  The imaging protocol acquired 16-25 slices spanning 1500 μm sample 

depth beginning at the bottom of the culture well and proceeding to the top of the 

Matrigel dome. Slices were merged to produce a single Z-stack image spanning the 

entire depth of the Matrigel dome. Twenty-one Z-stacked images were then manually 

stitched together using Adobe® Photoshop® to generate an image of the entire 

spheroid culture. Spheres measuring at least 150 μm were manually quantified and 

surviving fraction was calculated as described previously(67). 

 

Bioluminescent SFA. Immediately following brightfield image acquisition, D-

Luciferin was dissolved in 50% conditioned media supplemented with 10 μM Y27632 

and 10 μM SB431542 to a final concentration of 300 μg/mL. Conditioned media was 

aspirated from each well and replaced with 500 μl of D-Luciferin-containing 

conditioned media. Cultures were placed in the incubator for 10 to 30 min at 37°C.  

Bioluminescence was measured from the entire well using a CLARIOstar plate reader 

using top optic with a focal height of 5 mm at 1 second per well with no emission filter. 
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Immunofluorescent staining of spheroids. Spheroid cultures were washed 

with PBS and fixed with 4% paraformaldehyde for 1 h. Cells were collected and 

resuspended in HistogelTM. Tissues were sectioned at a thickness of 5 μm. Triology 

(CellMarque) was used for deparafinization, rehydration, and antigen retrieval ac- 

cording to the manufacturer’s protocol. Sections were blocked using protein block 

(Dako). Following blocking, sections were incubated at 4°C overnight with primary 

antibody diluted in antibody diluent (Dako). Primary antibody concentrations were as 

follows: antiphospho-Histone H2AX 1:250 (Cell Signaling, 9718), and anticleaved 

caspase 3 1:300 (Cell Signaling, 9661). Sections were washed and then incubated 

with secondary antibody for 30 min at room temperature in the same antibody diluent 

(Dako). Secondary antibody used was Alexa-Fluor 488 donkey anti-rabbit 1:500 

(ThermoFisher, A-21206). Sections for immunofluorescence were washed with PBS, 

counterstained with DAPI (1 μg/mL) in PBS, washed, and coverslip-mounted using 

fluorescent mounting media (Dako). Fluorescent images were acquired using a Nikon 

Eclipse Ni-E microscope, with Nikon Plan Fluor 40×/1.30 objective, Andos Zyla 

sCMOS camera, and NISElements Advanced Research software.  
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Chapter 3: Fasting reduces intestinal radiotoxicity enabling dose-escalated 
radiotherapy for pancreatic cancer 
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Abstract 
 
Purpose 

Chemotherapy combined with radiotherapy is the most commonly used approach for 

treating locally advanced pancreatic cancer. The use of curative doses of radiation in 

this disease setting is constrained due to the close proximity of the head of the 

pancreas to the duodenum. The purpose of this study was to determine if fasting 

protects the duodenum from high-dose radiation, thereby enabling dose escalation for 

efficient killing of pancreatic tumor cells.  

Methods and Materials 

C57BL/6J mice were either fed or fasted for 24 h and then exposed to total abdominal 

radiation at 11.5 Gy. Food intake, body weight, overall health and survival were 

monitored. Small intestines were harvested at various timepoints after radiation and 

villi length, crypt depth, and number of crypts per mm of intestine were determined. 

Immunohistochemistry was performed to assess apoptosis and double strand DNA 

breaks and microcolony assays were peformed to determine intestinal stem cell 

regeneration capacity. A syngeneic KPC model of pancreatic cancer was employed 

to determine the effects of fasting on the radiation responses of both pancreatic cancer 

and host intestinal tissues.  

Results 

We demonstrated that a 24 h fast in mice improved intestinal stem cell regeneration 

by microcolony assay and improved host survival from lethal doses of total abdominal 

radiation when compared to fed controls.  Fasting also improved survival of mice with 

orthotopic pancreatic tumors subjected to lethal abdominal radiation when compared 
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to controls with free access to food. Furthermore, fasting did not impact tumor cell 

killing by radiation therapy and enhanced -H2AX staining after radiotherapy, 

suggesting an additional mild radiosensitizating effect. 

Conclusions 

These results establish proof-of-concept for fasting as a dose-escalation strategy, 

enabling ablative radiation in the treatment of unresectable pancreatic cancer.  
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Introduction 
 

Pancreatic ductal adenocarcinoma (PDAC) is expected to become the most 

common cause of cancer-related deaths by 2030(73). There has been little 

improvement in PDAC prognosis over the last several decades, and the 5-year 

survival rate of pancreatic cancer remains below 10%(74). Currently, the most 

effective treatment for PDAC is surgery. However, because of the late onset of 

symptoms, only 15-20% of patients present with resectable disease, and the 

remaining 80%–85% are incurable without appropriate local therapy. Chemotherapy 

combined with radiotherapy (RT) is the most commonly used approach for treating 

unresectable pancreatic cancer. 

 

Unfortunately, radiation therapy cannot yet achieve curative doses for 

pancreatic cancer due to the sensitivity of the nearby gastrointestinal (GI) tract to 

radiation damage. Results from phase I/II trials have demonstrated that dose 

escalation is possible with sophisticated radiation techniques like intensity-modulated 

radiation therapy (IMRT)(79).  Though these conformal techniques are highly precise, 

they often cannot avoid the duodenum which abuts the pancreas.  Moreover, 

considerable expertise is required for dose-escalated radiation within the abdomen or 

pelvis, which limits these treatments to a handful of academic centers.  Thus, a 

complementary and potentially more tractable method to improve the therapeutic ratio 

for chemoradiation for tumors within the abdomen or pelvis may be to reduce toxicity 

to the GI tract with a radioprotectant.  
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Interestingly, fasting has been shown to provide host-protective effects from 

the toxicity associated with high-dose chemotherapy in mice(26, 71) and in a patient 

case series(39). Importantly, fasting protects small intestinal (SI) stem cells thereby 

preserving SI homeostasis and promoting organismal survival in the presence of lethal 

doses of etoposide(71). 

 

In the context of radiation, one study explored the use of prolonged fasting in 

combination with RT on a subcutaneous mouse model of glioma and reported 

sensitization of the tumor to radiation(85).  Although the effects of caloric restriction 

and ketogenic diets on radiation response have been described(86), ours is the first 

study to examine the effects of short-term fasting on the radiation response of normal 

tissues.  Here, we demonstrate that fasting protects mice from what would otherwise 

be a lethal dose of RT and we translate our findings to an aggressive mouse model of 

pancreatic cancer.  
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Results 

Fasting protects wild-type mice from radiation-induced death 
 

To determine if fasting-mediated chemoprotection(71) can be generalized to 

radiation treatment, 9-week-old C57BL/6J mice were either fed ad libitum or fasted for 

24 h and then exposed to TA-XRT at 11.5 Gy, which was identified as the maximum 

tolerated dose in fasted-irradiated mice (Fig. 1). 

 

 

Figure 1 Optimization of total abdominal radiation (TA-XRT) maximum 
tolerated dose (MTD) for pre-radiation fasted mice. 

C57Bl/6J mice were allowed to feed ad libitum or were fasted for 24 h. Total 
abdominal radiation (TA-XRT; 11-16 Gy) was administered (day 1). Mice were 
returned to single-housed cages with food. Survival was monitored daily up to study 
endpoint. 
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TA-XRT was performed using a circular 25 mm field to the abdomen placed 

below the xiphoid process (Fig. 2) to ensure radiation of the entire intestinal tract while 

sparing nearly all the bone marrow in the pelvis, thereby avoiding competing 

hematopoietic toxicity.  

 

 

Figure 2 Illustration of sub-xyphoid 25-mm cone radiation field. 

Illustration of sub-xyphoid 25-mm cone radiation field. Red circle denotes radiated 
area. Ticks are 12.5 mm from each other. 
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After radiation, mice were returned to their cages with free access to food and 

water and were monitored for 30 days, during which time food intake and body weight 

were recorded (Fig. 3A). 

 

 

Figure 3 Twenty-four hour fasting protects mice from radiation-induced death. 

(A) C57Bl/6J mice were allowed to feed ad libitum or were fasted for 24 h. Total 
abdominal radiation (TA-XRT; 11.5 Gy) was administered (day 1). Mice were 
returned to single-housed cages with food. (B) Survival was monitored daily. (C) 
Daily food intake and (D) individual mouse body weights were measured. All error 
bars are ± SEM. 
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All fed mice died between days 6 and 7. In contrast, all of the animals that were 

fasted prior to radiation exposure survived for 30 days, the study endpoint (Fig. 3B). 

Fed animals decreased their food intake until time of death which occurred at day 6-

7 and was due to radiation-induced toxicity. Food intake began to increase by day 7 

in fasted mice, peaking at day 11 and eventually stabilizing at 4 g/day up to day 30 

(Fig. 3C). Body weight decreased steadily in fed mice from original body weight until 

death at day 6-7. In contrast, fasted animals lost approximately 20% of their body 

weight during the 24 h fast period, but refeeding resulted in a 10% regain of original 

body weight by day 3 followed by a steady decline until day 7. By day 14, these mice 

had regained most of their original weight and maintained or increased it until study 

endpoint (Fig. 3D). Both groups showed general signs of radiation toxicity, including 

decreased activity, ruffled fur, and hunched back posture but at day 8, the fasted group 

started to revert to healthy activity levels. 

 

Fasting protects SI stem cells, enabling recovery of SI epithelium after radiation 
 

To examine the effects of pre-radiation fasting on intestinal stem cell 

regeneration after radiation we performed traditional microcolony assays (Fig. 4A and 

B), which demonstrated a significantly greater number of regenerating crypts per 

circumference in the fasted group relative to the fed group (Fig. 4C).  
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Figure 4 Fasting protects SI stem cells from high dose radiation. 

 
(A) C57Bl/6J mice were treated as shown. (B) Representative images of 
hematoxylin and eosin (H & E)-stained SI (day 4.5). Scale bars, 500 μm. 
Magnification, 4x. (C) Regenerating crypts per circumference were quantified in 4 
separate sections of intestine and the average per mouse was plotted. The Student 
t-test was performed for comparison of groups (n = 7 per group, p=0.0077). Error 
bars are ± SEM. (D) Representative images of H & E-stained SI (day 6). Scale bars, 
100 μm. Magnification, 10x. (E) Quantification of H & E data. Crypt depth and villi 
height (n=50 per mouse) were measured and plotted. Number of crypts per length 
(n=30 fields per mouse) of SI was quantified for each sample and number of crypts 
per millimeter of SI length plotted. *P<0.05; **P<0.005, ****P<0.0001 by Tukey post-
test of a one-way ANOVA. Error bars are ± SEM. (F) Reporter mice were 
administered two doses of tamoxifen (t) 1 and 3 h after radiation. Mice were 
euthanized on D6, SI were harvested and whole-mount tissue stained for LacZ 
expression. Villi were removed from a 3-cm section of LacZ-stained whole-mount 
tissue for counting traced crypts. Representative images are shown. (Scale bars, 
500 μm) (G) The number of fully traced crypts per field of view in whole-mount 
images was quantified, individual mice plotted. **P<0.005 by Holm-Sidak’s multiple 
comparison of a one-way ANOVA. Error bars are ± SEM. 
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To further evaluate the effects of the TA-XRT field on the mice, abdominal 

organs were harvested from fed and fasted mice at day 6 post-radiation. SI tissues 

from irradiated mice showed significant damage compared to those of unirradiated 

mice (Fig. 4D). Specifically, SI from irradiated mice showed hypertrophic crypts and 

shortened villi compared to unirradiated controls. Moreover, the number of crypts per 

mm of intestine was significantly greater in the SI of the fasted-irradiated group than 

in those of the fed-irradiated group (Fig. 4E). The greater number of crypts per mm of 

intestine suggested that fasting protected SI stem cells.  

 

Results from microcolony assays as well as the presence of hypertrophic 

crypts, suggested that fasting protected SI stem cells from high-dose radiation. Stem 

cell reporter mice were used to test which stem cell populations were responsible for 

epithelial repopulation following radiation damage. Knock-in mice carrying tamoxifen-

inducible Cre under the transcriptional control of the mouse Lgr5 promoter to mark 

crypt base columnar (CBC) stem cells(57) or the Bmi1 promoter to mark the supra-

Paneth (+4) stem cell pool(70) were bred to mice carrying the floxed-stop Rosa26-

LacZ reporter (R26R) to induce permanent LacZ expression, mark Lgr5+ or Bmi1+ 

cells, and enable lineage tracing. Fed and fasted mice were treated with TA-XRT 

followed by tamoxifen at 1 and 3 h post-radiation. SI tissues were isolated on day 6, 

stained for LacZ expression (Fig. 4F), and traced crypts per area were quantified (Fig. 

4G). Although traced crypts were observed in both Lgr5 and Bmi1 reporter mice, 

fasting only significantly increased those in Lgr5 reporter mice. 
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Because mice in both fed and fasted groups exhibited radiation-induced toxicity 

at day 6 (Fig. 3), we evaluated intestinal tissues at different time points within the 

observed 30-day survival timeline to evaluate whether intestinal epithelium recovery 

correlated with mouse health. Intestinal tissues were harvested from both fed- and 

fasted-irradiated mice at day 4 as well as at days 10 and 30 from fasted-irradiated 

groups (Fig. 5). 
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Figure 5 Fasting induced-protection of small intestinal stem cells allows for 
intestinal epithelium recovery after radiation.  

Mice were treated as described in Fig. 2 and their SI were harvested at various time 
points following radiation (D4, D10, D30). (A) Representative images of H & E-
stained jejunum. Scale bars, 100 μm. Magnification, 10x. (B) Quantification of H & 
E data. Crypt depth and villi height (n = 50 per mouse) were measured and average 
value per treatment group plotted. Number of crypts per length of SI (n = 30 fields 
per mouse) was quantified for each sample and average number of crypts per 
millimeter of SI length plotted. 
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At day 4, an appreciable decrease in the number of crypts per mm was noted 

in the fed-radiated group as compared to the fasted-irradiated group (Fig. 5). This 

decrease was maintained through day 6. Additionally, villi blunting occurred between 

days 4 and 6. Both these measures correlated with declining animal health in fed and 

fasted cohorts for up to 7 days in the fasted-irradiated group and until death in the fed-

radiated group (Fig. 3). In fasted mice, intestinal epithelium regeneration was 

observed by day 10, as evidenced by increased crypts per mm of intestine, increased 

villi length, and decrease crypt hypertrophy. Intestinal recovery at day 10 correlated 

with improved health in fasted-irradiated mice and their subsequent survival. 

 

Fasted-irradiated and fasted-control mice were followed for 180 days to 

determine if short-term fasting protected mice from the long-term side-effects 

associated with high-dose radiation (Fig. 6).  
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Figure 6 Long term effects of high dose radiation. 

 
A) C57Bl/6J mice were treated as shown. (B) Body weight was recorded at time of 
euthanasia. (C) Representative images of H & E and Trichrome-stained SI. Arrows 
denote intestinal submucosa.Scale bars, 100 μm. Magnification, 10x. (D) Crypt 
depth and villi height (n = 50 per mouse) were measured and average value per 
treatment group plotted. Number of crypts per length of SI as quantified (n = 30 
fields per mouse) and average number of crypts per millimeter of SI length plotted. 
(E) Representative images of H & E stained and Trichrome stained abdominal 
organs within the radiation field. Scale bars, 100 μm. Magnification, 20x. 
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At D180 one mouse in the fasted-irradiated group was found deceased. The 

remaining mice were euthanized and their kidneys, livers, spleens, pancreata and SI 

were isolated. Although most fasted-irradiated mice weighed less than fasted-

unirradiated mice at the time of euthanasia, the difference was not significant (Fig. 

6B). Pancreatic tissue was found in only one of the three remaining fasted-irradiated 

mice and their SI were thicker and more rigid than those isolated from fasted non-

irradiated mice. By gross examination, livers, kidneys and spleens were 

indistinguishable between irradiated and non-irradiated cohorts. 

 

Next, tissue sections were stained with hematoxylin and eosin (H & E) and 

trichrome for microscopic evaluation. There were no significant differences in crypt 

depth, villi height or number of crypts per mm of SI between the fasted-irradiated and 

fasted-unirradiated groups indicating a recovery of the SI epithelial compartment 

following the original radiation insult (Fig. 6C-D). However, submucosal fibrosis was 

observed in the SI of fasted-irradiated mice. Microscopic evaluation of remaining 

pancreatic tissue from the one irradiated mouse where pancreatic tissue could be 

found, revealed fibrosis and loss of exocrine pancreas. By contrast, fibrosis was not 

detected in the spleens, kidneys or livers of fasted-irradiated mice (Fig. 6E). 

 

Separate cohorts of fed or fasted mice that had been radiated or not were 

euthanized and their SI harvested at different timepoints and stained with antibodies 

specific for H2AX and CC3 to evaluate DNA damage and cell death (Fig. 7). 

  



 43 

 

 

Figure 7 Effects of pre-radiation fasting on IR-induced DNA damage and 
apoptosis. 

(A) C57Bl/6J mice were allowed to feed ad libitum or were fasted for 24 h. 
Unirradiated SI tissues were harvested at this time. Other cohorts were radiated 
with TA-XRT (11.5Gy) and SI tissues harvested either immediately or 24 h after 
radiation (hpi= hours post irradiation). SI tissues (jejunum) were analyzed for 
γH2AX and cleaved caspase-3 (CC3) by immunofluorescence staining. 

Representative images are shown. Scale bars, 10 m. Magnification, 20x. (B) 
Positive γH2AX cells per crypt were quantified (30 crypts per mouse, n=4 mice 
per treatment group and mean per treatment plotted. ns= not significant by 
student’s t-test. Error bars are ± SEM. (C) Positive cleaved caspase-3 cells per 
crypt were quantified (30 crypts per mouse, n=4 mice per treatment group and 
mean per treatment plotted. ns= not significant; *P<0.05 by student’s t-test. Error 
bars are ± SEM. 
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 There were no significant differences in the number of crypt epithelial cells 

staining positive for H2AX between fed and fasted cohorts at any of the evaluated 

timepoints (Fig. 7B).  These results indicate that in SI crypts, fasting on its own did not 

induce DNA damage, nor did it significantly impact the generation or resolution of DNA 

damage following radiation. Although there were no differences in the number of crypt 

epithelial cells staining positive for H2AX in fed and fasted mice 24h post-radiation 

(Fig. 6B), there were reduced levels of CC3 staining in the crypts of fasted mice 

(11.492% positive crypt cells) when compared to fed mice (16.891% positive crypt 

cells) (Fig. 7C). These results indicate that fasting may protect SI crypt cells from IR-

induced apoptosis or that apoptotic cells were cleared more readily in fasted animals. 

There were no significant differences in Ki67 staining between fed or fasted cohorts 

at any of the evaluated timepoints (Fig. 8).  
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Figure 8 Twenty-four hour fasting did not reduce the number of crypt epithelial 
cells staining positive for Ki67 relative to fed controls. 

(A) C57Bl/6J mice were allowed to feed ad libitum or were fasted for 24h. 
Unirradiated SI tissues were harvested at this time. Other cohorts were radiated with 
TA-XRT (11.5 Gy) and SI tissues harvested either immediately or 1.5 h after 
radiation (hpi= hours post irradiation). Tissues were analyzed for Ki67 by 
immunofluorescence staining. Representative crypt images shown. Scale bars, 10 

m. Magnification, 20x.  (B) Ki67 positive cells per crypt were quantified (30 per 
mouse, n=3-4 mice per treatment group) and average per treatment plotted. ns= not 
significant by student’s t-test. Error bars are ± SEM. 
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Pre-radiation fasting does not reduce tumor response to radiation 
 

The response of malignant and normal cells to genotoxic stress is differentially 

affected by fasting(26, 35, 38).  Fasting chemosensitizes tumors(26, 35, 38) while 

protecting normal tissues against toxicity.  To determine the effects of fasting on the 

radiation responses of pancreatic cancer, we employed a syngeneic orthotopic KPC 

model of pancreatic cancer, using cells with a heterozygous Trp53 loss-of-function 

mutation and an activated Kras allele(87).  KPC cells were implanted into the 

pancreata of C57BL/6J mice, and tumors became established over 2 weeks as 

detected by ultrasound imaging (Fig. 9 and Fig. 10A).  

 

Figure 9 Diagnostic ultrasounds of pancreatic tumor. 

Representative ultrasound image of orthotopically-implanted pancreatic tumor. Blue 
lines denote tumor diameter measurements. 
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After tumors were confirmed, animals were randomized to four treatment groups: fed-

unirradiated, fasted-unirradiated, fed-irradiated, and fasted-irradiated. Mice were 

either fed or fasted for 24 h, then irradiated with a single dose of TA-XRT (12 Gy) or 

not,and returned to their cages with food. Ultrasound imaging was performed every 4-

5 days to monitor tumor growth and animals were euthanized due to excessive tumor 

burden or an observed general health decline, as per IACUC guidelines (Fig. 10A). 
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Figure 10 Pre-radiation fasting does not confer protection to orthotopic 
KPC pancreatic tumors. 

 

(A) KPC cells (2105) were orthotopically injected into 12-week-old C57Bl/6J 
mice. Two weeks later, tumors were measured using ultrasound and mice were 
randomized into four treatment groups. Mice were allowed to feed or were fasted 
for 24 h. Total abdominal radiation (TA-XRT; 12 Gy) was administered (day 1). 
Access to food was restored immediately after treatment. Ultrasound tumor 
measurements were taken every 4-5 days until death. (B) Survival was monitored 
daily. Tumor growth curves for individual mice are shown. Bonferroni corrected 
Log-rank test. (C) Pancreatic tumor-bearing mice were treated as indicated (hpi 
= hours post irradiation) and tumors were analyzed for γH2AX by 
immunofluorescence staining. Representative images  are shown. (D) Positive 
cells per field were quantified (5 fields per mouse, n=3 mice per treatment) and 

average per treatment was plotted. Scale bars, 100 m. Magnification, 40x. Inset 

scale bars, 20 m.  **P<0.005 by Tukey post-test of a two-way ANOVA. Error 
bars are ± SEM. (E-F) Representative images of H & E-stained jejunum from 
tumor-bearing mice harvested at the time of euthanasia (as indicated). Scale 

bars, 100 m. Magnification, 10x. Crypt depth and villi heights (n = 50 per mouse) 
were measured and average value per treatment group plotted. Number of crypts 
per length of SI as quantified for each sample (n=30 fields per mouse) and 
average number of crypts per millimeter of SI length plotted. *P<0.05; **P<0.005, 
***P<0.005, ****P<0.0001 by Tukey post-test of a one-way ANOVA. Error bars 
are ± SEM. 
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Fasting alone did not significantly affect the median survival of unirradiated 

tumor-bearing mice (Fig. 10B). When combined with TA-XRT, fasting significantly 

increased median survival (to 43 days) when compared to fed-irradiated tumor- 

bearing mice (7 days, Log rank P=0.0021) and modestly increased median survival 

when compared to fasted-unirradiated tumor-bearing mice (13 days, Log rank 

P=0.0231, Fig. 9B). Tumors in the fasted-irradiated group consistently showed a lag 

in growth following radiation, thereby prolonging survival in this group (Fig. 10B and 

11).  
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Figure 11 Individual tumor growth curves. 

KPC cells (2 x 105) were orthotopically injected into 12-week-old C57Bl/6J mice. 
Two weeks later, tumors were measured using ultrasound and mice were 
randomized into four treatment groups. Mice were allowed to feed or were fasted 
for 24 h. Total abdominal radiation (TA-XRT; 12 Gy) was administered (day 1). 
Access to food was restored immediately after treatment. Ultrasound tumor 
measurements were taken every 4-5 days until death. Tumor growth curves for 
individual mice are shown. 
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To further evaluate the effects of fasting on tumor cells treated with radiation, we grew 

orthotopic KPC tumors and subjected the mice to fed or fasted conditions after tumors 

had grown to an efficient size for measurements.  Mice were then irradiated or not and 

tumors were harvested either immediately or 24 h post-radiation. Tumor tissues were 

stained with antibodies specific for either H2AX (Fig. 10C) or CC3 (Fig.12). 

 

 

Figure 12 Pancreatic tumor viability in fed or fasted states following IR 

(A)Pancreatic tumor-bearing mice were treated as indicated (hpi = hours post 
irradiation) and tumors were analyzed for cleaved caspase-3 (CC3) by 
immunofluorescence staining. Representative images shown. (B) Positive cells per 
field were quantified (5 fields per mouse, n = 3 mice per treatment) and average per 

treatment plotted. Scale bars, 100 m. Magnification, 40x. ns= not significant by 
Tukey post-test of a two-way ANOVA. Error bars are ± SEM. 

  

Baseline levels of H2AX were similar in fed and fasted-unirradiated tumors. 

Tumors harvested from fed and fasted mice immediately after radiation had similarly 

high levels of H2AX. Together these results suggested that fasting alone did not 
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tumors of fasted mice relative to their fed cohorts (Fig. 10D) indicating that fasting prior 

to radiation reduced the capacity of pancreatic tumors to repair the DNA double strand 

breaks induced by IR. There were no significant differences in CC3 levels between 

fed and fasted tumors at any time point (Fig. 12).  

 

SI were isolated from tumor bearing mice at the time of euthanasia to examine 

tissue integrity (Fig. 10E). Fed-irradiated mice that died within 10 days of irradiation 

(8/9 mice, 88.9%) showed severely atrophic SI epithelia (Fig, 10E). There were fewer 

crypts per mm of jejunum, blunted villi, and more hypertrophic crypts compared to 

unirradiated controls and fasted-irradiated mice (Fig 10F). In contrast, fasted-

irradiated mice that survived initial radiation-induced toxicity (7/8, 87.5%), displayed 

abundant crypts per mm and healthy-looking villi. In comparison, SI from unirradiated 

controls were normal (Fig. 10E and F).  

 

Because most of the animals in the fed-irradiated group were euthanized due 

to radiation-induced GI toxicity (Table 1), the effect of fasting on tumor response to 

radiation could not be fully examined. 
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Table 1 Recorded cause of death in tumor-bearing mice 

 

 

 

  

Fed/ 

Fasted

IR/ 

Unirradiated

Day 

of 

Death

Recorded cause of death

Fed Unirradiated 16 Euthanized due to excessive tumor burden

Fed Unirradiated 13 Euthanized due to excessive tumor burden

Fed Unirradiated 13 Euthanized due to excessive tumor burden

Fed Unirradiated 22 Euthanized due to excessive tumor burden

Fed Unirradiated 17 Unknown

Fasted Unirradiated 8 Euthanized due to excessive tumor burden

Fasted Unirradiated 13 Euthanized due to excessive tumor burden

Fasted Unirradiated 13 Euthanized due to excessive tumor burden

Fasted Unirradiated 13 Euthanized due to excessive tumor burden

Fasted Unirradiated 13 Euthanized due to excessive tumor burden

Fed IR 7 Euthanized due to radiation toxicity

Fed IR 8 Euthanized due to radiation toxicity

Fed IR 7 Euthanized due to radiation toxicity

Fed IR 9 Euthanized due to radiation toxicity

Fed IR 41 Euthanized due to excessive tumor burden

Fed IR 7 Euthanized due to radiation toxicity

Fed IR 7 Euthanized due to radiation toxicity

Fed IR 6 Euthanized due to radiation toxicity

Fed IR 6 Euthanized due to radiation toxicity

Fasted IR 64 Euthanized due to general decline of health

Fasted IR 84 Euthanized due to general decline of health

Fasted IR 36 Euthanized due to excessive tumor burden

Fasted IR 55 Unknown

Fasted IR 8 Euthanized due to radiation toxicity

Fasted IR 31 Euthanized due to excessive tumor burden

Fasted IR 13 Euthanized due to excessive tumor burden

Fasted IR 50 Euthanized due to general decline of health
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Therefore, we utilized an intramuscular tumor model in which KPC tumor cells 

were injected in the hind leg of mice (Fig. 13).  

 

Figure 13 Pre-radiation fasting does not confer protection to KPC tumors. 

(A) Overall schema and timeline. To test the effect of fasting on tumor response to 
radiation, KPC pancreatic cancer–derived (K8484) cells syngeneic with C57Bl/6J (1 

 106) were injected into the hind leg of 8-week-old C57Bl/6J mice. Mice were 
randomized to one of four treatment groups as indicated and treatment began 6 
days after implantation. Mice were either fed or fasted for 24 h (day 0) and then not 
irradiated or subjected to irradiation of the hind leg with a single dose of 16 Gy 
radiation (day 1). Animals were returned to single-housed cages with food. (B) 
Tumors were measured with calipers daily for the first 2 weeks and every other day 
thereafter. Mice were euthanized when tumors reached 15 mm in any dimension. 
Individual tumor growth curves were plotted. 

 

By radiating only the hind limb, we eliminated competing death from GI toxicity. 

Although radiation caused a minor lag in tumor growth when compared to unirradiated 

controls, there were no significant differences in tumor growth between the fed and 

fasted groups (Fig. 13). 
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Discussion 
 

In this study, we describe how a 24 h fast promoted intestinal stem cell 

regeneration and organismal survival after a lethal dose of abdominal radiation.  This 

protection appears to be limited to normal tissues, as pancreatic tumors were not 

radioprotected and may have even demonstrated a mild, but selective increase in 

radiation damage, as measured by -H2AX foci.  The mechanism of this effect may 

be from reduced early apoptosis in normal tissues, but not tumors. 

 We developed a novel TA-XRT model using a 25 mm circular collimator that 

targeted intestinal tissue while sparing most of the bone marrow in the thorax and 

pelvis. This enabled us to impart GI toxicity without invoking competing hematopoietic 

toxicity.  We note that very little toxicity was observed in mice that survived otherwise 

lethal radiation, with limited intestinal and pancreatic fibrosis. We also used this large 

field to treat pancreatic tumors, which led to improved outcomes only when coupled 

with a short term fast for radioprotection. Thus, despite these excellent outcomes, we 

note that these experiments only demonstrate proof of principle for fasting-mediated 

radioprotection to enable ablative RT.  Future clinical studies should use smaller fields 

such as those used in stereotactic body radiotherapy (SBRT), which would further 

reduce both acute and chronic radiation-induced sequelae.  

 Two distinct stem cell populations have been thoroughly described in the SI.  

Lgr5+ stem cells reportedly replenish the SI epithelium during homeostatic turnover of 

villi cells(57) while Bmi1+ stem cells are more quiescent under normal physiological 

conditions(70). After radiation, Bmi1+ stem cells proliferate and have the capacity to 

produce Lgr5+ stem cells and repopulate the SI epithelium(70). It has also been 
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shown that although Lgr5+ stem cells are radiosensitive, complete depletion prior to 

radiation impairs intestinal epithelial recovery. This suggests that Lgr5+ stem cells are 

also required for crypt epithelial cell regeneration post damage(88). In the context of 

fasting-mediated SI radioprotection, we provided evidence that both Lgr5+ and Bmi1+ 

intestinal stem cells contributed to regeneration of the SI following high dose radiation. 

Additional studies have also shown that other intestinal cell types including 

Dll1+ secretory progenitors(89), label retaining cells(90), Alpi expressing enterocyte 

precursors(91), Krt19+ progenitor cells(92), enteroendocrine(93), and Paneth cells(94, 

95) are capable of de-differentiating when the stem cell compartment is compromised. 

Furthermore, a recent study employing single cell RNA sequencing identified a novel 

multipotent SI stem cell, deemed revival stem cells, marked by high clusterin 

expression that undergoes transient expansion following irradiation. These revival 

stem cells were shown to reconstitute the Lgr5 compartment following ablation with 

diphtheria toxin and to facilitate intestinal regeneration after experimentally-induced 

colitis(96). Future studies should interrogate the contribution made by each these cell 

populations to crypt epithelial cell recovery following ionizing radiation under fed and 

fasted conditions. Furthermore, experiments should investigate the generalizability of 

our SI observations to other stem cell niches like skin and bone marrow. 

Several clinical trials have monitored the effects of fasting on the response of 

cancer patients to therapy. One study randomized women with stage II/III breast 

cancer into a short-term fast 24 h before and after the start of their chemotherapy 

regimen or a control arm of regular nutrition. In this study, short term fasting was well 

tolerated and reduced chemotherapy-induced hematological toxicities(97). Another 
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study evaluated different fasting periods, from 24-72 h, prior to platinum-based 

chemotherapy. Decreased DNA damage was observed in the leukocytes of patients 

who fasted over 48 h. This study also showed that fasting up to 72 h was feasible and 

induced minor side-effects including fatigue, headache, and dizziness(98).  

It has been approximated that  a 24 h fast in mice correlates to a one week 

water-only diet in humans(86). Many patients who receive SBRT already fast for 

extended periods of time to reduce filling of the stomach and duodenum(99). However, 

we do not envision that fasting beyond 24 hours would be advisable in pancreatic 

cancer patients, many of whom are already underweight and/or cachectic. Identifying 

the molecular mechanisms underlying the potent and selective radioprotection 

afforded by fasting could lead to the identification of a drug mimetic that could be 

employed instead of having to persistently reduce dietary intake in this already frail 

patient population.  

Fasting-induced downregulation of IGF-1 has been proposed as one 

mechanism to explain how fasting provides chemoprotection to normal but not tumor 

tissue(26). IGF-1 deficient mice survive longer than wild-type when exposed to lethal 

doses of a variety of chemotherapies including cyclophosphamide, 5-fluoroacil and 

doxorubicin(26). Contrary to these observations, reduction in the circulating levels of 

IGF-1 was shown to sensitize, rather than protect, non-tumor bearing mice to 

etoposide treatment(26). Fasting-mediated protection from lethal doses of etoposide 

is driven, in part, by increased SI stem cell survival, which correlates with their 

enhanced ability to repair DNA double strand breaks(71). It has also been 

demonstrated that caloric restriction, a prolonged reduction in caloric intake, augments 
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the repair of sublethal damage in normal tissues(100). Caloric restriction has been 

shown to upregulate proteins involved in non-homologues end joining (NHEJ) like XLF 

and Ku(40, 101). Additionally, the deacetylase SIRT1, which binds and deacetylates 

Ku70 thereby enhancing DSB repair, has been shown to have increased activity 

during caloric restriction. While in our data evaluating whole crypts, we did not observe 

significant changes in DNA damage resolution, we cannot discard the possibility that 

differences between fed and fasted animals would be detected if we assayed specific 

stem cell populations (for example Lgr5+ or Bmi1+ stem cells) since these cells 

compose a minority of the cells in the crypt.   

Future studies should aim to identify molecular mechanisms of fasting-induced 

GI protection from chemotherapy and radiation therapy. A detailed understanding of 

the biological changes that occur in stem cells during fasting and after genotoxic stress 

could help identify candidate drugs to mimic fasting-induced protection. 

  



 61 

Chapter 4: Stem cell enriched-epithelial spheroid cultures for rapidly assaying 
small intestinal radioprotectors and radiosensitizers in vitro 
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based upon “de la Cruz Bonilla, M., Stemler, K. M., Taniguchi, C. M., & 

Piwnica-Worms, H. (2018). Stem cell enriched-epithelial spheroid cultures for rapidly 

assaying small intestinal radioprotectors and radiosensitizers in vitro. Scientific Reports, 

8(1), 15410. https://doi.org/10.1038/s41598-018-33747-7” 
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Abstract 
 

Radiation therapy is one of the main treatment options for many cancer 

patients. Although high doses of radiation may maximize tumor cell killing, dose 

escalation is limited by toxicity to neighboring normal tissues. This limitation applies 

particularly to the small intestine, the second most radiosensitive organ in the body. 

Identifying small intestinal (SI) radioprotectors could enable dose escalation in the 

treatment of abdominopelvic malignancies. However, the only assay currently 

available to identify effects of radiomodulating drugs on the regenerating capacity of 

SI stem cells is the Withers-Elkind microcolony assay, which requires large numbers 

of mice, making it a costly and low throughput method. Here, we describe a novel 

spheroid formation assay (SFA) that utilizes SI stem cell-enriched three-dimensional 

epithelial spheroid cultures to identify gastrointestinal radiomodulators ex vivo. The 

SFA is scalable for high throughput screening and can be used to identify both 

radioprotectors and radiosensitizers.  
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Introduction 
 

Gastrointestinal (GI) toxicity often limits the amount of chemotherapy and 

radiation that can be given to cancer patients.  This issue is highlighted with radiation 

therapy, which can kill solid tumors anywhere in the body but also damages adjacent 

normal tissue.  For instance, cancers of the abdomen and pelvis, such as pancreatic 

and prostate adenocarcinoma, are difficult to ablate with radiation alone because 

these tumors require high doses of radiation for control, but are often adjacent to very 

radiosensitive structures of the GI tract, such as the small intestine(75). This potential 

for morbid toxicity, often prevents these tumors from receiving a definitive therapeutic 

dose.  In addition, chemotherapeutic agents, such as irinotecan and anti-angiogenic 

biologics such as bevacizumab, also have dose limiting GI toxicities, including 

potentially fatal diarrhea and bowel perforation(77, 78). 

 

Despite the fact that toxicity to the GI tract is a significant clinical problem, there 

are no existing approved normal tissue protectors that can prevent this toxicity. 

Amifostine is the only FDA approved radiation protector, but its use is limited by severe 

side effects such a hypotension and nausea(66). Thus, identification of novel 

radioprotectors could not only improve patients’ quality of life by reducing the 

aforementioned side effects, but also increase the therapeutic window to enable dose 

escalation of cytotoxic therapy and more effective tumor cell killing.  The classical 

assay to assess the cellular radiation response is the clonogenic assay, or colony 

formation assay, which monitors the ability of a single tissue culture cell to grow into 

a colony after administration of radiation or chemotherapy(67). Unfortunately, the 
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discovery of novel protective drugs by this assay is limited by the technical difficulties 

of culturing normal tissues ex vivo. Cell lines such as Caco-2 (colon cancer derived 

cells) or Hs 1.Int (non-epithelial intestinal derived cells) have been used to 

approximate intestinal function, but are often inadequate for estimating the ability to 

respond to radiation since neither of them are truly representative of normal cells(68).  

 

The gold standard for studying the response of the intestinal tract to cytotoxic 

insult is the microcolony assay developed by Withers and Elkind(69), which assesses 

regenerating intestinal stem cells after cytotoxic therapy.  This method utilizes a single 

lethal or sublethal administration of cytotoxic therapy (e.g. radiation) that kills existing 

intestinal stem cells in the crypt.  Nascent stem cells that regenerate after the cytotoxic 

insult are identified by a histopathological technique that requires transverse sections 

of intestine on a single slide, which can be technically demanding(69).  Even if the 

slides are prepared properly, the individual regenerating crypts must be counted 

manually by an experienced pathologist.  Lastly, implicit in this assay is that each data 

point requires large numbers of mice, making the entire process both costly and low 

throughput for identifying and characterizing new modulators of intestinal damage.  

 

The advent of intestinal stem cell enriched-spheroids grown from murine or 

human tissue ex vivo has enabled the study of normal intestinal tissue and its 

responses to radiation(70) or chemotherapy(71). These cultures, which are amenable 

to genetic modification(72), can be passaged indefinitely using growth factor-enriched 

media in a 3D matrix. In this study, we describe the development of a modified colony 



 65 

formation assay, which we refer to as a spheroid formation assay (SFA), that 

establishes a small intestinal (SI) stem cell-enriched spheroid cell line directly from 

mice to study the effects of radiation or chemotherapy treatments ex vivo. 
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Results 

Development of the Spheroid Formation Assay (SFA)  
 

Epithelial spheroid cultures were generated from small intestinal (SI) crypts of 

C57BL/6J mice (Fig. 14a). 
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 Figure 14  Spheroid formation assay to identify GI radioprotectors. 

 
Schematic representation illustrating how stem cell-enriched epithelial spheroid 
cultures are established (panel a). Schematic outlining how the spheroid 
formation assay (SFA) is performed (see text for details, panel b). Z-stack 
images of treated stem cell-enriched epithelial spheroid cultures are stitched 
together to visualize spheroids (panel c). A representative image of the stitched 
z-stack is shown (panel d). Stem cell-enriched epithelial spheroid cultures 
treated with vehicle (PBS) or 2 mM WR-1065 for 2 h were exposed to the 
indicated doses of ionizing radiation. Spheroids were immediately dissociated 
into single cells, replated in Matrigel and imaged 5 days later (panel e) (Scale 
bars, 1000 μm). Spheroids larger than 150 μm in diameter were quantified and 
mean surviving fraction is plotted. *P < 0.05 by two-tailed, **P<0.01, ***P<0.001, 
****P<0.0001 by two-tailed, Student’s t test (N = 3 per group).  Error bars are 
±SEM. 
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Protocols for isolating and culturing stem cell-enriched epithelial spheroid 

cultures have been described(72). Briefly, mice were euthanized according to an 

approved animal protocol, and their SI crypts isolated and embedded in basement 

membrane matrix (Matrigel). Cultures were incubated at 37°C for 2 to 4 days to allow 

primary spheroids to form. Primary spheroids were passaged at least 10 times at 3 

day intervals which allowed for the elimination of mesenchymal cell contaminants, 

enrichment and expansion of non-budding stem cell enriched spheroids, and provision 

of enough starting material for subsequent experiments.  To perform the SFA, 

spheroids were subjected to the desired experimental treatment, irradiated at the 

specified doses, isolated from the Matrigel, digested to single cell suspensions, re-

plated at a pre-determined concentration, and cultured to re-establish spheroids (Fig. 

14b). Cell viability was monitored as a function of time. 

 

SFA assay for identifying radioprotectors 
 

As a proof of concept, spheroid cultures were treated with a known radioprotector 

to test if the SFA would indeed reflect protection of spheroids after irradiation (i.e. 

increased spheroid formation after irradiation versus unprotected controls). Amifostine 

is a validated radioprotector and serves as a prodrug that is actively dephosphorylated 

to generate WR-1065, the active metabolite of amifostine(66). Amifostine has been 

documented as an intestinal radioprotector when administered to mice 30 min prior to 

radiation. These observations were made using the standard microcolony assay 

described earlier(102). This data makes WR-1065 an ideal candidate to test in our 

assay. Cells were plated at a density of 5,000 cells per well and allowed to grow for 5 
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days to generate spheroids. Cultures were incubated in the presence of either vehicle 

(PBS) or 2 mM WR-1065 for 2 h(103) and then exposed to increasing doses of ionizing 

radiation. Spheroids were immediately digested to single cells, replated at 5,000 cells 

per well embedded in a Matrigel dome, allowed to grow for 5 days, and then imaged.  

 

Viable spheroids were quantified using Z-stack images spanning 1.5 mm in height 

and covering the entire Matrigel dome area (Fig. 14c). Images were manually stitched 

together (Fig. 14c) and a representative image of the matrigel dome is shown in Fig. 

14d. Vehicle-treated (PBS) cultures exhibited reduced spheroid formation capacity 

with increasing doses of radiation, with very few spheroids visualized at the 8 Gy dose 

(Fig. 14e). WR-1065 afforded significant radioprotection, even at doses as high as 8 

Gy (Fig. 14f). Thus, the SFA successfully replicated a colony formation assay in a 3D 

culture model.  

 

Development of modified SFA that employs bioluminescence 
 

To improve the throughput capabilities and quantitation of the assay, we 

engineered our stem cell-enriched epithelial spheroid line to stably express both Click 

Beetle Red Luciferase (CBR-Luc) and mCherry using lentiviral transduction (Fig. 

15a)(84).  
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Figure 15 Generation of stem cell-enriched epithelial spheroid line stably 
expressing both Click Beetle Red Luciferase (CBR-Luc) and mCherry 

 

Cells were transduced with FUW-CBR-luc-mCherry lentivirus and mCherry positive 
cells were isolated by flow cytometry (panel a). mCherry positive cells were plated 
and imaged at various times post plating. Representative bright field and mCherry 
(Texas Red) merged images are shown. Scale bars, 1000 μm (Panel b). Varying 
amounts of transduced cells were plated and bioluminescence was measured at the 
day of plating (day 0) and daily until day 5. Bioluminescence obtained for each 
sample was normalized to the bioluminescence measured in wells containing 
culture media and Matrigel but lacking cells (panel c). Cells plated per well at day 0 
are plotted against the normalized bioluminescence measured per well on day 5 
(panel d). P< 0.05 by Pearson correlation (N=3 per group). Error bars are ± SEM. 
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In this way, mCherry expression could be used to select infected cells, while 

bioluminescence could be used to detect live cells as a function of time. Transduced 

cells were subjected to fluorescence-activated cell sorting (FACS) to isolate mCherry-

positive cells (Fig. 15a), which were then plated at a density of 5,000 cells per well. 

As seen in Fig. 15b, transduced cells generated mCherry positive, stem cell-enriched 

epithelial spheroid cultures. Spheres were discernible as early as 48 h after plating a 

single cell suspension and were still viable 120 h after plating. Single cells were plated 

in triplicate at different densities and allowed to form spheroids for 5 days.  Media 

containing D-luciferin was introduced into each well of the tissue culture plate and 

bioluminescence was measured in each well as a function of time: measurements 

were obtained at the time of plating (day 0) and daily from day 1 through 5 post plating. 

As shown in Fig. 15c, bioluminescence increased with time, indicating growth of cells. 

Bioluminescence measured on day 5 positively correlated with the number of cells 

plated in each well (Fig. 2d, r=0.9772, R2=0.955) demonstrating that bioluminescence 

could be used to monitor the growth of cells in 3D spheroid cultures.  

 

Bioluminescent SFA to assay radioprotection 
 

The ability of the bioluminescent SFA to demonstrate WR-1065-mediated 

radioprotection in spheroid cultures was tested.  Single cells were plated at a density 

of 5,000 cells per well and cultured for 5 days. Stem cell enriched-epithelial spheroid 

cultures were incubated in the presence of PBS (vehicle) or 2 mM WR-1065 for 2 h 

and were then either mock-irradiated or exposed to increasing doses of ionizing 

radiation. Spheroids were immediately dissociated to single cells, after which 3,000 
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cells were plated per well and cultured for 5 days. Representative images of day 5 

spheroid cultures are shown in Fig. 16a and results from bioluminescence 

measurements (day 5) in Fig. 16b.  
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Figure 16 Spheroid Formation Assay for identifying radioprotectors in vitro 

Stem cell-enriched epithelial spheroid cultures were incubated in the presence of 
vehicle or 2 mM WR-1065 for 2 h and then either mock irradiated or exposed to 
increasing doses of ionizing radiation. Spheroids were immediately dissociated to 
single cells and 3,000 cells were plated per well in triplicate and cultured for 5 days. 
Representative bright field images (panel a) (Scale bars, 1000 μm) and 
corresponding bioluminescence measurements (panel b) are shown for day 5 
samples.  **P<0.01, ***P<0.001 by two-tailed, Student’s t test (N = 3 per group).  
Error bars are ±SEM. 
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After normalizing bioluminescence measurements to that of non-irradiated 

controls, significantly increased relative bioluminescence was observed at 4 and 6 Gy 

doses. Taken together, these results demonstrated that WR-1065 provided 

radioprotection and validates the bioluminescent SFA for identifying novel 

radioprotectors. 

 

Application of Bioluminescent SFA for identifying radiosensitizers 
 

The SFA was also tested for its ability to detect radiosensitizers.  Irinotecan, a 

topoisomerase I inhibitor used clinically to treat colorectal cancer(104), is known to 

radiosensitize cells and cause mucositis and diarrhea in both patients and mice. We 

tested the capacity of the SFA to correctly identify radiosensitizers by treating cells 

with SN-38, the active metabolite of irinotecan. Cells were plated at a density of 5,000 

cells per well and allowed to grow for 5 days. Stem cell enriched-epithelial spheroid 

cultures were incubated in the presence of DMSO (vehicle) or 40 nM SN-38 for 24 h, 

and then either mock irradiated or exposed to increasing doses of ionizing radiation. 

Spheroids were then immediately dissociated to single cells and 3,000 cells were 

plated per well in triplicate and cultured for 8 days. As expected, fewer spheroids were 

visualized in SN-38 treated cultures relative to vehicle-treated cultures in a dose 

dependent manner (Fig. 17a). 
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Figure 17 Spheroid Formation Assay for identifying radiosensitizers in vitro. 

Stem cell-enriched epithelial spheroid cultures were incubated in the presence 
of vehicle (DMSO) or 40 nM SN-38 for 24 h and then either mock irradiated or 
exposed to increasing doses of ionizing radiation. Spheroids were immediately 
dissociated to single cells and 3,000 cells were plated per well in triplicate and 
cultured for 5 days. Representative bright field images (panel a) (Scale bars, 
1000 μm) and corresponding bioluminescence measurements (panel b) are 
shown for day 8 samples. *P < 0.05 by two-tailed, Student’s t test (N=3 per 
group).  Error bars are ± SEM.  Stem cell-enriched epithelial spheroid cultures 
were incubated in the presence of DMSO or 40 nM SN-38 for 24 h and then 
either mock irradiated or exposed to 2 Gy IR.  Spheroids were harvested 3 h 
later and stained for γH2AX or cleaved caspase-3. Representative images are 
shown. Scale bars, 100 uM and 10 uM (inset) (Panel c). 
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Concordantly, significantly less relative bioluminescence was measured in SN-

38 treated cultures relative to vehicle-treated cultures at 4 Gy of IR (Fig. 17b), 

demonstrating that irinotecan was functioning as a radiosensitizer in this assay.  

 

Spheroids were also analyzed for the presence of DNA double strand breaks 

(DSBs) and apoptosis following SN-38 and IR treatments. Spheroid cultures were 

incubated in the presence of DMSO or 40 nM SN-38 for 24 h and then either mock 

irradiated or exposed to 2 Gy IR.  The culture media was immediately replaced with 

fresh media lacking SN-38 and spheroids were cultured for an additional 3 h. 

Spheroids were then processed and stained for antibodies specific for either H2AX 

(gamma H2A histone family, member X) to assess DNA DSBs or for cleaved caspase 

3 to assess apoptosis (Fig. 17c). SN-38 as a single agent induced more DNA DSBs 

and apoptotic cell death than did exposure to 2Gy IR alone.  However, the combination 

of SN-38 and IR induced substantially more DNA DSBs and apoptosis than either 

agent alone, supporting a role for SN-38 as a radiosensitizer.  
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Discussion 

The development of a rapid, high throughput assay that can be performed in 

vitro to identify novel GI radioprotectors and radiosensitizers has the potential to 

greatly impact the field of oncology. This is due to the fact that one of the major side 

effects or chemotherapy and radiation therapy is toxicity to the small intestine. The 

current gold standard Withers and Elkind assay is costly, low throughput, and time 

consuming(69), and currently impossible to do in human tissue, which has limited they 

discovery of novel modulators of radiation responses in normal tissue. Here we 

describe a novel in vitro assay for evaluating intestinal radioprotectors and 

radiosensitizers that overcomes these previous limitations.  Our assay is rapid, high 

throughput, closely approximates more time-consuming methods, and could be easily 

extended to human tissues as needed.   

Our assay employs three-dimensional (3D) cultures that are enriched for SI 

stem cells and grow as multicellular spheroids that may better approximate in vivo 

biology than standard 2D cultures (72).  In addition, we have created intestinal stem 

cell lines with a luciferase reporter that acts as a surrogate for live spheroids after a 

cytotoxic insult since luciferase requires ATP for its enzymatic activity(105).  This facile 

system will enable screens using unbiased small molecule libraries (106) or 

CRISPR/Cas9 systems(107) that could quickly identify targets that radiosensitize or 

radioprotect the intestine(105). Finally, although the SFA described herein employs 

stem cell-enriched epithelial spheroid cultures derived from the small intestine, it 

should be feasible with any normal or malignant tissues that grows as multicellular 

spheroids ex vivo(108). 
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Chapter 5: Discussion 
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In this study we showed that 24 h fasting promotes organismal survival after 

otherwise-lethal doses of abdominal radiation. Similar to previous work done in our 

lab where fasted mice were exposed to high dose etoposide, this host radioprotection 

was traced to the small intestine (71). Specifically, we showed that fasting increased 

SI stem cell survival and promoted intestinal epithelial recovery following radiation 

insult. This increased stem cell survival may be due, at least in part, to reduced early 

apoptosis evidenced in crypt cells. 

 

 Although we were able to show significant protection of the crypt base columnar 

Lgr5+ stem cells and modest protection of the Bmi1+ stem cells, we cannot rule out 

that other intestinal epithelial cells are playing a role in fasting-mediated intestinal 

radioprotection. In the introduction, it was briefly explained that small intestinal stem 

cells are thought to exist in two main groups; the crypt base columnar and the +4 cells. 

These distinct groups have been described to have discrete physiological roles in 

maintaining homeostasis and functioning as a reserve stem cell pool, respectively 

(65). As the small intestine is the second most radiosensitive organ in the body, it is 

not surprising that many research groups have evaluated the potential role of different 

stem cell populations in SI response to radiation injury (41). Cells at the +4 position 

from the crypt base are quiescent and therefore thought to have an increased capacity 

to withstand radiation injury than the rapid cycling CBCs (109). This notion is 

supported by studies that have shown that Lgr5+ CBCs cells decreased quickly after 

exposure to radiation (70). Proliferation and cell progeny arising from Bmi1, mTert and 

Lrig marked +4 stem cells after radiation injury has also been reported, supporting 



 84 

their role as a reserve stem cell pool with regenerative capacities (59, 60, 110). This 

data is confounded by the fact that quiescent cell markers are co-expressed with 

Lgr5+ (61, 90) and that Lgr5+ cell depletion impairs intestinal regeneration after 

radiation injury (88). Moreover, it has been shown that a label retaining population of 

Lgr5+ stem cells is destined to differentiate into Paneth cells (90). This label-retaining 

population has the capacity to revert to a multipotent state after intestinal injury and 

co-expresses +4 stem cell markers previously reported to repopulate SI epithelium 

after radiation (90). It is thus plausible that the Lgr5+ population is composed of 

multiple subpopulations: the rapid cycling cells that maintain intestinal epithelial 

homeostasis and the quiescent cells that serve as injury-inducible reserve stem cells 

(90). Clearly, intestinal stem cell dynamics are complex and will need further studying 

to better understand the intricacies of this organ. The development of newer 

technologies, such as single cell sequencing (111) and imaging mass cytometry (112) 

will provide invaluable insights in understanding the shifts in SI stem cell populations 

that occur in homeostasis and pathologies. 

 

 In a highly proliferative environment such as the SI stem cell compartment, it is 

reasonable to hypothesize that dietary interventions would affect stem cell function, 

number and/or interactions with other niche cells. Prolonged fasting has been shown 

to increase intestinal stem cell (ISC) organoid-forming capacity (113). ISCs from 24 h 

fasted mice activated a fatty acid oxidation gene expression profile, that persists even 

when the crypts are grown in nutrient rich media for 48h and mediated the enhanced 

stemness afforded by fasting (113). Finally, the age dependent decline in ISC stem 
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cell number and function seen in mice is improved by fasting and fatty acid oxidation 

agonists. The energy metabolism shift from carbohydrate to ketone body-based that 

occurs during fasting may be contributing to the recuperation from radiation toxicity as 

fatty acid oxidation has been shown to increase stemness in the ISCs. 

In regards to Lgr5+ cells, it has been shown that a prolonged fast of 48h does 

not change the number of Lgr5+ stem cells (113, 114) but upon re-feeding, Lgr5+ 

stem cells contribute 40% less towards SI repopulation when compared to non-fasted 

controls (114). Contrary to the reduced contribution of Lgr5+ cells upon re-feeding, a 

rare subpopulation of dormant stem cells marked by mTert were found to be primed 

for activation by re-feeding (114). This priming of mTert cells occurred through PTEN 

inactivation. Strikingly, these mTert cells have been shown to produce Lgr5+ stem 

cells and contribute in SI epithelial recovery from radiation (60). Specifically, a 

radiation-induced increase in reactive oxygen species leads to HIF1a transactivation 

of Wnt2b. Increased Wnt2b is required for mTert cell activation and subsequent 

regeneration of the intestine (115). 

Taken together, these studies suggest that fasting can prime the ISC through 

exclusive but complementary mechanisms. After 24h fasting, Lgr5+ ISCs have 

enhanced stemness through fatty acid oxidation activation and lower proliferation 

upon re-feeding. This enables them to be better equipped to withstand radiation 

damage. At the same time, a separate radiation-resistant quiescent mTert population 

is not only activated by the radiation injury but also primed during fasting to respond 

to mTORC signaling induced by re-feeding and contribute to renewal as active stem 

cells. A mechanism that is again mediated through PTEN phosphorylation.  Future 
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studies should evaluate if dietary interventions with ketogenic diets, which promote 

fatty acid oxidation, are sufficient to recapitulate fasting-mediated radioprotection. The 

role of mTert cells in fasting-mediated protection should also be further studied. 

Other dietary interventions have been shown to affect ISCs. Increases in Lgr5+ 

stemness were also documented after exposure of mice to a high-fat diet. In this case, 

there is cell-autonomous enhanced self-renewal capabilities and decreased 

dependency on the Paneth cells niche (116). On the other hand, chronic caloric 

restriction shifts ISCs toward self-renewal and away from differentiation through 

autocrine signaling from reduced mTORC activity in Paneth cells. Increased stem cell 

function was evidenced by elevation in the number of Lgr5+ and Paneth cells, a 

reduction of differentiated enterocytes, enhanced capacity to form organoids, and 

higher crypt regeneration after injury (117). Despite this evidence, caloric restriction 

has not successfully recapitulated fasting-mediated chemoprotection (37), thus it is 

unlikely that Paneth cell induction of stemness is part of our observed phenotype.  

 

 Intestinal cell apoptosis occurring within 24h of radiation is mediated through 

p53 induction of PUMA (118, 119), whereas those cells that survive do so through 

subsequent p21 signaling which induces cell-cycle arrest and DNA damage repair (48, 

51). PUMA-deficient mice have decreased apoptosis in the stem and progenitor cell 

compartments, increased crypt regeneration and concomitant increase in survival 

following high-dose radiation (120). In our model, we observed reduction in apoptosis 

at 24h post-radiation in fasted crypts when compared to fed, suggesting that fasting 

could be affecting PUMA mediated crypt cell death. Evaluating crypt cell death at 
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timepoints after 24h, when mitotic-catastrophe occurs once cells re-enter the cell cycle  

resulting in significant radiation-induced CBC cell loss, could also shed light on the 

mechanism by which SI crypt cells are protected (121). 

Although we did not see reduced Ki67 staining when observing whole SI crypts, 

Lgr5+ stem cells have been shown do have reduced BrdU incorporation after a 24 

hour fast (71) and reduced Ki67 staining after a 48h fast, (114) when compared to fed 

controls. This suggests that fasting may decrease crypt cell death by reducing crypt 

proliferation, increased DNA repair and prevention of mitotic-catastrophe. 

 

While fasting did prevent the acute toxicities of radiation in the SI epithelium, it 

did not protect from long-term toxicities as observed by fibrosis present in the 

pancreas or the intestinal submucosa. Thus, fasting-mediated protection could be 

context dependent based on the cell type and microenvironment. For example, fasting 

has been shown to be protective against chemotherapy-induced hematopoietic 

suppression in both mice and humans (122). In mice, upon re-feeding, fasting was 

also shown to promote hematopoietic stem cell self-renewal and regeneration (122). 

Other types of dietary intervention such as chronic caloric restriction has been shown 

to affect stem cell function and differentiation in the intestinal (117), muscular (123), 

neural (124) and hematologic systems (125), whereas prolonged fasting itself has not 

been as extensively studied in other stem cell niches. It is thus prudent to evaluate the 

phenotypic changes that occur in other stem cell compartments upon fasting and/or 

refeeding. 
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 Although we have focused on genotoxic injury to stem cells, fasting has also 

been shown to protect against ischemia reperfusion injury (IRI) (126). IRI can occur in 

surgical procedures, heart attacks or strokes when blood flow to a tissue is impaired 

preventing oxygen and nutrient delivery. This results in decreased oxidative 

phosphorylation and buildup of toxic metabolites, after which restoration of blood flow 

can bring pro-inflammatory mediators which may further exacerbate oxidative stress 

and damage to the tissue (127). In rats, a 16h fast was shown to protect re-perfused 

hearts (128), a 2-day-fast was shown to decrease neuronal loss during brain ischemia 

(129) and fasting of a donor animal increased success of liver transplantation (130). 

Further studies have traced fasting-mediated IRI protection to expression of 

antioxidant enzymes (131), increased response to pro-survival factors (132) and 

activation of autophagy (133-135). This protection from different stressors highlights 

the broad range of fasting-mediated changes that can promote organismal health, 

hindering the possibility that a single pharmacologic or dietary intervention other than 

water only fasting will be able to recapitulate these effects. 

 Recently, a fasting mimicking diet (FMD) was developed to reproduce fasting-

mediated health benefits without incurring in the risks of a long-term water only fast 

(136). In mice, the diet consisted of two 4d periods of decreased consumption and ad 

libitum feeding in between. This low in calorie and protein intake diet induces similar 

changes to fasting with decreased IGF-1, increased IGFBP-1, increased ketone 

bodies and decreased glucose which return to baseline levels upon re-feeding (136). 

In humans the diet was designed to last 5 days every month providing 34-54% of the 

regular caloric intake (9-10% protein, 34-47% carbohydrate and 44-56% fat) in order 
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to achieve the desired changes in biomarkers as described above. Mice on this diet 

exhibited increased hepatic regeneration upon re-feeding, immune system and 

muscle regeneration and rejuvenation, decreased age-related bone mineral density 

decline, reduced tumor incidence, reduced inflammation, increased hematopoietic 

and mesenchymal stem and progenitor cells, improved learning and memory in old 

animals, neurogenesis in adult mice, and finally increased lifespan (136). 

Subsequent studies using this FMD in mice suggest it could be useful in the 

setting of multiple sclerosis (MS), cancer immunotherapy, diabetes, and inflammatory 

bowel disease. MS is an autoimmune disease where T-cells cause demyelination and 

neurodegeneration in the CNS (137). In a mouse model of MS, the FMD diet promoted 

remyelination through oligodendrocyte regeneration and decreased further 

oligodendrocyte loss through dampening of autoimmunity via reduction of monocytes 

and T cells (137). In combination with chemotherapy, FMD was as effective as fasting 

in reducing tumor progression and was shown to decrease tumor HO-1 expression 

resulting in decreased regulatory T cell activation, cytotoxic T cell recruitment to the 

tumors and increased T-cell mediated cytotoxicity (137). In the pancreas, inhibition of 

PKA or mTOR during the FMD cycles, promoted expression of the progenitor marker 

Ngn3 upon refeeding, which led to -cell generation and reversal of diabetic 

phenotypes in mice (138). In the most recent study using FMD, it was found to reverse 

the phenotype of a chronic dextran sodium sulfate (DSS)-induced colitis (139). FMD 

reversal of an IBD-associated phenotype seen in chronic DSS-colitis is mediated by 

reduced intestinal inflammation by way of reduced immune infiltration, enrichment of 

protective bacteria in the gut microbiome, and increased intestinal regeneration upon 



 90 

re-feeding. Interestingly, comparing FMD to cycles of 48 h water-only fasting showed 

that although water only fasting promoted intestinal regeneration, it did not revert the 

DSS-induced phenotype or promote the increased abundance of protective gut 

microbiome as in FMD treated mice. 

Through modulation of a wide-gamut of host factors, fasting and fasting 

mediated diets can promote recovery from tissue injury and rejuvenation of cells. 

Moving forward, the proposed fasting mimicking diet should be evaluated in a clinical 

setting not only as a possible mechanism to reduce cancer-therapy toxicities, but also 

as an intervention that may increase stem cell renewal and thus impact many age-

related disease processes. 
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