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Abstract

The gastrointestinal (GI) epithelium is the fastest renewing adult tissue and is maintained by 

tissue-specific stem cells. Treatment-induced GI side effects are a major dose-limiting factor for 

chemotherapy and abdominal radiotherapy and can decrease the quality of life in cancer patients 

and survivors. p53 is a key regulator of the DNA damage response, and its activation results in 

stimulus- and cell type–specific outcomes via distinct effectors. We demonstrate that p53-

dependent PUMA induction mediates chemotherapy-induced intestinal injury in mice. Genetic 

ablation of Puma, but not of p53, protects against chemotherapy-induced lethal GI injury. 

Blocking chemotherapy- induced loss of LGR5+ stem cells by Puma KO or a small-molecule 

PUMA inhibitor (PUMAi) prevents perturbation of the stem cell niche, rapid activation of WNT 

and NOTCH signaling, and stem cell exhaustion during repeated exposures. PUMAi also protects 

human and mouse colonic organoids against chemotherapy-induced apoptosis and damage but 

does not protect cancer cells in vitro or in vivo. Therefore, targeting PUMA is a promising strategy 

for normal intestinal chemoprotection because it selectively blocks p53-dependent stem cell loss 

but leaves p53-dependent protective effects intact.
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INTRODUCTION

Gastrointestinal (GI) side effects are a major dose-limiting factor in chemotherapy and 

abdominal radiotherapy and can cause long-term complications in cancer survivors (1, 2). 

Colorectal cancer patients are commonly treated with irinotecan hydrochloride (CPT-11) in 

combination with 5-fluorouracil (5-FU). Radiation and most chemotherapeutic agents 

damage multiple tissues and organ systems, whereas CPT-11 causes selective GI injury, with 

severe diarrhea and nausea in more than 50% of patients (3). This acute toxicity is caused by 

the accumulation of high concentrations of SN-38, the active metabolite of CPT-11, in the 

intestine (4), as well as the conversion of nontoxic SN-38 glucuronide back to SN-38 by gut 

bacteria, followed by intestinal reabsorption (5). SN-38 is an inhibitor of topoisomerase I, a 

key enzyme in both DNA replication and RNA transcription, and causes replication stress 

and DNA damage in proliferating cells (6). Anti-diarrhea medication can help alleviate 

CPT-11–induced diarrhea but has a limited effect on reducing long-term GI dysfunction (1). 

There is currently no U.S. Food and Drug Administration–approved agent that prevents or 

treats CPT-11–induced GI injury or complications.

Chemotherapy or radiation-induced acute enteropathy is characterized by loss of 

proliferating crypt cells, epithelial barrier breakdown, and inflammation during or shortly 

after the treatment. In many patients, delayed enteropathy can occur months or later after 

therapy and is characterized by intestinal dysfunction associated with pathological changes 

in the epithelial and stromal compartments, such as vascular sclerosis and progressive 

intestinal wall fibrosis. Emerging evidence suggests that chronic intestinal damage is likely a 

consequence of early toxicity (1, 7). Enterotoxicity caused by chemotherapeutics, such as 

CPT-11 and 5-FU, is associated with rapid crypt apoptosis in mice and humans (8, 9). The 

small intestinal epithelium is the fastest renewing adult tissue, and intestinal stem cells 

(ISCs) located in the bottom of crypts drive the renewal and regeneration after injury. ISCs 

include the columnar cells at the crypt bottom (CBCs) and some cells at position 4 relative 

to the crypt bottom (+4 cells) (10, 11). Genetic ablation of leucine-rich repeat-containing G 

protein (heterotrimeric guanine nucleotide–binding protein)–coupled receptor 5–expressing 

(LGR5+) CBCs is well tolerated in healthy mice but strongly exacerbates radiation-induced 

intestinal injury, although underlying mechanisms remain unknown (12).

Activation of p53 after DNA damage results in tissue- and target- specific outcomes such as 

tumor suppression or acute toxicity (13–16). p53 activation is a double-edged sword in 

controlling intestinal regeneration after high-dose radiation. On one hand, p53-dependent 

PUMA induction accounts for most radiation-induced apoptosis and acute loss of intestinal 

and hematopoietic stem and progenitor cells, and PUMA deficiency or down-regulation 

protects against radiation-induced lethality (17–20) and lymphomagenesis (21, 22). 

However, p53-dependent induction of p21, and perhaps other targets, is essential for 

productive intestinal regeneration by preventing DNA damage accumulation, replication 

stress, and delayed nonapoptotic cell death, and p53/p21 deficiency exacerbates intestinal 

injury (20, 23). The role of p53 in chemotherapy-induced GI injury is not well understood. 

The p53 inhibitor pifithrin-α reduced CPT-11–induced intestinal apoptosis within the first 

several hours in rats but did not affect delayed cell death or the onset of mucositis (8).
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Here, we sought to determine the role of p53-dependent apoptosis in chemotherapy-induced 

intestinal injury. We demonstrated that genetic or pharmacological inhibition of Puma by a 

small-molecule PUMA inhibitor (PUMAi), but not p53 deficiency, provides potent 

protection against GI injury induced by single and repeated exposures to CPT-11 but does 

not compromise its antitumor activity in vivo. This protection is associated with selective 

preservation of LGR5+ stem cells, stem cell niche, and genome integrity. Our findings 

provide a mechanism-based approach and a compound for intestinal chemoprotection 

through selective inhibition of p53-dependent apoptosis and enterotoxicity.

RESULTS

PUMA mediates chemotherapy-induced crypt apoptosis and lethality

To investigate a potential role of p53-dependent apoptosis in chemotherapy-induced acute 

intestinal injury, we treated wild-type (WT), p53 knockout (KO), and Puma KO mice with a 

single dose of irinotecan (200 mg/kg; CPT-11). CPT-11 induced robust crypt apoptosis in 

WT mice, as measured by terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick end labeling (TUNEL) and active caspase-3 staining, which peaked at 6 

hours and decreased gradually by 48 hours. Apoptosis was observed in both the stem cells at 

the crypt base (CBCs at positions 1 to 3 relative to the crypt bottom) and +4 to 9 cells 

(relative to the crypt bottom), but it was abrogated in p53 KO and Puma KO mice (Fig. 1, A 

and B, and fig. S1, A to D). CPT-11 treatment induced p53 and its targets PUMA and p21 

within 6 hours in the intestinal mucosa of WT but not p53 KO mice (Fig. 1C and fig. S1E). 

Puma KO did not significantly affect the expression of p53 or p21 (Fig. 1C). BH3-only 

proteins BIM and NOXA were not induced by CPT-11 or affected by Puma KO (fig. S1F). 

RNA in situ hybridization (ISH) confirmed that Puma mRNA was undetectable in the crypts 

of untreated WT mice and strongly induced in the CBCs and some +4 cells by CPT-11 

treatment (Fig. 1D).

CPT-11 causes dose-dependent lethal GI injury in mice (24). To determine the sensitivity of 

C57BL/6J mice, we monitored survival after three consecutive daily doses of CPT-11. The 

180, 215, and 250 mg/kg per day doses resulted in 30, 90, and 100% lethality, respectively, 

and all deaths occurred between days 5 and 8, characteristic of lethal GI injury (fig. S2). At 

the 90% lethal dose (LD90) of WT mice (215 mg/kg per day for 3 days), all Puma KO mice 

survived for 30 days, whereas all p53 KO mice died between days 6 and 9 (Fig. 1E). 

Histological analysis confirmed lethal GI injury in WT and p53 KO mice on day 5, showing 

severe loss of crypts and shortening of villi, which was abrogated in Puma KO mice (Fig. 

1F). Consistent with a dual role of p53 in intestinal recovery from radiation (20), our data 

demonstrate that selective inhibition of p53-dependent induction of PUMA and apoptosis, 

but not p21 or other functions, results in intestinal chemoprotection.

A small-molecule PUMAi protects against chemotherapy-induced crypt apoptosis and 
lethality

We previously identified a number of potential PUMAis using a pharmacophore model of 

the key interactions of the PUMA BH3 domain with BCL-2 family proteins, in silico 

compound screening, and apoptosis assays (25, 26). One of these compounds (PUMAi) was 
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confirmed to inhibit interaction of PUMA/BCL-xL but not of BIM/MCL-1 (fig. S3, A to C). 

PUMAi did not reduce camptothecin (CPT)–induced apoptosis in colon cancer cell lines 

with different p53 or PUMA genotypes, including p53 WT (HCT 116), null (p53 KO), 

mutant (HT 29, SW480, and DLD1), or PUMA null (PUMA KO) (fig. S3D). PUMA was 

only induced by CPT treatment in p53 WT HCT 116 cells, not in any p53-deficient line (fig. 

S3E) (27–29). The basal amount of PUMA was much higher in HCT 116 cells, compared to 

very low or undetectable expression in mouse intestinal mucosa (Fig. 1, C and D) (17) and 

in normal human small intestine and colon (30).

To examine the efficacy of PUMAi in vivo, we treated WT mice with vehicle or PUMAi (10 

mg/kg, an empirical dose) 2 hours before a single dose of CPT-11 (200 mg/kg) and analyzed 

crypt apoptosis 6 and 24 hours after CPT-11 administration. PUMAi reduced TUNEL and 

active caspase-3 staining preferentially in the CBCs, compared to transit-amplifying (TA), 

+4 to 9, cells (Fig. 2, A and B, and fig. S4, A to D). PUMAi treatment did not further reduce 

crypt apoptosis in Puma KO mice (fig. S4E). We then developed a high-performance liquid 

chromatography (HPLC) assay and assessed PUMAi distribution in the intestinal mucosa 

and plasma at three time points, −1.5, +1, and +6 hours of CPT-11 administration (0 hour) 

(fig. S4F). PUMAi concentration remained at 67 and 30% in the intestinal mucosa at +1 and 

+6 hours, respectively, compared to −1.5 hours, but dropped more quickly in the plasma 

(Fig. 2C). CPT-11 is rapidly cleared from the plasma, with a half-life around 36 min (31). 

We found that PUMAi given 1 hour after CPT-11 treatment still reduced apoptosis 

effectively, suggesting that PUMAi does not affect CPT-11 conversion or intestinal 

absorption (Fig. 2D).

Further, PUMAi decreased CPT-11–induced lethality at three different doses (Fig. 2E and 

fig. S5, A and B). At the LD90, PUMAi improved survival from 10 to 70%. Histological 

analysis confirmed reduced GI injury on day 5 in the PUMAi and Puma KO groups, 

compared to WT mice (Figs. 1F and 2F). PUMAi also increased the survival of mice after 

9.5- and 15-gray total body irradiation (fig. S5, C and D), further supporting the idea that 

targeting p53-dependent apoptosis, but not other functions, selectively reduces treatment-

induced normal tissue toxicity.

PUMA inhibition does not reduce antitumor activity of CPT-11

To determine whether PUMA inhibition provides selective intestinal chemoprotection, we 

established subcutaneous Lewis lung carcinoma (LLC) tumors in immunocompetent WT 

and Puma KO mice. After tumors reached an average of 100 mm3 (day 11), mice received 

six doses of CPT-11 (200 mg/kg, intraperitoneally) over 2 weeks (fig. S6A). Tumor 

engraftment and CPT-11 response were indistinguishable in WT and Puma KO hosts (Fig. 

3A and fig. S6B). In contrast, CPT-11–induced weight loss was reduced in Puma KO mice 

(Fig. 3B), correlated with preserved intestinal structure and barrier evident by higher villus 

height, crypt numbers, and lower neutrophil infiltration (Fig. 3, C to G).

The effects of PUMAi were then determined in tumor-bearing mice. PUMAi (10 mg/kg) or 

vehicle was given 2 hours before and 20 hours after each dose of CPT-11. The PUMAi 

group showed comparable tumor response compared with the vehicle group (Fig. 4A and 

fig. S6B) but was highly resistant to CPT-11–induced weight loss, intestinal damage (Fig. 4, 
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B to G), and lethality (table S1). Furthermore, PUMAi or PUMA KO groups exhibited 

improved grooming and physical activity throughout the study based on daily inspections. 

LLC tumors in all three CPT-11–treated groups showed similar effects on proliferation or 

apoptosis (fig. S6, C and D) but lacked induction of p53, PUMA, or p21 (fig. S6E), 

consistent with mutant p53 (32). These studies demonstrate that PUMA inhibition attenuates 

CPT-11– induced enterotoxicity but not the establishment or therapeutic responses of p53 
mutant tumors in immunocompetent hosts.

Targeting PUMA potently protects the LGR5+ stem cells and niche against chemotherapy

Little is known about the role of the ISC niche in injury-induced regeneration. We 

hypothesized that the loss of CBCs, not of more chemosensitive TA cells, sends “injury” 

signals via niche “emptying” to activate remaining stem cells. PUMAi provides a 

pharmacological way to test this because it selectively blocks CPT-11–induced CBC 

apoptosis (Fig. 2B). Using LGR5–EGFP (enhanced green fluorescent protein) reporter mice, 

we found that Puma KO or PUMAi decreases CPT-11–induced apoptosis of LGR5+ cells by 

more than 90 or 70%, respectively (Fig. 5, A and B). Puma KO also blocked LGR5+ cell 

apoptosis induced by another commonly used chemotherapy drug, 5-FU (fig. S7).

CD166 is a WNT target that marks the ISC niche, including CBCs and Paneth cells at the 

crypt bottom, in homeostasis (33). CPT-11 treatment induced a marked expansion of 

CD166+ cells from 48 to 96 hours in WT mice, which was fully suppressed by PUMAi 

treatment by 96 hours (Fig. 5, C and D). This was preceded by transient but strong activation 

of WNT (Lgr5, CD44, and Wnt3A)– and NOTCH (Olfm4, Math1, Hes1, Hes5, and Dll1)–

responsive genes as early as 6 hours, which was largely suppressed in Puma KO and 

PUMAi-treated mice (fig. S8). The only exception is the TA maker CD44, which was 

strongly suppressed by Puma KO but not by PUMAi (Fig. 5E). We then monitored crypt 

DNA damage by 53BP1 foci, which was comparable in Puma KO, PUMAi, and control 

groups at 6 hours. However, DNA damage in Puma KO and PUMAi groups was lower by 48 

hours after a single dose of CPT-11 and, more so, by 120 hours after three doses of CPT-11 

(Fig. 5, F and G). These data strongly suggest that the loss of LGR5+ cells disrupts the niche 

and triggers WNT and Notch signaling and intestinal regeneration after chemotherapy and 

that blocking LGR5+ cell loss likely delays compensatory proliferation and improves DNA 

repair.

LGR5+ cells are the critical target in intestinal chemoprotection by PUMAi

We further hypothesized that WNT and NOTCH activation triggered by LGR5+ cell loss will 

likely sensitize remaining stem cells to repeated exposures and stem cell exhaustion. After 

six doses of CPT-11 treatment, the LGR5+ crypt cells and the fraction of LGR5+ crypts (34) 

were reduced by more than 90% in WT mice, compared to only 40 to 60% in the Puma KO 

and PUMAi groups (Fig. 6, A and B). Olfm4 (10) RNA ISH indicated a 93% drop in 

Olfm4+ crypts in WT mice, compared to 8 and 49% in the Puma KO and PUMAi groups, 

respectively (Fig. 6C). Paneth cells are the niche for LGR5+ cells and marked by MMP7 

expression. Repeated CPT-11 treatment, but not single treatment, diminished MMP7+ cells 

within the crypts, with prominent mislocalization scattered through the epithelium and 

nearly complete loss of the close contact of MMP7+ and LGR5+ cells, which was suppressed 
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in the Puma KO and PUMAi groups (Fig. 6, D to F). Overall, these data demonstrate LGR5+ 

cell exhaustion as the key mechanism underlying chemotherapy-induced enterotoxicity, 

which can be effectively targeted by PUMAi.

PUMAi protects mouse and human colonic organoids against CPT-induced injury

To determine whether PUMAi acts directly on crypt cells, we used a three-dimensional 

epithelial organoid (35) or enteroid (36) system previously used to demonstrate radiation-

induced, PUMA-dependent LGR5+ cell apoptosis (37). CPT induced growth suppression 

and activation of caspase-3 in mouse colonic organoids, which was strongly blocked by 

PUMAi (Fig. 7, A to C). PUMAi also suppressed CPT-induced activation of WNT and 

NOTCH targets (Lgr5, CD44, and Olfm4) (Fig. 7D). The suppression of TA marker CD44 
was less pronounced compared to Lgr5 or Olfm4, similar to what we observed in vivo.

To demonstrate the translational potential of PUMAi, we used primary human colonic 

organoids. PUMAi enhanced organoid growth (Fig. 7, E and F) and inhibited CPT-induced 

caspase-3 activation (Fig. 7G). PUMAi suppressed CPT-induced expression of WNT and 

NOTCH targets (Fig. 7H), establishing that the p53- and PUMA-dependent loss of LGR5+ 

cells triggers a substantial activation of ISC-related pathways within the epithelial 

compartment.

DISCUSSION

GI complications are a major dose-limiting factor in patients receiving chemotherapy and 

abdominal radiation and can reduce the quality of life in cancer survivors. Identification of 

druggable targets is likely to have a major impact on cancer care by alleviating debilitating 

side effects, as well as improving outcomes by potentially increasing maximum tolerated 

doses. Our current study establishes p53- and PUMA-dependent LGR5+ stem cell loss as a 

major mediator of chemotherapy-induced enterotoxicity. Intestinal injury induced by 

repeated cytotoxic treatment is likely a consequence of the acute toxicity (1, 7), attributable 

to p53-dependent ISC loss, defective intestinal recovery, differentiation, and barrier, and 

persistent DNA damage and inflammation that further perpetuate ISC dysfunction and 

exhaustion (11). We speculate that compromised ISC functionality underlies “leaky gut 

syndrome” seen in some patients after pelvic or abdominal radiotherapy or chemotherapy, 

which is characterized by increased mucosal permeability, chronic fatigue, digestive 

problems, and systemic toxicities associated with persistent DNA damage (1).

p53 loss (38), but not Puma loss (26, 39, 40), strongly predisposes to spontaneous cancer 

development in mice. Our current work complements and extends several studies using 

single high-dose radiation models to uncouple the destructive and protective arms of p53 

responses (17, 20, 23, 41). These findings strongly support the notion that targeting 

pathologic effects and apoptotic mediators of p53, not p53 itself, is a safer and more 

selective way to protect against cancer treatment–induced enterotoxicity (15, 16). This is 

consistent with stimulus and tissue-specific roles of BH3-only proteins in apoptosis and 

compromised apoptosis in cancer cells even with WT p53 due to oncogenic drivers such as 

WNT, phosphoinositide 3-kinase, and RAS/RAF (26, 42, 43). We discovered a promising 
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lead compound, PUMAi, for intestinal chemoprotection, and its intestinal accumulation and 

normal tissue selectivity warrant further investigation.

Maintenance of intestinal epithelial integrity and function is vital, and it is driven by ISCs 

(10, 11, 44). Our data support position-sensitive loss of LGR5+ cells as the key pathology in 

chemotherapy- and radiation-induced enterotoxicity and the trigger for WNT and NOTCH 

activation and intestinal regeneration. This helps explain intestinal radiosensitization by 

genetic ablation of LGR5+ cells (12), and radio- or chemoprotection via LGR5+ cell 

preservation afforded by structurally and functionally diverse agents, including growth 

factors, Toll-like receptor 4 (TLR4) and TLR9 agonists, WNT agonists [reviewed in (11)], 

an hypoxia-inducible factor (HIF) activator (45), or inhibitors of glycogen synthase kinase β 
(37) and cyclin-dependent kinases 4 and 6 (46). Most, if not all, of these agents inhibit crypt 

apoptosis, and some also cause LGR5+ expansion (37, 47). These findings caution against 

the use of pro-proliferating agents, such as growth factors and WNT agonists, during 

repeated exposures to cytotoxic agents, which might result in ISC exhaustion via 

exacerbated DNA damage and prolonged proliferation. The sensitivity of WNT and NOTCH 

targets to CPT or PUMAi differed between human and mouse colonic organoids, as well as 

between organoids and mice, suggesting potentially species-specific differences in target 

regulation (37) and involvement of nonepithelial factors. Considering that PUMA mediates 

both p53-dependent and p53-independent apoptosis (26), it would be interesting to 

determine the effects of PUMAi in other injury models including DNA damage and 

inflammation (48–51).

Rapid renewal predisposes the GI epithelium to common side effects seen in cancer patients 

receiving radio- or chemotherapy, bone marrow transplant (1, 11), and even immunotherapy, 

with limited options for prevention or mitigation, representing a major unmet medical need. 

Here, we demonstrate PUMA as a promising target for selective intestinal chemoprotection 

and identify a small-molecule PUMAi active in vivo. Future studies will be needed to further 

define the mechanisms and pharmacokinetic and pharmacodynamic properties of PUMAi in 

normal and cancer tissues and to develop improved analogs.

MATERIALS AND METHODS

Study design

The goals of this study were to determine whether PUMA- and p53-dependent apoptosis 

mediates chemotherapy-induced intestinal stem cell loss and enteropathy and whether its 

genetic and pharmacological inhibition provides intestinal chemoprotection. Non–tumor-

bearing and tumor-bearing mice, p53 and Puma KO mice, a small-molecule PUMAi, and in 

vitro mouse and human colonic organoids were used to measure the effects of PUMA 

inhibition on intestinal injury and regeneration, as well as tumor responses after 

chemotherapy. Sample size was determined using published work and power calculations. 

Experimenters were not blinded to treatment groups during the acquisition of data.
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Mice and treatment

The procedures for all animal experiments were approved by the Institutional Animal Care 

and Use Committee of the University of Pittsburgh. Puma+/+ (WT) and Puma−/− (Puma KO) 

mice (52) were generated in-house by heterozygote breeding. WT and Puma KO alleles 

were genotyped from genomic DNA isolated from tail snips, as described (52). p53−/− (p53 
KO) mice were purchased from the Jackson Laboratory. The LGR5 marking mice Lgr5-
EGFP (Lgr5-EGFP-IRES-creERT2) have been described (53). All strains are in or have been 

backcrossed with the C57BL/6 background for more than 10 generations (F10). Mice were 

housed in microisolator cages in a room illuminated from 07:00 to 19:00 hours (12:12-hour 

light/dark cycle), with access to water and chow ad libitum. CPT-11 (irinotecan 

hydrochloride; Camptosar, Pfizer) treatments were administered at 200 mg/kg in saline, 

unless otherwise indicated, by intraperitoneal injection (200 μl for a 20-g mouse). PUMAi 

was custom-synthesized by ChemBridge with a minimum purity of 95% by HPLC/mass 

spectrometry (MS), prepared as a stock (50 mg/ml) in dimethyl sulfoxide, then freshly 

diluted in phosphate-buffered saline (PBS) (2 mg/ml), and given at 10 mg/kg 

intraperitoneally (200 μl for a 20-g mouse).

For tumor experiments, 4 million LLC cells [American Type Culture Collection (ATCC)] 

were injected into the flanks of WT and Puma KO mice and allowed to grow for 11 days. 

Mice were then treated with CPT-11 (200 mg/kg) three times per week for 2 weeks. PUMAi 

(10 mg/kg) or vehicle control was administered by intraperitoneal injection 2 hours before 

and 20 hours after each dose of CPT-11. Mice were sacrificed 4 hours after the final CPT-11 

treatment. Details on the dosing of CPT-11 and PUMAi, tumor measurements, and 5-FU and 

radiation models are found in Supplementary Materials and Methods.

Tissue processing and histological analysis

Immediately after sacrifice, about 10-cm portion of the jejunum was removed and carefully 

rinsed with ice-cold saline. The tissue was opened longitudinally and tacked to a foam board 

for fixation overnight in 10% formalin. Tissues were then rolled up into “swiss rolls” and 

embedded in paraffin. For tumor analysis, flank tumors were removed, measured, and cut 

into pieces for either formalin fixation or flash freezing in a dry ice/ethanol bath. Tissue 

sections (5 μm) were deparaffinized and rehydrated through graded ethanols. Histological 

analysis was performed by hematoxylin and eosin (H&E) staining.

Average villus height was determined by measuring 40 to 50 villi from different locations of 

the small intestine, from at least three different animals per group, and reported as means ± 

SEM. Measurements were made from the top of the crypt to the tip of the villus using 100× 

H&E images and SPOT 5.1 Advanced software (Diagnostic Instruments Inc.).

Immunohistochemistry and immunofluorescence

Rehydrated sections were treated with 3% hydrogen peroxide (immunochemistry only), 

followed by antigen retrieval for 10 min in boiling 0.1 M citrate buffer (pH 6.0) with 1 mM 

EDTA. Apoptosis was analyzed by TUNEL staining with the ApopTag Peroxidase In Situ 

Apoptosis Detection kit (Chemicon International) according to the manufacturer’s 

instructions. Details on other staining are found in Supplementary Materials and Methods.
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In situ hybridization

ISH for Olfm4 was carried out with the RNAscope 2.0 BROWN kit (Advanced Cell 

Diagnostics) according to the manufacturer’s instructions. Briefly, tissue sections were 

baked for 60 min at 60°C, then deparaffinized in xylene, and rehydrated through graded 

ethanols. Sections then underwent three pretreatment steps, probe hybridization, six 

amplification steps, development, and counterstaining. ISH for Puma was carried out as 

previously described (17).

Western blotting

Fresh mucosal scrapings or minced tumor tissues were washed in 1 ml of ice-cold PBS and 

pelleted at 400g. Pellets were resuspended in 700 μl of homogenization buffer (0.25 M 

sucrose, 10 mM Hepes, and 1 mM EGTA) supplemented with protease inhibitors (complete 

EDTA-free mini, Roche) and homogenized in a Dounce homogenizer with 50 strokes of the 

pestle. After clearing by centrifugation at 16,000g, protein concentrations in the supernatant 

were determined by a spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific).

Proteins (30 μg) were separated by SDS–polyacrylamide gel electrophoresis using the 

NuPAGE system (Invitrogen) and transferred to polyvinylidene difluoride membranes 

(Immobilon-P, Millipore). Representative results are shown, and similar results were 

obtained in at least three independent experiments. Antibodies used include PUMA (ab9643, 

Abcam), p53, p21, hemagglutinin (HA) (sc-6243, sc-397, and sc-805; Santa Cruz 

Biotechnology), V5 (R960-25, Invitrogen), tubulin (CP06, Oncogene Science), and actin 

(A5541, Sigma-Aldrich).

Quantitative real-time polymerase chain reaction

Fresh mucosal scrapings from 10 cm of jejunum were washed in cold PBS, resuspended in 

700 μl of RNA lysis buffer, and homogenized in a Dounce homogenizer. RNA was isolated 

using the Quick-RNA MiniPrep kit (Zymo Research) according to the manufacturer’s 

instructions. Organoids were freed from Matrigel using Cell Recovery Solution (Corning), 

as described in (37), before RNA isolation. Complementary DNA was generated from 2 μg 

of total RNA from mice or ~100 ng of total RNA from colonic organoids and was pooled 

from three mice or three wells of organoid culture per treatment group using SuperScript III 

reverse transcriptase (Invitrogen) and random primers. Gene expression was normalized to 

Gapdh. Representative results are shown, and similar results were obtained in at least three 

independent experiments. Details on mouse and human primers are found in tables S2 and 

S3.

Cells and treatment

HCT 116, DLD1, SW480, and HT29 human colon cancer cells (ATCC), as well as HCT 116 

p53 KO (54) and PUMA KO (27), were maintained at 37°C and 5% CO2 in McCoy’s 5A 

medium (Invitrogen) supplemented with 10% defined fetal bovine serum (HyClone), 

penicillin (100 U/ml), and streptomycin (100 μg/ml) (Invitrogen). Human embryonic kidney 

293 cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen) 

with the same supplements. For treatments, cells were plated in 12-well plates at ~30% 
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density for 24 hours and then treated with CPT (Sigma-Aldrich). PUMAi was added to cells 

at 25 μM at the same time as CPT.

Measurement of apoptosis

After treatment, floating and adhering cells were collected and stained in a solution 

containing 3.7% formaldehyde, 0.5% NP-40, and Hoechst 33258 (10 μg/ml) (Molecular 

Probes) in PBS. Apoptosis was assessed through microscopic visualization of condensed 

and fragmented nuclei, as previously described (25, 27). A minimum of 300 cells per 

treatment were analyzed in triplicate. Representative results are shown, and similar results 

were obtained in at least three independent experiments.

Immunoprecipitation

HEK293 cells were transfected with previously described plasmids expressing HA-tagged 

PUMA (HA-PUMA), HA-tagged inactive PUMA (ΔBH3), or V5-tagged Bcl-xL (V5-Bcl-

xL) (55) using Lipofectamine 2000 according to the manufacturer’s instructions. To test the 

PUMAi, 293 lysates containing HA-PUMA or HA-ΔBH3 were incubated for 15 min with 

25 μM PUMAi, then mixed with V5-Bcl-xL lysates for 1 hour, and subjected to 

immunoprecipitation with an anti-HA antibody (sc-805, Santa Cruz Biotechnology) (25, 30). 

BIM/Mcl-1 interaction was tested in a similar fashion using lysates containing HA-BIM and 

V5-Mcl-1. Representative results are shown, and similar results were obtained in at least 

three independent experiments.

Measurement of PUMAi in tissues

PUMAi {1-[4-(2-hydroxyethyl)-1-piperazinyl]-3-(2-naphthyloxy)-2-propanol 

dihydrochloride} was synthesized by ChemBridge, with a purity of 95% by HPLC-MS, and 

an internal isotopic standard PUMAih7 (D5, five internal hydrogens replaced by deuterium) 

was synthesized by Alsachim, with purity approaching 100% by HPLC-MS. Nuclear 

magnetic resonance confirmed the isotope enrichment by 99.4% or more. Pooled plasma 

from untreated mice was used as control plasma. Detailed methods on LC-MS/MS (liquid 

chromatography–tandem MS) quantitation of PUMAi are found in Supplementary Materials 

and Methods.

Mouse and human colonic organoids

Mouse crypt isolation, organoid development, and passage were carried out as previously 

described (37, 56). Human normal colon crypt isolation and organoid development were 

performed as previously described (57). Modifications included the use of conditioned 

medium from L-WRN cells (ATCC CRL-3276) to supplement growth factors. Detailed 

protocols, reagents, and drug treatment are found in Supplementary Materials and Methods.

Statistical analysis

Statistical analyses were performed with GraphPad Prism IV software. Multiple 

comparisons of the responses were analyzed by one-way analysis of variance (ANOVA) and 

Tukey’s post hoc test, whereas those between two groups were made by two-tailed, unpaired 

t test. Survival data were analyzed by log-rank test. Differences were considered significant 
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if the probability of the difference occurring by chance was less than 5 in 100 (P < 0.05). 

Sample size was determined using a combination of published work and power calculations. 

For ANOVA, we have computed the power for a test of interaction in a two-way factorial 

design applied by constructing mixed linear growth models to calculate the needed sample 

size. We estimated that usually 5 to 10 per group will provide 80% power to detect a 

standardized interaction of 1.5 SDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PUMA mediates CPT-11–induced intestinal injury
Mice with indicated genotypes were treated with CPT-11 (200 mg/kg) once or as specified 

and analyzed at indicated times. (A) Representative images of terminal deoxynucleotidyl 

transferase–mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining in 

intestinal crypts at 6 hours. DAPI (4′,6-diamidino-2-phenylindole) was used to stain nuclei. 

Scale bar, 50 μm. (B) Quantitation of TUNEL+ columnar cells at the crypt bottom (CBCs) 

and +4 to 9 cells in (A). (C) Expression of indicated proteins was analyzed by Western 

blotting at 6 hours. Lysates were pooled from the intestinal mucosa of three mice. 

Representative results are shown, and similar results were obtained in at least three 

independent experiments. (D) Puma RNA in situ hybridization (ISH) in the crypts at 6 

hours. Scale bar, 20 μm. In (A) and (D), arrows indicate CBCs at positions 1 to 3 below 

Paneth cells, and asterisks indicate +4 to 9 cells at positions 4 to 9 above the CBCs. In (A) to 

(D), n = 3 mice per group. In (B), values are means + SEM. ***P < 0.001 (two-tailed 
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Student’s t test), knockout (KO) versus wild type (WT). (E) Survival of mice treated with 

three consecutive daily doses of CPT-11 (215 mg/kg per day) on days 0, 1, and 2. WT versus 

Puma KO, P = 0.0004; WT versus p53 KO, P = 0.382 (log-rank test). (F) Hematoxylin and 

eosin (H&E) staining of the small intestine from mice on day 5 treated as in (E). Scale bar, 

200 μm.
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Fig. 2. PUMAi protects against CPT-11–induced intestinal injury
Mice were treated with CPT-11 with or without PUMA inhibitor (PUMAi). PUMAi (10 

mg/kg) or vehicle was given intraperitoneally for 2 hours before CPT-11 or as specified. The 

small intestine or indicated tissue was analyzed at the indicated times. (A) Representative 

images of TUNEL staining in intestinal crypts of mice treated with CPT-11 (200 mg/kg). 

DAPI was used to stain nuclei. Scale bar, 50 μm. Arrows indicate CBCs, and asterisks 

indicate +4 to 9 cells. (B) Quantitation of TUNEL+ CBCs and transit-amplifying cells from 

(A). Inh, inhibitor. (C) Tissue distribution of PUMAi at different times after a single 

injection. (D) Quantitation of TUNEL+ crypt cells in mice 6 hours after CPT-11 (200 mg/kg) 

treatment. PUMAi (10 mg/kg) was given 2 hours before or 1 hour after CPT-11 treatment. n 
= 3 mice per group (B to D). In (B) and (D), values are means + SEM. *P < 0.05 (two-tailed 

Student’s t test). Veh, vehicle. (E) Survival of WT mice after three doses of CPT-11 (215 

mg/kg per day) (done with the control in Fig. 1E). PUMAi (10 mg/kg) was given 2 hours 

before each dose of CPT-11. P = 0.0047 (log-rank test). (F) H&E staining of the small 

intestine from mice treated as in (E) on days 0, 5 and 30. Scale bar, 200 μm.
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Fig. 3. PUMA deficiency protects tumor-bearing mice from chemotherapy-induced GI injury
WT and Puma KO mice bearing Lewis lung carcinoma (LLC) tumors were treated with 

CPT-11 (200 mg/kg) six times over 15 days, on days 11, 14, 17, 19, 23, and 25. Mice or 

tumors were analyzed at the indicated times. (A) Tumor volumes were measured every other 

day from days 11 to 25. CT, vehicle control. (B) Body mass was expressed as a percentage 

of that on day 11 for each mouse from days 11 to 25. (C) H&E staining of the small 

intestine tissue on day 25. Scale bar, 100 μm. (D) Villus height from (C). Measurements 

were from a minimum of 40 villi per mouse. (E) Quantitation of intestinal crypts per field 

from (C). (F) Intestinal neutrophils detected by immunofluorescence on day 25. DAPI was 

used to stain nuclei. Scale bar, 100 μm. (G) Quantitation of neutrophils per 400× field from 

the same slides as (F). In (A), (B), (D), (E), and (G), values are means + SEM; n = indicated 

(A and B) or 3 to 4 mice per group (D, E, and G). **P < 0.01 and ***P < 0.001 (two-tailed 

Student’s t test). Puma KO, CPT versus control (A); CPT-11–treated, Puma KO versus WT 

(B).

Leibowitz et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. PUMAi protects tumor-bearing mice from chemotherapy-induced GI injury
WT mice bearing LLC tumors were treated with CPT-11 (200 mg/kg) six times over 15 days 

on days 11, 14, 17, 19, 23, and 25. Vehicle or PUMAi was given 2 hours before and 20 hours 

after each dose of CPT-11. Mice or tumors were analyzed at the indicated times. (A) Tumor 

volumes were measured starting on day 11. (B) Body mass was expressed as a percentage of 

that on day 11 for each mouse from days 11 to 25. (C) H&E staining of the small intestine 

tissue on day 25. Scale bar, 100 μm. (D) Villus height from (C). Measurements were from a 

minimum of 40 villi per mouse. (E) Quantitation of intestinal crypts per field from (C). (F) 

Intestinal neutrophils detected by immunofluorescence on day 25. DAPI was used to stain 

the nuclei. Scale bar, 100 μm. (G) Quantitation of neutrophils per 400× field from the same 

slides as (F). In (A), (B), (D), (E), and (G), values are means + SEM; n = indicated (A and 

B) or 3 to 4 mice per group (D, E, and G). *P < 0.05, **P < 0.01, and ***P < 0.001 (two-

tailed Student’s t test). PUMAi, CPT versus control (A); CPT-11–treated mice, PUMAi 

versus CT (B).
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Fig. 5. Targeting PUMA protects the LGR5+ stem cells against CPT-11
WT and Puma KO mice were treated with CPT-11 (200 mg/kg) and analyzed at the 

indicated times. PUMAi (10 mg/kg) was given once 2 hours before CPT-11 treatment. (A) 

Green fluorescent protein (GFP) (LGR5) and TUNEL immunofluorescence staining in 

intestinal crypts. Scale bar, 50 μm. Arrow indicates double positive cell. (B) Quantitation of 

GFP/TUNEL–double-positive cells per GFP-positive crypt from (A). (C) 

Immunofluorescence staining for CD166 in the intestinal crypts. Scale bar, 50 μm. (D) 

Quantitation of CD166 cells in the +4 to 9 region in crypts. (E) Indicated mRNAs were 

analyzed by quantitative reverse transcription polymerase chain reaction (qRT-PCR). 

Complementary DNAs (cDNAs) were synthesized from RNA pooled from three mice. 

Values were normalized to Gapdh expression and expressed relative to each gene’s own 0-
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hour control. (F) 53BP1 immunofluorescence staining in intestinal crypts. Scale bar, 50 μm. 

(G) Quantitation of 53BP1+ crypt cells at 6 and 48 hours after single CPT-11 treatment or 

#120 hours with three daily doses of CPT-11 (215 mg/kg per day) as in Fig. 2E. In (C) and 

(F), arrows indicate CBCs, and asterisks indicate +4 to 9 cells. In (A), (C), and (F), DAPI 

was used to stain the nuclei. In (B), (E), and (G), values are means + SEM; n = 3 mice per 

group. *P < 0.05, **P < 0.01, and ***P < 0.001 [one-way analysis of variance (ANOVA) 

with Tukey post hoc test performed separately for each time point]. In (D), values are means 

+ SEM; n = 3 mice per group. **P < 0.01 (two-tailed Student’s t test).
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Fig. 6. Targeting PUMA prevents LGR5+ stem cell exhaustion after repeated CPT-11 exposure
WT and Puma KO mice carrying the Lgr5-EGFP-IRES-creERT2 marking allele were treated 

with CPT-11 and PUMAi over 2 weeks as in Fig. 5 and analyzed for intestinal phenotypes. 

(A) GFP (LGR5) immunofluorescence in intestinal crypts. Arrows indicate LGR5+ (GFP) 

crypts. Scale bar, 100 μm. (B) Quantitation of intestinal crypts containing at least one GFP+ 

(LGR5+) cell. (C) Top: Olfm4 RNA ISH in intestinal crypts. Scale bar, 50 μm. Asterisks 

indicate Olfm4+ crypt cells. Bottom: Percentage of crypts containing at least one Olfm4+ 

cell. (D) MMP7 immunofluorescence in intestinal crypts. Scale bar, 100 μm. (E) 

Quantitation of MMP7+ crypt cells at the crypt base (CBC region). (F) Top: GFP (LGR5) 

and MMP7 immunofluorescence in intestinal crypts. Scale bar, 20 μm. Asterisks indicate 

LGR5+/MMP7+ cell pairs. Bottom: Quantitation of LGR5+/MMP7+ cell pairs per crypt. In 

(A), (D), and (F), DAPI was used to stain nuclei. In (B), (C), (E), and (F), values are means 

+ SEM; n = 3 mice. *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA with Tukey 

post hoc test).

Leibowitz et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2019 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. PUMAi protects mouse and human colonic culture against CPT-induced damage
(A) Representative images of mouse colonic organoids 6 days after CPT treatment. 

Organoids were treated with vehicle control (CT) or 500 nM CPT (day 1) for 24 hours with 

or without 50 μM PUMAi and monitored for growth until day 7. Scale bar, 500 μm. (B) 

Quantitation of organoids 100 μm or greater in diameter per field from (A). (C) Western 

blots for active (cleaved) caspase-3 (Casp3) from organoids 24 hours after CPT treatment. 

(D) Indicated mouse mRNAs were analyzed by qRT-PCR 24 hours after CPT treatment. NS, 

not significant. (E) Representative images of human colonic organoids treated as in (A). 

Scale bar, 500 μm. (F) Quantitation of organoids 100 μm or greater in diameter per field 

from (E). (G) Western blots for active (cleaved) caspase-3 from human organoids 24 hours 

after CPT treatment. (H) Indicated human mRNAs analyzed 24 hours after CPT treatment. 

In (C) and (G), lysates were prepared from three wells. Actin was used as a control for 

protein loading. In (D) and (H), cDNAs were synthesized from RNA pooled from three 

cultured wells. Values were normalized to Gapdh and expressed relative to vehicle controls. 

In (B), (D), (F), and (H), values are means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 

(one-way ANOVA with Tukey post hoc test).
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