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Abstract

Tissue survival responses to ionizing radiation are nonlinear with dose, rather yielding tissue-

specific descending curves that impede straightforward analysis of biologic effects. Apoptotic cell 

death often occurs at low doses while at clinically relevant intermediate doses double-strand break 

misrepair yields mitotic death that determines outcome. As researchers frequently use a single low 

dose for experimentation, such strategies may inaccurately depict inherent tissue responses. 

Cutting edge radiobiology has adopted full dose survival profiling and devised mathematical 

algorithms to fit curves to observed data to generate highly reproducible numerical data that 

accurately define clinically relevant inherent radiosensitivities. Here we established a protocol for 

irradiating organoids that delivers radiation profiles simulating the organ of origin. This technique 

yielded highly similar dose survival curves of small and large intestinal crypts in vivo and their 

cognate organoids analyzed by the single hit multi-target (SHMT) algorithm, outcomes reflecting 

the inherent radiation profile of their respective Lgr5+ stem cell populations. As this technological 

advance is quantitative, it will be useful for accurate evaluation of intestinal (patho)physiology and 

drug screening.
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Introduction

An extensive literature shows that organoids derived from small and large intestines 

recapitulate structural and functional characteristics of the tissue of origin (1,2). The purpose 

of the current set of investigations was to define conditions for delivery of radiation to 

intestinal organoids that would accurately reflect impact of ionizing radiation on the organ of 

origin. In contrast to the many biologic events that can be defined by straight lines that relate 

input to outcome, for instance ligand-receptor binding, Michaelis-Menten enzyme kinetic 

analysis, and stimulus-secretion coupling of hormone, mitogen and cytokine release to list a 

few, ionizing radiation-induced dose survival data in eukaryotic cells are best fit by non-

linear descending curves, analyzed by complex mathematical algorithms. Whereas radiation 

is increasingly employed as a tool in biological and translational research, frequently 

conducted by scientists who may not have had formal radiobiologic research training, we 

highlight here straightforward methods and data analytic techniques to facilitate high quality 

radiobiologic data management using organoid culture. The specific approach taken in the 

present studies was to exploit recently-detailed in vivo small and large intestinal crypt 

radiation dose-survival data to establish organoid growth settings that yield comparable 

radiation dose survival curves ex vivo (3). We provide a set of growth conditions for 

radiation dose survival colony assays and a simple analytic tool that yields a single 

quantitative readout that defines the inherent radiosensitivity of the organ of origin from 

which organoids were derived. Using these protocols, we provide evidence in organoid 

culture that the established radiation sensitivities of the small and large intestine reflect the 

inherent sensitivity of their Lgr5+ stem cell populations.

Materials and Methods

Mice:

Lgr5-lacZ and Lgr5-EGFP-ires-CreERT mice were used as described (4). C57/Bl6 mice 

were purchased from Jackson Laboratories (Bar Harbor, ME). Mouse protocols were 

approved by Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use 

Committee.

Crypt Microcolony Assay:

Whole-body radiation was delivered with a Shepherd Mark-I unit (Model 68, SN643, J. L. 

Shepherd & Associates, San Fernando, CA) operating a 137Cs source. The Crypt 

Microcolony Assay was performed as described (5). Briefly, at 3.5 days after irradiation 

small intestines were excised, fixed in 10% formalin overnight, embedded in paraffin, cut 

into transverse cross-sections, and circumferences were stained with hematoxylin and eosin. 

Surviving (regenerating) crypts are defined as containing 10 or more violaceous, thick-

walled non-Paneth cells that are enclosed with a lumen. Number of surviving crypts was 
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counted in each circumference. At least 4 or 5 circumferences were scored per mouse, and 4 

mice were used to generate each data point.

Crypt isolation:

Crypt isolation and the dissociation of cells for flow cytometry were performed as described 

(6,7) modified as follows. Small intestine (approx. 10 cm) and distal colon were removed 

and flushed with cold phosphate buffer saline (PBS) containing 100 U/ml penicillin and 100 

U/ml streptomycin. Colonic fragments were sliced into 1–3 mm pieces, then suspended in 

10 ml of Dulbecco’s Modified Eagle Medium (DMEM high glucose) containing 1% FBS, 

500 U/ml collagenase IV. The mixture was incubated for 30 min at 37°C in a shaking water 

bath. Thereafter tissue fragments were vigorously shaken using a 10-ml pipette to isolate 

crypts, allowed to settle under gravity for 1 min, and the supernatant was removed for 

inspection by inverted microscopy. The resuspension/sedimentation procedure was repeated 

three times, liberated crypts in suspension were combined, passed through 100 μm-cell 

strainer to remove muscle material, and then centrifuged at 4°C at 300g for 5 min. Isolated 

crypts were pelleted, washed with cold 1% FBS/DMEM, and centrifuged three times at 60g 

for 3 min to separate crypts from single cells. For small intestine, tissue was chopped into 3–

5 mm pieces and incubated in 5 mM EDTA/PBS for 20–30 min on ice. After removal of 

EDTA buffer, tissue was washed once with cold PBS and vigorously resuspended in cold 

buffer using a 10-mL pipette to isolate intestinal crypts. This step was repeated twice. 

Supernatant was collected through a 100 μm cell strainer and centrifuged at 300g for 5 min. 

SI crypts were washed in cold PBS three times centrifuging at 60g for 3 min.

Single stem cell isolation:

Single epithelial cell preparation and flow cytometry analysis were performed as described 

(8) with the modifications below. For the large intestine we used what we called the 

“sausage protocol”. The whole large intestine was tied on one end with surgical thread, filled 

with 30 mM EDTA/PBS with 1 mM DTT and tied on the opposite end afterwards. Five 

colons were pooled and incubated in the same solution (30 mM EDTA in PBS with 1 mM 

DTT) for 90 min in a rocking platform at 4°C. After this incubation, knots were cut out, 

large intestines were washed once, fat was discarded, tissues were opened longitudinally, cut 

into 1–2 mm pieces and shaken in PBS for 5 min to get single crypts. For small intestine, 

tissue fragments (3–5 mm) were incubated with 30 mM EDTA/PBS with 1 mM DTT for 20 

min on ice, followed by washing with PBS and shaken for 3 min to get single crypts. For 

both tissues, after shaking, crypt suspension was passed through a 100 μm cell strainer and 

spin down twice at 300 g for 5 min. Pelleted crypts were dissociated in 2–3 ml of TryplE 

containing 200 U/ml DNAase, 0.5 mM N-acetylcysteine (NaC) and 10 μmol/L Y-27632 for 

3 min at 37°C in a water bath, shaking every minute to make a single cell suspension. 

Dissociated cells were washed with 1% FBS/DMEM and passed sequentially through 70, 40 

and 20 μm-cell strainer. Single stem cells were either obtained from Lgr5-GFP mice, sorting 

for GFP+ cells or from B6 mice in which case cells were stained with the following 

antibodies: Brilliant Violet 421 anti-mouse CD45, anti-mouse CD117 (c-Kit) Alexa Fluor 

700 and anti-mouse PE/Cy7-conjugated anti-CD44 for 30 min on ice, washed once with 1% 

FBS/DMEM and analyzed in a BD FACSaria, as described (8,9). DAPI (1μg/ml) was used to 

exclude dead cells in all sortings. Flow cytometry data was analyzed using FCS Express 
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Flow Cytometry software (De Novo Software, California). The working concentrations of 

the antibodies were determined by titration of each one of them (Table S1).

Organoid and colony culture:

After centrifugation, pure crypts were counted and resuspended in Matrigel covered with 

Advanced DMEM/F12 media containing 1mM Hepes, 1 mM Glutamax and 100 U/ml 

antibiotics (ADF), 10% R-spondin conditioned media and 50% Wnt Conditioned Media 

(when indicated); supplemented with 1X B27, 1X N2 and 1mM N-acetylcystein containing 

50 ng/mL murine recombinant EGF and 100 ng/mL mouse recombinant Noggin. Wnt3a 

conditioned media was produced using a cell line kindly provided by Robert Vries (L-Wnt3a 

cell line, Hubrecht Institute) and R-spondin conditioned media was prepared as we described 

previously (10). Intestinal stem cell colonies were cultured from sorted single Lgr5-GFP 

cells based upon the method reported by Yin et al (11). Approximately 3,000 intestinal stem 

cells were plated in 30 μl Matrigel and cultured in ENR-VC media with 1.5 mM Valproic 

Acid (V) and CHIR99021 (C), containing 10 μM Rho-kinase/ROCK inhibitor Y-27632 and 

1 μM Jagged-1 only for the first 48h. Under these culture conditions intestinal stem cells 

divide symmetrically without differentiating, growing into homogeneous stem cell colonies. 

Intestinal stem cell colonies were passaged once per week as single cells following a 3-min 

incubation with TrypLE containing 2 kU ml−1 DNase1, N-acetylcysteine, and Y-27632.

Organoid irradiation:

Irradiation was delivered with a Shepherd Mark-I unit (Model 68, SN643, J. L. Shepherd & 

Associates, San Fernando, CA) operating a 137Cs source. Organoids were passaged one day 

prior to the experiment, plated at a density of 100–150 organoids/well in at least 3 wells for 

each corresponding dose. Organoids were exposed to single fraction radiation (range 0–

16Gy). Manual counting under an inverted brightfield microscope of surviving organoids at 

day 4 to 10 post-radiation was used to generate classic dose response curves. Brightfield 

imaging of organoids after radiation was performed with Citation 5 Cell Imaging Multi-

mode reader (Biotek). Survival fraction was calculated as number of surviving organoids/

number of organoids in the unirradiated sample.

Radiation dose survival curves:

Radiation dose survival curves are characterized on a log-linear plot by an initial shoulder, or 

the quasi-threshold region, and an exponential region, where the curve approximates a 

straight line (12–17). In the present study, we adapted the Single Hit Multi-Target (SHMT) 

model to characterize radiosensitivity profiles of small and large intestinal organoids. The 

SHMT model assumes that each cell contains [n] identical targets for pro-lethal radiation 

damage, and while inactivation of a single target is sublethal, creating the shoulder region of 

the radiation dose-survival curve, inactivation of [n] targets is required for cell lethality, 

expressed in the exponential portion of the curve (12,18,19). Whereas Intestinal organoids 

are multicell “mini-guts” dependent on a subset of Lgr5+ stem cells that drive organoid 

growth and radiation dose-survival in vitro, we modified the baseline SHMT paradigm, 

introducing the concept that each organoid contains [n] identical stem cell targets. 

Inactivation of one stem cell is sublethal, creating a shoulder region of the organoid radiation 

dose-survival curve, and dose-dependent inactivation of [n] stem cells is required for 
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organoid lethality, expressed in the exponential portion of the dose-survival curve. GraphPad 

Prism 6 software (GraphPad, La Jolla, CA) was used to generate the dose survival curves 

applying the following equation:

S = 1 − 1 − e− D
D0

n

logen =
Dq
D0

where S is a survival rate of the cell population, D is the dose, D0 is the reciprocal slope 

value of the exponential portion of the curve, n is the extrapolation number and Dq is the 

quasi-threshold dose range of the shoulder region. D0 that defines inherent radiosensitivity 

of the irradiated organoids is the dose required to reduce the fraction of surviving organoids 

to 37%, and systematically predicts organoid-type specific 10% survival (D10) as the product 

of 2.3xD0, where 2.3 is the natural log of 10. Dq defines the low dose range where organoid 

reparable sublethal radiation damage prevails, resulting in disproportionate organoid survival 

per dose unit relative to the inherent D0. The algorithm fits the dose survival curve to the 

measured end point at each tested dose by iterative weighted least square regression analysis 

of all data points, estimating covariance of survival curve parameters and corresponding 

confidence limits, and reports the computed D0, Dq and the n number. D0 values are used in 

the current study to compare inherent radiosensitivities between tissues, organoids and stem 

cell colonies.

Whole mount staining of organoids:

β-galactosidase (LacZ) staining protocol was described by Barker et al. (4) for tissue 

staining and here we adapted that protocol for whole mount organoids. Matrigel-embedded 

SI organoids grown for 1 week in a 24-well plate were washed with PBS 1x and incubated 

for 30 min in ice-cold fixative (1% formaldehyde, 0.2% gluteraldehyde and 0.02% NP40 in 

PBS 1X) at 4°C on a rolling platform. The fixative was removed and the organoids washed 

twice in PBS for 20 min at room temperature (RT) on a rolling platform. The β-

galactosidase substrate (5 mM K3FE(CN)6, 5 mM K4Fe(CN)6 •3H2O, 2 mM MgCl2, 0.02% 

NP40, 0.1% sodium deoxycholate and 1mg/ml X-gal (5-Bromo-4-chloro-3-indolyl β-D-

galactopyranoside, Sigma) in PBS was then added and incubated in the dark overnight at RT. 

The substrate was removed and the organoids washed twice in PBS for 20 min at RT on a 

rolling platform. The tissues were then fixed for 30 min with 4% PFA/PBS at RT in the dark 

on a rolling platform. PFA was removed and the organoids washed twice in PBS for 20 min 

at RT on a rolling platform. Originally, we used the LacZ Tissue Staining Kit from 

Invivogen, but the company stopped producing it, and now all the reagents can be obtained 

separately (Table S1). Imaging of LacZ stained organoids was performed under a Zeiss 

Lumar v.12 Stereoscope at Molecular Cytology Core Facility (MCCF) from MSKCC. To 

confirm organoid death, Matrigel-embedded intestinal organoids were stained with 1 mg/ml 

Hoechst 33342 and 1.5 μM propidium iodide one hour before taking images. Hoechst 33342 
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was also used to determine the number of cells at day 3. For these experiments imaging was 

performed with inverted confocal Zeiss LSM 5 Live microscope at MCCF.

DNA double-strand break (DSB) repair focus staining and quantitation:

Single Lgr5-GFP+ cells obtained from SI and LI colonies were seeded onto 8-well Lab-Tek 

chamber (NUNC) pre-coated with 20 μl of 100% Matrigel (~150–200 cells per well) and 

overlaid with growth medium. Lgr5-GFP+ cells were irradiated with 8Gy either on day 1 or 

day 4 post-plating. At the indicated times, immunostaining was carried out using a standard 

protocol. Briefly, colonies were washed twice with PBS, fixed with 4% paraformaldehyde 

for 30 min, washed, and quenched with 50 mM NH4Cl for 15 min. After blocking for 2 h 

(PBS containing 0.5% BSA, 0.2 mg/ml Na-azide, 0.3 μM DAPI and 0.25% Triton X-100), 

colonies were incubated with primary antibodies in blocking buffer overnight at 4°C. After 

three washes with PBS, colonies were incubated with secondary antibodies in blocking 

solution for 2 h at room temperature. γH2AX mouse monoclonal antibody against γH2AX 

Ser139 (Millipore [clone JBW 301], #05–636) was used at a dilution 1:1000 v/v, and 

secondary antibody Alexa Fluor 488 F(ab’)2 fragment of goat anti-mouse IgG (H+L) (2 

mg/ml) was used at a dilution of 1:400. Samples were mounted with ProLong Diamond 

Antifade Reagent (Life Technologies). Fluorescent images were acquired with a 63x/1.4NA 

objective oil lens on a Zeiss widefield microscope (Axio Observer.Z1) equipped with an 

AxioCam HRc camera. Ten consecutive 0.2μm-thin sections were imaged, deconvoluted 

with a theoretical PSF using AutoQuant X software, and max-projected into a single image 

using Image J (FIJI).

On average 100 nuclei/experiment were randomly selected from each sample for 

quantitation of focus numbers. Fiji software was used for image analysis (20). Briefly, foci 

were scored within a nucleus whose boundary was defined automatically from a DAPI 

image. Focus threshold was determined manually as a mean = 8.28 pixels, based on discreet 

γH2AX foci generated at a low radiation dose (2 Gy at 30 min), consistent with published 

results (21). Due to extensive overlap of foci at 30 min after high-dose irradiation, focus 

number was estimated at this time by measuring total γH2AX fluorescence per nucleus 

normalized to 8.28 mean pixels/focus.

Results

The Microcolony Assay (also termed Clonogenic Assay) developed by Withers and Elkind 

(5) directly quantifies radiation dose-dependent lethality of the crypt compartment, is 

predictive of eventual animal death from Radiation Gastrointestinal (GI) Syndrome, and is 

considered a “gold standard” in the radiation field for evaluating normal tissue response to 

ionizing radiation (22,23). This assay, which measures number of regenerating crypts per 

small intestinal (SI) circumference at 3.5 days post irradiation (typical histologic sections are 

shown in Fig. 1A), is regarded as a surrogate for stem cell survival, as a single surviving 

stem cell is considered sufficient for regeneration of an entire crypt. Numerous studies 

performed in mice reveal that 10–15 regenerating crypts per circumference, or 

approximately 10% crypt survival, is the minimum required to fully recover the GI mucosa 

post irradiation (24). Figure 1B shows that crypt survival in C57BL/6 mice generates a 
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descending exponential curve typical of radiation responses in mammalian tissues (25) with 

113±1 crypts/SI circumference after 7Gy (a value not different from the 114±3 crypts/

circumference in unirradiated mice), reduced to 12±1 crypts after 13Gy (P≤0.001) and 

further to 1 crypt/circumference at 15Gy (P≤0.001 vs. 13Gy). These data are consistent with 

a large body of literature on this topic (26,27). Whereas cell death at low radiation doses 

often occurs by mechanisms that are independent of DNA misrepair (28–30), the clinically-

relevant mechanism of radiation killing, algorithms have been developed to quantify 

inherent radiosensitivity in the intermediate radiation dose range (12–17). Hence, to further 

characterize inherent radiosensitivity from our data, we transformed crypt survival data by 

non-linear regression fitting according to the well-established SHMT algorithm, yielding a 

single D0 value that serves as a numerical estimate of the efficiency of DSB repair (31). 

Note, the higher the D0 value the greater the radioresistance. Figure 1C shows that SHMT 

transformation of our crypt survival data yields a D0=1.3 ± 0.1Gy, virtually identical to D0 

values previously calculated by ourselves and others in this strain (22,32) (Fig. 1C). In this 

context, we previously reported highly similar D0 values for SI crypt survival in vivo in 

multiple mouse strains, as follows: 1.3 ± 0.2Gy for B6.129X1/J mice; 1.5 ± 0.1Gy for 

C57BL/6 mice; 2.0 ± 0.2Gy for sv129/BL6 mice and 1.9 ± 0.1Gy for C3HeB/FeJ mice (32).

Using organoid technology established by Clevers and colleagues (1) that allows growth of 

intestinal organoids from crypts and from single intestinal stem cells in a defined media 

containing EGF, Noggin and R-spondin (ENR), we adapted principles of the in vivo 
Clonogenic Assay to profile radiation dose survival of SI organoids ex vivo. For initial 

studies, SI crypts were isolated from Lgr5-lacZ mice. Crypts contain Lgr5+ stem cells at 

their base intermingled with Paneth cells overlaid by progenitor cells (4). Under these media 

conditions, once the upper opening seals, crypts undergo continuous budding events, 

creating organoids that consist of a lumen filled with apoptotic cells lined by a villus-like 

epithelium surrounded by multiple crypt domains (1). For our studies, isolated SI crypts 

were irradiated 24 h after plating to allow for recovery from isolation stress (which interferes 

with reliable radiation dose profiling). While unirradiated organoids grow logarithmically 

and exclude propidium iodide (PI), an indication of membrane integrity, Fig. 1D shows that 

a dose of 10Gy is lethal for SI crypts (shown at day 7) as the structure completely 

disintegrates, manifesting as a cloud of cell debris that readily incorporates PI. Radiation 

dose survival analysis of SI organoids irradiated with escalating doses (2–10Gy) yields a 

curve with a D0=2.1 ± 0.1Gy at 6 days post-radiation (Fig. 1E), well within the range of our 

D0 values found for the in vivo Microcolony Assay of Withers and Elkind as described 

above. These results indicate that SI organoids maintain the radiosensitivity profile of the 

intact organ.

Further, organoids derived from Lgr5-lacZ mice when stained for β-galactosidase (LacZ) to 

evaluate stem cell response at day 6 post-radiation (2–10Gy) show dose-dependent reduction 

in the stem cell compartment (LacZ+ area/organoid) with escalating radiation doses (whole 

mount staining shown in Fig. 1F, quantified in Fig. 1G). To provide evidence supporting 

intestinal stem cells as determinant of organoid and organ radiosensitivity, Lgr5-GFP+ stem 

cells isolated from Lgr5-EGFP-ires-CreERT mice by fluorescence-activated cell sorting 

(FACS) were irradiated with the same dose range as for intact organoids at 24h after plating 

and allowed to grow into intact organoids (Fig. 1H). At day 6 post-radiation, number of 
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organoids was counted and SHMT transformation of dose survival data generated a D0=1.6 

± 0.1Gy, indicating that indeed, for the small intestine, intrinsic radiosensitivity of Lgr5+ 

stem cells is highly similar to that of crypts in the intact organ in vivo and to organoids 

derived thereof.

Employing Lgr5-lacZ transgenic mice, we recently published that Lgr5+ stem cells in the 

distal large intestine are more radiation resistant than their counterpart Lgr5+ stem cells in 

the small intestine in vivo (3). To extend these findings to the in vitro setting, initial studies 

generated organoids from crypts isolated from small and distal large intestines of Lgr5-lacZ 

mice. In contrast to SI organoids which contain Paneth cells that provide Wnt large intestinal 

(LI) organoids require exogenous Wnt, since in vivo Wnt is provided by stromal cells (33) 

not included in our SI culture conditions. Hence SI and LI organoids were grown in WENR 

(Wnt, EGF, Noggin, R-spondin) media for these studies. Fig. 2A displays representative 

bright-field images of organoids derived from LI and SI crypts irradiated at 24h after plating 

and shows that LI organoids are more radioresistant than SI organoids. While LI organoids 

are alive at 6 days post 8Gy and 12Gy, near complete lethality is detected in SI organoids, 

manifested as a cloud of cell debris in place of organoids. Radiation dose survival analysis of 

SI and LI organoids using 4–16Gy (Fig. 2B) confirms that LI organoids are markedly 

radioresistant with a D0=7.6 ± 1.3Gy as compared with SI organoids that exhibit a D0=2.2 ± 

0.3Gy (p<0.001, Fig. 2B). Furthermore, consistent with the well-described dose-dependent 

cellular growth delay post-radiation, all LI organoids treated with 4–16Gy are smaller than 

unirradiated organoids on day 7 post-irradiation, with growth recovery displaying a clear 

radiation dose dependence (Fig. S1 A–B). In addition, mechanically passaged LI and SI 

organoids retain the radiosensitivities observed with organoids from fresh crypts, studied up 

to passage 10. Fig. 2C shows that passage 10 LI organoids retain radioresistance compared 

with SI organoids, displaying live organoids at 6 days post 8Gy and 12Gy, which appear 

capable of faster post-radiation growth than freshly-isolated organoids (compare Fig. S1 A–

B with Fig. S1 C–D). SHMT transformation of radiation dose survival curves of SI and LI 

organoids grown from passaged organoids confirm LI organoids retain radioresistance with a 

higher D0=9.2 ± 1.5Gy than SI organoids D0=2.2 ± 0.2Gy (Fig. 2D, p<0.001). These results 

validate ex vivo organoids as legitimate surrogates for in vivo radiation responses, a 

phenotype that is stable over time.

Unexpectedly, organoids derived from single LI stem cells sorted from Lgr5-GFP mice and 

irradiated 24h after plating display loss of radioresistance yielding a D0=2.2 ± 0.2Gy as 

compared to organoids derived from SI stem cells which retain their original radiosensitivity 

with D0=1.8 ± 0.1Gy (Fig. 3A). This selective loss of LI stem cell radioresistance was 

confirmed using an alternative sorting strategy that allows obtaining a larger number of cells 

by FACS using CD44 and cKit surface markers (8,9) (see Fig. S2 for sorting strategy). For 

these studies, stem cell populations marked by CD44highcKit− were isolated from large and 

small intestines of C57BL/6 mice and irradiated 24h after plating as above. Radiation dose 

survival curves of these cell populations generated D0=2.2 ± 0.1Gy for LI stem cells and 

D0=1.9 ± 0.2Gy for SI stem cells (Fig. 3B). However, by delaying delivery of radiation 

beyond 24 h post plating, we found that LI stem cells recover their inherent radioresistance 

by day 3 of culture (Fig. 3C), at a moment when single cells have developed into mini-

organoids containing an average of 30 (with lower 95% CI= 12 and upper 95% CI= 40) cells 
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per organoid, consistent with a doubling time of approximately 12h (1). The mechanism by 

which development of cell-cell contact interactions in LI organoids restores radioresistance 

remains unknown, although preliminary data (see below) suggest these radiation phenotypes 

reflect differences in DNA repair, which will require further studies for elucidation.

To further evaluate the inherent radiosensitivity of SI and LI stem cells, we used a niche-

independent high-purity Lgr5+ intestinal stem cell culture system. In this system, 

combination of a GSK3β inhibitor and histone deacetylase inhibitor enables culture of 

homogenous symmetrically-dividing Lgr5+ stem cell colonies from single purified stem 

cells. The potent activation of the Wnt and Notch pathways in this culture system maintains 

the high frequency of Lgr5+ cells (60%−100%, see Fig. S3), in contrast to SI and LI 

organoids that display 14±11% and 4±3% Lgr5+ stem cells, respectively. For these studies, 

LI and SI colonies were grown from sorted Lgr5-GFP+ cells [isolated from 5 (for large 

intestines) or 3 (for small intestines) mice], which allows for availability of an unlimited 

number of stem cells. It is worth pointing out that although this culture system has been 

reported (11), it has never been used before to our knowledge to study biologic processes. 

For radiation dose survival experiments, these pure stem cell colonies were passaged as 

single cells by trypsinization and irradiated at day 3 after plating, at the time when 

developing LI organoids regain their radioresistance. Note that single LI stem cells lose their 

radioresistance irrespective of the media in which they are resuspended, as this 

radiosensitive phenotype is observed in single LI stem cells grown in either WENR (where 

they grow as organoids) or ENR-VC (where they grow as stem cell colonies), associated 

with reduced resolution of γH2AX foci, indicative of diminished DNA DSB repair capacity 

(Fig. S4 A–B). Fig. 4A and 4B show that LI stem cell colonies are more radioresistant than 

SI colonies, displaying live colonies at 7 days post 8Gy and 12Gy. In contrast, a dose of 8Gy 

eliminates most SI stem cell colonies and a dose of 12Gy is almost completely lethal, 

manifested as near absence of colonies under brightfield and GFP imaging. Radiation dose 

survival SHMT analysis of SI and LI colonies, grown for 7 to 10 days post 2–16Gy shows 

that LI stem cell colonies, like LI organoids, LI crypts and stem cells in the intact organ in 
vivo, are markedly radioresistant (3) with a D0=10.9 ± 2.0Gy compared with SI colonies that 

manifest a D0=1.6 ± 0.1Gy (p<0.001, Fig. 4C).

Discussion

Altogether, our results indicate that we have generated an in vitro radiation sensitivity assay 

validated against in vivo published data using classic radiobiology concepts. Using this 

technology, we provide strong evidence that in vivo responses reflect inherent 

radiosensitivity of the Lgr5+ stem cell compartment of these organs. Whether the Bmi-1 

population of resting small intestinal stem cells at position +4 from the crypt base, or an 

analogous population in the large intestine, might also play a role in this radiation response 

is currently unknown (34).

A large body of literature reports data on mammalian normal and tumor stem cell 

radiosensitivity, but correlation with organ/tumor radiosensitivity remains inconclusive (35–

42). A potentially confounding factor in this analysis is that SI and LI stem cell 

radiosensitivity is often measured by employing methodologies that did not comply with the 

Martin et al. Page 9

Cancer Res. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rigorous criteria developed and validated in the field of radiobiology over the past four 

decades (43–45). For example, while a recent study argues that a dose of 12Gy renders 

colonic Lgr5+ stem cells more radiosensitive than colonic KRT19+ stem cells based on 

lineage tracing experiments (43), we have shown that at this dose level colonic Lgr5+ cells 

are totally resistant to radiation (3), and hence there should be no stress-induced incentive 

for colonic stem cell lineage tracing. We thus posit that the reason lineage tracing is 

observed in KRT19+ cells is that unlike colonic Lgr5+ CBCs, KRT19 cells undergo 

significant damage at 12Gy, leading to KRT19 lineage tracing during the rapid division 

phase of population recovery. One recent study utilized ionizing radiation to study whether 

Dll1high precursor cells of the small intestinal secretory lineage might revert to stem cells 

upon radiation damage using a dose of 6Gy, repeatedly referring to this dose as one that 

induces “extensive” radiation damage (45). In fact, radiation dose survival curves in 

C57BL/6 mice uniformly show 6Gy to be within the Dq region of the dose survival curve, 

which reflects potentially lethal damage that is mostly reversible. Of note, the observation 

that 6Gy is a relatively low dose in no way contradicts the interpretation of the data that 

Dll1high precursor cells can revert to stem cells upon genotoxic stress. These and other 

studies (46–48) point to a need for standardized assays to achieve the goal of translating in 

vitro data successfully into animal models and humans.

We believe that the current study will help to establish conditions for organoid irradiation 

that accurately reflect in vivo responses, and provide a simplified analytic tool, the D0, to 

allow for quantitative comparison of impact of pharmacologic and genetic regulation of 

genotoxic stress on the small and large intestine. In this context, our preliminary data 

indicate that this assay can be translated into a clinical setting in colorectal cancer. 

Treatment with neo-adjuvant chemoradiation (nCR) followed by total meso-rectal excision 

has been the standard of care for locally-advanced rectal cancers for more than two decades. 

At present, only ~30% of neo-adjuvant patients will achieve clinical or pathological 

complete responses to nCR therapy and are candidates for organ preservation. Moreover, 

these patients have better outcomes in terms of disease free and overall survival (49). 

However, success of this approach is hindered by lack of molecular and/or functional assays 

that predict response to therapy, emphasizing the need for development of personalized 

models that can predict treatment response. Based on results established in the current 

manuscript, we have applied the assays described here to test radiation responses of patient-

derived organoids (PDOs) and early evidence indicates that PDO radiation responses predict 

treatment response to nCR (Adileh, Paty and Kolesnick, manuscript in preparation).

Finally, we propose these data will be of benefit to the scientific community interested in 

using organoids to investigate organ biology other than radiation biology, as validation 

against a high-quality in vivo assay, the Clonogenic Assay of Withers and Elkind, indicates 

that growth conditions identified here closely resemble those of intact organs in live animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

Findings establish standards for irradiating organoids that deliver radiation profiles that 

phenocopy the organ of origin.
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Figure 1. SI organoids recapitulate in vivo response to ionizing radiation.
(A) Representative full-transverse section of proximal jejunum from C57BL/6 mice at 3.5 

days post treatment with 15Gy whole body radiation compared with unirradiated mice. (B) 
GI damage assessed by the Crypt Microcolony Assay of Withers and Elkind (5). Triangles 

represent number of crypts in individual circumferences. (C) Transformation of data in (B) 

using the SHMT algorithm. (D) Representative live images of SI organoids grown for 6 days 

from isolated crypts that had been irradiated 24h after plating with 10Gy compared with 

unirradiated organoids. Shown are bright field (left), Hoechst (middle), and propidium 

iodide (right) images. (E) Dose survival curve of SI organoids derived from irradiated SI 

crypts handled as in (D). (F) Representative images of SI organoids grown from crypts 

isolated from Lgr5-lacZ mice stained for lacZ expression 6 days post-irradiation. (G) 
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Quantification of LacZ+ area (blue) per organoid area (white+blue). (H) Dose survival curve 

of organoids derived from single Lgr5-GFP+ SI stem cells that had been irradiated at 24h 

after plating, and counted at 6 days post-irradiation. Data (mean ± standard deviation) are 

from four mice/dose analyzing four circumferences/mouse (B and C), or from triplicate 

determinations collated from 7 independent experiments in (E), 3 independent experiments 

in (H), or at least 2 experiments in (G). Scale bars = 200 μm in all images (A, D and F).

Martin et al. Page 16

Cancer Res. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. LI organoids are significantly more resistant to ionizing radiation than SI organoids.
(A) Representative brightfield images of LI and SI organoids grown for 7 days from freshly-

isolated crypts irradiated 24h after plating with 0Gy (control, left panels), 8Gy (middle 

panels) and 12Gy (right panels). LI organoids are more resistant to ionizing radiation than SI 

organoids as live organoids can still be detected after 8Gy and 12Gy (white arrows), while 

SI organoids are dead, displaying only a debris cloud, at 8Gy (black arrows). (B) Dose 

survival curves of murine LI and SI organoids grown from isolated crypts irradiated 24h 

after plating. Organoids were counted 10 days post-irradiation. (C, D) Similar data are 

derived using passaged LI and SI organoids, handled as in (A,B). Data (mean ± standard 

error) are collated from 3 independent experiments each performed in triplicate in (B and 

D). Scale bars = 100 μm (A and C).
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Figure 3. Transient loss of LI stem cell radiation resistance upon plating of single cells.
(A) Dose survival curves of organoids derived from single Lgr5-GFP+ intestinal stem cells 

that were obtained from symmetrically-dividing stem cell colonies, irradiated at 24h after 

plating and counted at 6 days post-irradiation. (B) Dose survival curve of organoids derived 

from single CD44highcKit− intestinal stem cells that had been sorted from C57BL/6 mice 

irradiated at 24h after plating and counted at 6 days post-irradiation. (C) LI stem cells 

recover resistance to radiation at 3 days after plating. Single CD44highcKit- intestinal cells 

were sorted from C57BL/6 mice, irradiated with 8Gy on successive days after plating, and 

organoids were counted at 6–7 days post-irradiation. Data (mean±standard error) are 

collated from at least 2 independent experiments (A-C).
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Figure 4. Pure stem cell colonies recapitulate the radiosensitivity of small and large intestines.
(A) Representative brightfield (left) and GFP (right) images of LI colonies grown for 7 days 

from single Lgr5-GFP+ cells irradiated at 3 days after plating with 8Gy and 12Gy (lower 

panels) compared with unirradiated colonies (control, upper panels). (B) Representative 

brightfield (left) and GFP (right) images of SI colonies grown for 7 days from single Lgr5-

GFP+ cells and irradiated at 3 days after plating with 8Gy and 12Gy (lower panels) 

compared with unirradiated colonies (control, upper panels). (C) Dose survival curve of SI 

and LI stem cell colonies irradiated at 3 days after plating and counted at 6–10 days post-

irradiation. Data (mean ± standard error) are collated from triplicate determinations from 3 

independent experiments. Scale bars = 100 μm in all images (A and B).
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